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Abstract. Particulate matter offers a broad spectrum of phenomena, well known in the granular matter 

community. This fact is not only related to the individual or collective behaviour that grains can present 

depending on the external boundary conditions and/or internal interactions but, to the wide range of 

particle sizes. This feature confers the possibility of studying a particular phenomenon in different size 

scales. The main goal of this paper is to describe the detachment of particles from surfaces, where particles 

go from tens of microns to several millimetres, in a variety of scenarios. All the studied systems presented 

here have in common the need to determine the critical conditions to lose the equilibrium balance, 

initiating incipient motion. Solving the right time moment for particle resuspension, consideration of the 

local interactions between particle, surface and external applied forces can be achieved from different 

modelling approaches, from deterministic dynamics to statistical mechanics. This paper focuses on some 

of these approaches performed recently on grains through different size scales. 

1 Introduction 

The way in which micrometric particles to millimetre 

grains initiate their movement in a general dynamic 

process could be relevant to describe the setting up of 

many phenomena. For instance, the cleaning up of 

surfaces, the potential segregation of different natural 

particles, the entrainment of hazardous agents polluting 

the atmosphere, are examples where the determination 

of the movement onset is important to control the 

phenomenon. 

Resuspension is a physical process that remobilizes 

particles already deposited on a surface under the 

action of an external agent, such as air currents, 

vibrations, rotations and impacts. In this framework, 

the basic system consisting in a spherical particle 

deposited on a flat surface and subjected to forces 

(probably one of the most familiars in physics) has 

helped to schematize and simplify the picturing of 

many complex phenomena as those cited above. 

The forces intervening in each problem are set on from 

the assumptions made on the main microscopic 

interactions between particle/surface and external 

actions. This gives rise to different possible 

mechanisms for movement initiation, such as rolling, 

sliding and lift off. The prevalence of one mechanism 

over the other is not often easy to capture from 

experiments and both numerical and theoretical 

modelling are valuable approaches for strengthening 

the description of the problem. 

The study of the movement initiation of micrometric 

particles deposited on a surface has captured the 

attention of researches in the fields of environmental 

sciences and nuclear safety since several decades. To 

provide some examples, mining operations generate an 

important amount of dust, which is directly related to 

the contamination of different geographic regions and 

emergence of toxicity problems [1,2]. Typically, 

particles of mineral dust are widespread over the sites 

where mining occurs because they are transported by 

agents like wind and/or basic operations as blasting, 

loading, transporting or crushing, which all have 

mechanical vibration in common [1-3]. 

As remarked earlier, another source of huge interest 

is the improvement of the security of nuclear facilities 

to control the eventual resuspension of radioactive 

particles after a decompression event (loss of vacuum 

accident), which inevitably produces a dangerous re-

entrainment of micrometric particles to the atmosphere 

[4-13]. 

Similarly, vibration as a perturbation of particle 

equilibrium has been analysed in many theoretical 

studies and engineering applications where the removal 

of small particles from surfaces in pursued [14]. Basic 

studies concerning the individual excitation of small 

spheres (< 1mm) deposited on a horizontal platform 

has been conducted in the past, where the role and 

measurement of adhesion forces were under focus [15-

17]. 

Along with vibration and aerodynamic methods, 

centrifugation is one of the most efficient techniques 

for micrometer particle removal and for measuring 

adhesion forces [10-21]. In the problem of particle 

centrifugation, the knowledge of the rotational 

dynamics of particles is fundamental for understanding 
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processes such those commonly used in industrial 

mixers and/or separators, fertilizer spreaders or flows 

under low gravity [22,23]. Indeed, although size 

separators are commonly vertical, some of the results 

reviewed in this work could be applied to the eventual 

adaption of those mechanical devices to horizontal size 

segregators [22,24]. 

For larger grains ( 200 m), conditions for the 

initial destabilization of sand grains by the wind action 

are important to predict the transport of sandy matter in 

deserts [25]. Likewise, in granular matter manipulation 

stages, the mechanical collective vibration of grains, 

either horizontal or vertical, is also an important 

external perturbation giving rise to phenomena as 

segregation, convection cells, fluidization and many 

other interesting problems that have been extensively 

studied in the granular matter community [26-35]. 

For the case of coarse particles, it is still an open 

issue to determine the influence of the adhesion forces 

when particles interact with a surface made of a bed of 

other particles (rough surface) just before leaving the 

surface [37]. 

In conclusion, the dynamics involved in the 

movement initiation of a particle on a surface subjected 

to external perturbations is not simple, and the 

inclusion of all the parameters playing a role is not 

straightforward [38,39], even when only a threshold 

velocity for movement initiation is sought [40]. Thus, 

the subject is still open, even for particles of the 

millimeter size. 

The aim of the present paper is to review some of 

the latest results of our work group related to the study 

of the critical conditions for movement initiation of a 

particle resting on a surface and subjected to an 

external action. In what follows, a series of 

experiments and simulations will be presented to 

illustrate the main features of the detachment process 

found for micrometric to millimeter particles on 

different type of surfaces. 

2 Destabilization of particles by aero- 
dynamic forces 

 

The most studied destabilization process of micro-

metric particles is the one performed by the action of 

aerodynamic forces [41]. In this particle size range, the 

complexity of the problem resides in the difficulties for 

measuring the microscopic adhesion forces that result 

from the particle/surface interaction through a blend of 

mechanical stress, chemical bonds and physical 

attractions. For example, knowledge of the particle size 

and the surface roughness is crucial for the calculation 

of the reduction and spread in the adhesion force [42, 

43]. Besides, other difficulties arise when the different 

flow conditions and aerodynamic forces have to be 

determined [41]. Consequently, theoretical approaches 

are required to model particle/surface interactions and, 

likewise, numerical models to predict the resuspension 

rates are key tools to validate the relevance of those 

theoretical approaches. 

2.1 Kinetic Monte Carlo method applied to 
resuspension 

The present section will briefly describe a numerical 

model that was recently developed to predict particle 

resuspension rates [44,45]. It is based on a Kinetic 

Monte Carlo method (KMC) and takes advantage of 

the analogy between the re-entrainment of aerosol 

particles from surfaces (activated by airflow) and the 

desorption process of molecules on a surface (activated 

by temperature) [46,47]. In other words, the 

resuspension of a particle is assumed to be caused by a 

stochastic process resulting from the balance between 

adhesion forces and the forces exerted by air flow close 

to the wall due to irregular bursts or turbulent eddies. 

We assume that the detachment rate equation follows 

the Arrhenius law [48]. As well known, MC methods 

have been used for decades as versatile tools to 

describe molecular processes on surfaces [49], and 

different extensions of this method have been proposed 

to take into account the kinetic mechanisms governing 

the resuspension of particles from a surface [9,47]. 

Assuming a N-particle system and considering only 

one possible type of transition, i.e., a deposited particle 

could resuspend incorporating to the gas stream, the 

probability P(t)dt of the system to perform a transition 

during the interval (t; t+dt) is given by a Poisson 

process [50,51]: 

 

 ( )                               (1) 

 

where   ∑   
 
    is the total transition rate for the 

whole system and ri is the resuspension transition rate 

for a single particle. The variable t, which is distributed 

following P(t)dt, is replaced by a random number, , 

uniformly distributed in the interval (0,1) [50,51]: 

 

    
   ( )

 
                     (2) 

 

In KMC simulation, Equation 2 gives the actual 

time in which the system performs a transition, setting 

the relationship between the “virtual” MC time and the 

“actual” time of the process. 

 

 

Fig. 1. Particle force diagram. The contact radius, a0, comes 

from JKR theory [52]. 
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In a typical simulation, an idealized monolayer 

deposit with N=10,000 mono-sized particles with 

radius Rp is considered, where the distance between 

particles is not relevant since they do not interact with 

each other, neither collide.  Resuspension is considered 

as a process activated by turbulent air flow and 

particles are not allowed to be re-deposited or re-

located in this model. 

When a micro-particle is destabilized by airflow, 

the forces expected to be involved are schematized in 

Figure 1. These external actions are the aerodynamic 

forces of drag (Fd) and lift (FL), the weight (mg), the 

adhesion (Fa) and the friction (Fr) forces [53]. The 

three main possible mechanisms for particle take-off 

from a rough surface are: rolling, sliding, and pull-off. 

The corresponding critical equilibrium conditions are 

the following:  

 

(     )        (     )    (rolling)          (3) 

 
       [(     )    ]       (slide)            (4) 

 

   (     )                 (pull-off)          (5) 

 

where the first equation is a moment balance and the 

second two are force balances. 

Data coming from different sets of experiments in 

the last decades (mainly with spherical particles) and 

the contrast with different models, have proven with 

emphasis that the dominant initiation mechanism (for 

later resuspension) was rolling [6,10,42,53]. For that 

reason, most of the results presented here correspond to 

simulations where the rolling mechanism is considered 

as the only responsible for the movement initiation of 

particles before take-off. Thus, the transition rate, rroll, 

for the only possible detachment process is defined 

from the moment balance condition as: 

 

           (  
[  (     ) (            )]

(            )
)      (6) 

 

where k is a frequency factor interpreted as the 

maximum burst frequency in the removal process. 

At the beginning of the simulation, the adhesion 

force is randomly assigned to each particle from a log-

normal distribution, whose mean is in accordance with 

each of the respective interacting materials through 

JKR theory [44,45,52]. The reduction of adhesion due 

to the roughness of the substrate is taken into account 

through a dividing factor, fr. The aerodynamic forces 

have been sampled from a Gaussian distribution, 

whose mean value (as most authors do) is assumed to 

correspond to the mean drag and lift on a sphere near a 

surface in simple shear flow in the predominantly 

viscous sub-layer, as most authors do [42,10]. 

Typical experiments of resuspension are those 

where particles on a substrate are introduced in a wind 

tunnel and subjected to air flow with a linearly 

increased stream velocity, U. Thus, the recording of the 

resuspension rate is performed as a function of the 

friction velocity of the flow near the wall of the 

substrate (see Figure 2). 

2.2 Validation of the KMC model 

Simulations with the transition rate given by Eq. 6 have 

been validated with experimental results from other 

authors [10,42,45]. Figure 2 shows the comparison of 
numerical and experimental results for 70 μm stainless-

steel particles, 72 and 32 μm glass particles on glass 

substrates [42]. Material properties are in Table 1. 

Table 1. Simulation constants 

 SS 70 Glass 72 Glass 32 

Composite Young's 

modulus (Pa) 
8.41 E10 5.76 E10 5.76 E10 

Contact radius a0 

(m) 
0.435 0.685 0.406 

     ( ) 2.47E-5 6.59E-5 3.02E-5 

fr 100 200 43 

 

The description achieved by the KMC model is 

quite good in most of the inspected rage of friction 

velocities. The curves lie inside the range of 

experimental dispersion. In particular, the reduction 

factor, fr, selected for each of the simulations (whose 

actual value is not determined) are close to the reported 

adhesion force reduction due to roughness [10,42,54]. 

 

Fig. 2. Comparison between KMC results and experiments 

from [42]. Solid lines correspond to the simulation results. 

Symbols represent different repetitions of the experiments. 

Comparing our model with the performance of 

other models [6,10,41], the results here demonstrate 

that the present KMC methodology greatly improves 

the prediction capability of former numerical or 

theoretical descriptions. This goal is accomplished 

thanks to the stochastic nature introduced in the 

adhesion and aerodynamic forces entering the problem 

and in the statistical mechanics treatment applied, 

complementing former approaches [10,43,53]. This 

perspective is original since models up to now reduce 

the MC approaches to the resolution of integral 

equations for the resuspension rates, keeping always a 

deterministic spirit in the destabilization rules for 

movement initiation.   

Finally, humidity effects are not introduced in the 

model because the experiments were conducted with a 
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relative humidity around 25%, indicating that the 

cohesive forces related to capillary effects were 

negligible [42]. 

3 Destabilization of grains by vibration 

In this section, the main findings for the movement 

initiation of individual particles placed on a horizontal 

rough surface subject to a vertical sinusoidal vibration 

are presented as a result of a series of experiments, 

theoretical analysis, and numerical simulations 

performed in our work group in the last years [55,56]. 

The aim here is to determine the critical frequency-

amplitude values of the vibration necessary to start the 

movement of at least half of the particles on the 

surface. These values are studied as a function of the 

properties of the mobile particles and the surface. 

3.1 Experiments  

To study the movement initiation of millimetre 

particles with different size and materials, the 

experimental set up schematically presented in Figure 

3 was designed. The selected rough surface is mounted 

on the platform of the mechanical wave oscillator 

which can vibrate it vertically with a sinusoidal motion 

with controlled amplitude and frequency. Two methods 

are employed to record the movement, by a FULL HD 

camera recording and by direct observation with a 

loupe. The camera is connected to a PC for data 

recording and later processing. 

The rough surfaces employed were fabricated by 

gluing glass beads of a given size on a flat circular 

plate using an EPOXI type adhesive. Two main 

different configurations were built. The multilayer 

configurations (6 cm plate diameter) were made with 

250 m and 500 m glass beads, respectively, with 

corresponding size dispersions of 44 and 85 m. In the 

way the surfaces were manufactured, the resulting 

rough surface had between 2 and 3 layers of beads. 

 

 
 

Fig. 3. Sketch of the experimental set up.  

Similarly, the monolayer configurations were built 

with the same procedure of gluing but, controlling the 

coverage by randomly pouring a certain amount of 

glass grains of 1mm (surface S1) and 2 mm (surface 

S2) on different plates with 18 cm in diameter, creating 

a quite homogeneous spatial distribution. Four 

different values for the coverage  were produced: 

50%, 66%, 70% and 82%. 

The particles deposited on the vibrating surfaces, 

correspond to glass beads with mean diameters of (0.93 

± 0.02), (1.98 ± 0.04), (3.26 ± 0.09), and (3.98 ± 0.03) 

mm; and stainless-steel bearing balls of 2, 3, and 4 

mm. These grains were tried on the multilayer surfaces. 

On the other hand, the mobile spheres to be deposited 

on the monolayer surfaces for vibration were of two 

different materials, glass and Acrylonitrile Butadiene 

Styrene (ABS). They have different diameters equal to 

3, 6, 7 and 10 mm for glass particles and 3 and 5 mm, 

for ABS, all with relative size dispersion of the order 

of 1%. 

The procedure for a typical run is described as 

follows. Once the desired multilayer surface of 6 cm 

(or the monolayer one with 18 cm) was mounted on the 

plate, 10 spheres (30 spheres for the monolayer case) 

of the selected sizes were carefully deposited on the 

rough substrate avoiding possible contact between 

them or with the lateral walls surrounding the plate. 

Then, the video recording is activated and the surface 

was subjected to a sinusoidal vibration at fixed 

amplitude, A. The frequency was increased 

continuously at a rate of 1 Hz every 6 seconds until all 

the grains initiated their movement. At that time, the 

vibration stops and the film was saved at the computer. 

Then, a new set of grains was distributed on the surface 

and a new run with a different amplitude value was 

started. The procedure was repeated five times for each 

surface and bead size. 

For a given run, the critical frequency, c, was 

defined as the one at which half of the vertically 

vibrated grains had horizontally moved a displacement 

of the order of the grain radius. To determine c, each 

film is analysed with an open source image processing 

program ImageJ. 

Although not critically important, humidity effects 

were present in most of the experiments. It was verified 

that inside a range of 30% to 50% of ambient humidity 

the reproducibility of the results was achieved.  

Figure 4 shows typical results for the 500 m 

multi-layered substrate and mobile grains of glass, (a), 

and stainless steel, (b), with several size ratios, i.e., free 

sphere radius/surface sphere radius. The cA pairs 

separate the upper region, where at least 50% of the 

grains start their movement, from the lower part, where 

less than 50% of them are found in a condition of 

incipient movement. 

The critical frequencies follow a clear exponential 

decay with the increment of the amplitude of the 

external sinusoidal excitation. All the completed 

experiments, i.e., both surfaces and both type of mobile 

grains, offered the same behaviour. This implies that 

the surface roughness created by the glued beads is 

such that its characteristic length is not governed by the 

size of the constituting beads, but rather by their 

geometrical arrangement created with the glue. In other 

words, the topography of the surface masks the 

influence of bead size. 
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Fig. 4. Typical results for critical frequencies in the case of 

500 m rough surface, (a) glass spheres, (b) stainless steel.   

Concerning the influence of the mobile grain size, 

only a slight displacement of the data to higher 

frequencies for the smaller spheres is observed. Note 

that experiments with smaller 1mm stainless-steel 

spheres were not performed due to static charge 

effects. 

Finally, in agreement with other findings, the 

values for c are much lower than those related to the 

elastic properties of particle material (6 × 10
6
 rad/s or 

higher), thus, the simple regime of a forced oscillator 

has to be rethought to explain our present results [14], 

as seen in the next Section. 

The exponential behaviour for c vs. A is again 

present for the case of monolayer substrates. Figure 5 

shows two typical plots of the several cases studied, for 

the extreme coverage values =50% and =82% and 

mobile glass spheres. The sizes of the particles are 

indicated along with the corresponding surfaces used in 

each experiment. The values for the critical frequencies 

are again below those expected for the elastic 

properties of the particles. 

When exponential fittings of the form  ( )  
  ( ) 

     are performed on the respective curves, 

(those for the extreme cases are the curves drawn in 
Figure 5), the critical frequency for A → 0 results to be 

lower as the size of the particle is greater, in agreement 

with the general behaviour of our results. On the other 

hand, the decaying constant   has the same value for all 

the cases studied, fluctuating around 0.19, 

independently of the surface or the mobile grain 

material. 

3.2 Theoretical approach  

In this Section the theoretical approach developed to 

explain the exponential-type behaviour found in the 

experiments will be briefly presented. The detailed 

procedure can be found in [55]. 

 

Fig. 5. Typical results for critical frequencies for glass 

spheres on both surfaces at extreme coverage values.  

The model is based on the picture of a particle 

attached to a vibrating surface through a spring 

representing the effective interactions between particle 

and surface, arising from inter-molecular and capillary 

forces, which act (when combined) like an elastic bond 

or spring with stiffness k [14]. Both forces increase 

with particle radius and are still important when 

compared with gravitational forces, even for particles 

with sizes of a few millimetres [57,58]. Although the 

relative humidity values at which experiments are 

performed are not very high, capillary bridges between 

particles and surface may be present, requiring 

capillary forces to be considered in the problem [59]. 

In the model, an external harmonic force is exerted 

by the vibrating bed on the particle via the spring. The 

vibration has amplitude A and frequency ω/2  (inset 

in Figure 6). Using standard analysis for damped 

harmonic oscillations and considering that the applied 

experimental force is varied by the frequency change 

of the excitation, the amplitude seen by the sphere is: 

 

  ()  
  

√( 
   )  ( ) 

                                               (7) 

 

where 0 and   are the natural frequency of the system 

and the damping constant for the elastic bond between 

particle and surface, respectively. A value of 200 s
−1

 

was adopted for  , which is (as seen below) of the order 

of the natural frequencies entering Eq. (7), thus 

modelling a lightly damped harmonic oscillator. 
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Nonetheless, results demonstrated to be almost 

independent for   from 10
2
 to 10

3
 s

−1
. 

The frequency 0 was considered to depend on the 

excitation amplitude A. This is based on two reasons. 

On the one hand, quantifying the elastic properties of 

the bond between particle and surface is difficult and 

some assumptions for the estimation have to be done. 

On the other hand, authors found that the stiffness of a 

spherical particle is not constant but increases with 

particle deformation [14]. Here, the critical 

acceleration for detachment decreases as A increases 

[55], so does the deformation of the particle. Thus, it is 

expected that k (so 0) decreases with A. Given the 

experimental behaviour found for c vs. A, an 

exponential decay of the natural frequency 0 with A is 

proposed as a reasonable trend, consonant with [60]. 

From Equation (7) and assumptions above, the 

magnitude of the force needed for spring breaking can 

be calculated for different values of A, and, thus, the 

corresponding critical frequencies, c, can be obtained. 

Figure 6 compares experiments and theoretical 

approach for one of the tested cases, for 1mm glass 

spheres over 250 m surface. 

 

Fig. 6. Comparison between model and experiments.  

The agreement is good and the model is able to 

describe quite well the experimental dependence of the 

critical frequencies on the input amplitude. As 

mentioned before and in agreement with other authors 

[14,61], the idea of a harmonic oscillator resonating at 

the natural frequency corresponding to the particle 

material is not adequate and an approach as the one 

presented here is necessary. 

3.3 Numerical approach  

Using a classical discrete element method model 

(DEM) to represent the dynamical interaction between 

the moving particles and the rough surface, the 

simulation of the vibrating substrate was performed 

following the two-dimensional formulation in [62] and 

the three-dimensional extension in [63]. The details of 

the model can be found in [55,56]. Basically, the 

particles are modelled as spheres using a “soft-particle” 

approach, where each sphere can have multiple 

contacts that may persist for extended contact durations 

(typically during 50 time steps). Normal and tangential 

forces can develop at the contact point between two 

spheres. The presence of tensile forces at the contacts 

models cohesive particles. In this case, short-range 

interactions occur up to the breaking of the adhesive 

forces or the severing of the liquid bridge. No long-

range interactions are present in this model. A rolling 

resistance parameter is introduced to represent the 

effect of the shape of the particle on its rolling 

capability [64]. Table 2 resumes the values used in the 

series of simulations for vibrating systems. 

Table 2. Simulation parameters 

Parameter Value 

Density for glass 2500 kg/m3 

Friction coefficient 0.5 

Restitution coefficient 0.4-0.8 

Stiffness (normal direction) 106 N/m 

Stiffness (tangential direction) 1.6x106 N/m 

Dashpot constant (bn) 0.11kg/s 

Dashpot constant (tangential direction) 0.4bn 

Rolling resistance 0.1-0.3 

Surface tension 72 mN/m 

Hamaker constant 6.5 x 10-20 J 

 

The results for both simulations, multilayer and 

monolayer, are presented in what follows. For the first 

case, a rough surface with 500 m spheres randomly 

deposited and glued to configure the vibrating platform 

was used. Then, 200 spheres of 1mm diameter were 

randomly deposited on the surface to consider a large 

number of different configurations. No collisions were 

allowed between the moving particles. The rough 

surface is then vertically oscillated with a given 

amplitude and frequency emulating the experiments. 

Figure 7 shows a comparison of the simulations 

with the theoretical and experimental results. The 

exponential decay is recovered in simulations and the 

agreement with experiments is reasonably good. The 

lines indicate fitted exponential curves. The difference 

in the behaviour between simulations and experiments 

is attributed to the surface roughness. Indeed, the 

number of layers and the mean distance between 

spheres in the upper layer of the simulated substrate do 

not have the topological complexity of the surface 

generated through real glued spheres. Thus, the ease 

for the moving beads to overcome the barrier inside a 

hole is greater in simulations than experiments. This is 

especially evident for lower amplitudes, where the 

critical frequencies are lower in simulations. Trials 

with other ratios confirmed this behaviour. 

For the monolayer case, results for two different 

coverage values for surface S1 are shown in Figure 8. 

The vertical series of filled symbols defined for two 

different amplitudes in each figure correspond to the 

different size ratios used in the numerical model, i.e., 

moving spheres size/glued spheres size. In Figure 8 (a), 

the symbols from top to bottom at A = 2 mm are equal 

to 1.5, 2, 3, 5, 6, 7 and, at A = 4 mm, they are 1.5, 2 

and 3, respectively, and are practically overlapped. In 

Figure 8 (b), the ratios correspond to 1.5, 2 and 3 for 

the two values of the amplitude. Recall that the low 
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ratio limit cannot be reached in experiments due to the 

difficulty for detecting the particle movement. 

 

Fig. 7. Comparison of simulations, experiments and theory 

for the case of 1mm spheres over 500m surface. 

 

 

Fig. 8. Comparison for c versus amplitude for S1. 

For the case of small amplitudes and low ratios, the 

frequencies practically overlap, i.e., the particles are 

trapped inside local holes, especially for the lower 

coverage. On the other hand, at small amplitudes, the 

spread out of the frequency values is larger than for 

larger amplitudes. This is especially evident in Figure 8 

(a), where the range of numerical and experimental 

values at A = 2 mm is quite larger than for A = 4 mm. 

As said before, the effect of the size ratio is more 

important at lower amplitudes, where the particles get 

trapped. 

A reasonable agreement is found at low amplitudes 

in Figure 8 (b), but, for the case of high amplitude, 

simulations overestimate the experimental results. This 

difference is attributed to possible biased positions of 

the mobile spheres in the experiments due to the local 

inhomogeneity in the construction of the surface, 

especially when approaching to the maximal random 

close packing (82%). 

The dependence on coverage was inspected through 

simulations and Figure 9 shows the behaviour of c 

with  for three different relative amplitudes A. It is 

clear that the incidence of surface coverage is more 

important when  < 60% at all amplitude values. For 

that reason, the role of the coverage is weak in the 

experiments (Figure 6). 

 

Fig. 9. Frequency c vs.  for different relative amplitudes. 

4 Destabilization by centrifugation 

Finally, in this Section, the movement initiation of 

millimetre spherical particles on rotating rough 

surfaces is presented when the external perturbation is 

a centrifugal force. The experiment main goal is to 

prove that the sole consideration of the contact forces 

between the moving spheres and the glued spheres 

belonging to the rough surface are not sufficient to 

explain the critical angular velocities found. Not only 

friction is the obvious answer but also adhesion has to 

be taken into account when the thermodynamic work 

of adhesion between surfaces is significant. 

 
Fig. 10. Sketch of the experimental set up used to destabilize 

the grains by centrifugation 

 

4.1 Experimental set up and materials 

The experimental set up is schematized in Figure 10. A 

rough surface was mounted on a rotating plate whose 

speed was controlled by an open-hardware Arduino 

microcontroller. The details can be found in [37]. 

Initially, 12 spherical grains of the same diameter and 

material were located on the surface at different 

distances r0 from the disk axis and in positions 

preventing possible subsequent collisions. The 
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experiment was repeated several times, obtaining a 

total of 15 runs for each distance r0. Relative humidity 

was always less than 50% to avoid capillary effects. 

Two material types were used for the deposited 

spheres: glass beads (diameter range 3-8 mm), and 

stainless-steel ball bearings (diameter range 4-6 mm). 

The bead sizes were chosen to ensure a good resolution 

for the grains in the video, which had a frame of 512 × 

384 pixels. Two rough surfaces were used. One built 

by gluing glass beads with mean diameter of 500 m 

(∼10% relative dispersion) and the other with a mean 

of 1000 m (∼5% relative dispersion). 

A typical experimental run to determine the critical 

angular velocity, c, for a given particle deposited on 

the rotating surface to start its movement, is as follows. 

Once the particles are set on the surface, the platform 

started its rotation increasing its velocity every 5 s with 

a duty cycle of 0.4% and until the last particle is 

detached. All the process is recorded by a digital 

camera (Casio Exilim EX-ZR400, at 30 fps) and the 

time at which each bead started to move on the surface 

was determined thanks to a video post processing [37]. 

The criterion to determine whether a particle is in 

incipient motion is that at least a half of particle 

diameter displaces from its initial position. The angular 

frequency for which this event occurs for the first time 

corresponds to c. In case of an eventual collision 

between a particle that started its movement and a 

particle at rest, the detachment of this latter was 

discarded from the records. 

4.2 Simple modelling vs. experimental results 

Considering the centrifugal force in the destabilization 

of the particles on the rotating rough surface, basic 

physics indicates that this force could be derived from 

the equilibrium equations between the particle and the 

obstacles presented by the rough surface. Nevertheless, 

the sole consideration of these obstacles is not enough 

to explain the experimental results obtained for small 

particles. Figure 11 illustrates this statement. The 

curves in the figure correspond to the following 

equations in horizontal and radial directions: 

 
                                       (8) 

 

      
   

  
                                  (9) 

 

giving a critical velocity vc: 

 
   (       )

                               (10) 

 

When the effects of friction are included, we obtain the 

following: 

 
                                  (11) 

 

             
   

  
                     (12) 

 

   (
   

           
)
   
(           )

           (13) 

 

Finally, when adhesion forces are considered: 

 
                                 (14) 

 

                    
   

  
            (15) 

 

   (
  

 (           )
)

 

 
 

   
                       (  (           )      )

               (16) 

 

 

These equations were derived for the model particle 

sketched in Figure 12(a). In Figure 12(b), the 

interaction with only one surface bead immediately 

before detachment is considered. 

 

 

 

Fig. 11. Experimental and model results for Equations 10, 13 

and 16. 

The critical velocities,   , given by Equations 10, 

13 and 16 are used to obtain the critical centripetal 

acceleration at which detachment is achieved, i.e., 

  
    . Figure 11 shows the results vs. particle 

diameter Dp. Equations 8 to 10 correspond to the sole 

consideration of the particle weight and the normal 

force. Note that the location of the particle in Figure 12 

is the most unfavourable one for particle 

destabilization, i.e., the particle has to overcome the 

surface bead profile in order to escape. 
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Fig. 12. Force diagrams for the determination of the static 

equilibrium conditions. 

It is evident from Figure 11 (a) and (b) that the 

theoretical prediction under-estimates the experimental 

measurements, which correspond to the average over 

the initial positions of the beads on the rotating 

surfaces. 

Equations 11 to 13 include the rolling friction, 

       , where r is the rolling friction coefficient, 

taken as 0.13 for glass over glass on the 500m surface 

[55,64]. It is important to remember that the rolling 

coefficient of a particle over a flat surface is inversely 

proportional to its radius, Rp (Coulomb’s law) and 

proportional to the reduced radius 
 

  
 

 

  
 when the 

particle rolls over an asperity of radius ra [65]. In the 

results plotted in Figure 11 (a), r is assumed the same 

for the particle radii range used here on a given surface. 

Indeed, it can be easily calculated that the reduced 

radius changes at most 10% for the 500 m surface. In 

contrast, when the size of the beads glued on the rough 

surface changes, the reduced radius changes by a factor 

of two, which affects the value of r, as shown in 

Figure 11 (b), where         was considered for the 

1000 m surface.  

Although the agreement between this second 

approach and the experiments is good, the predicted 

values for the smaller grains are lower than expected. 

Finally, considering the adhesive forces between 

the contacting surfaces (Equations 14 and 15), the 

critical velocity results the one in Equation 16. Among 

the many theoretical models to evaluate the adhesion 

forces between surfaces, the one developed by 

Goldasteh and co-workers was considered here [6]. It 

is out of the scope of the present work to review those 

models and only the introduction of the adhesion force 

used in the present approach is performed in what 

follows. Interested readers can look for further 

information in the references [6,37,52,57,66]. 

By extending the formalism of the JKR theory [52] 

to a rough contact area, Goldasteh et al. [6] 

reformulated the pull-off force needed to overcome 

adhesion on a rough surface for a particle with 

diameter Dp as: 

 

   
  

 
         *     

   
   

   +
 

                             (17) 

 

Wa is the thermodynamic work of adhesion interaction 

at the particle–surface contact. When the particle is in 

contact with another particle of the surface (not a flat 

surface), as in the present case, Dp must be replaced by 

a reduced diameter. The parameter C is defined as the 

ratio between the elastic extension of each asperity on 

the surface before separation and the root mean square 

of the asperity heights. In this way, Equation (17) gives 

the adhesion force used in Equations 14 to 16, with Dp 

replaced by the corresponding reduced diameter. 

Figure 11 shows the improvement of the 

description of the experimental data. The effect of the 

adhesion force is most appreciable for the smaller 

grains, while for the larger ones, the theoretical data 

points practically overlap and the adhesion effect is 

almost negligible. Wa is equal to 0.40 J/m
2
 for glass 

over glass [42]. The literature reports that C ranges 

from 0.5 to 0.95 [12,13]. Here, 0.92 and 0.95 are the 

values for the best fits of the experimental data in 

Figure 11 (a) and (b), respectively. 

Figure 13 shows the results for stainless steel grains 

on both surfaces. In this case, Wa equals 0.15 J/m
2
, 

which means a decrease by a factor of almost 2.7. 

Consequently, the adhesion effects become smaller, as 

evidenced by the figure. 

For this material combination, the sole 

consideration of the forces in Equations 11 and 12 is 

enough to describe the results. The values of r in this 

case are 0.040 and 0.015, for 500m and 1000m, 

respectively. As expected, these values are smaller than 

those for the glass–glass interaction. As before, the 

reduction in r results from the change in size of the 

glued beads on the surface. The best value for C 

resulted to be 0.92 for both cases. 

In Figure 13, the results of Equations 10, 13 and 16 

are close to each other and to the experiments. The 

lower Wa and rolling friction make this scenario closer 

to the ideal one where only the weight and the normal 
are considered. A comparison of the behavior of glass 

particles with that of stainless-steel particles shows that 

the increase in the critical detaching velocities for glass 

comes from friction and adhesion effects. 

5 Final remarks 

The dynamics of the movement initiation of fine and 

small particles in different scenarios has been reviewed 

in the previous sections. 

For fine particles (microns), implementation of a 

Kinetic Monte Carlo methodology based on the 

stochastic nature of the resuspension phenomenon and 

its straight analogy with desorption of particles from 

heterogeneous surfaces made it possible to develop a 
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model which reasonably depicts the main features of 

particle re-entrainment dynamics. The three principal 

mechanisms enounced in the literature as the possible 

responsible for the movement initiation of particles on 

a surface and subjected to wind, can be easily 

formulated through KMC. 

 

 

 

Fig. 13 Experimental and model results. 

The concept of resuspension as an activated 

problem where the role of temperature is played here 

by the turbulent air flow, provides a vision from the 

physical foundations of statistical mechanics, which 

complements and enriches the understanding of 

particle resuspension. It also enables to develop new 

techniques as the so called KPR (Kinetic programed 

Resuspension) that, like its thermodynamic counterpart 

Temperature Programmed Desorption (TPD), could be 

used to get important information about the 

characteristics of the surface where resuspension is 

taking place [67]. 

It is important to point out that the model presented 

in the first part of this work can be extended to 

hydrodynamic forces in directions different than the 

parallel to the plane one, with a suitable re-definition of 

the intervening forces and resuspension rates. In the 

same way, as soon as the intervening forces are known, 

smaller particles can be modelled up to 1m [68].  

The whole set of experiments for vibration of small 

particles (millimetre scale) reveals that the incipient 

movement initiates at critical frequencies that decrease 

exponentially with the amplitude of oscillations. These 

frequencies are much lower than those related to the 

elastic properties of the particle material (6 × 10
6
 rad/s 

or higher). Thus, the idea of a harmonic oscillator 

resonating at a natural frequency related to the particle 

material, alone, is inadequate. The theoretical model 

proposed describes the experimental behaviour quite 

closely by assuming that the entire moving particle 

interactions with the surface are represented by the 

stiffness of the vibrating spring, resulting in a lower 

value compared with the one derived from glass 

stiffness alone. 

In this size range, DEM simulations offer a good 

description of particle movement initiation. The 

exponential decay is numerically recovered and the 

role of the particle ratio and the surface coverage on 

the critical frequency is captured by the model. 

Nevertheless, the lack of a real topological description 

of the surface roughness is responsible for the lower-

than-expected critical frequencies. 

On the other hand, the force required to detach a 

particle on a rotating rough surface is dependent on its 

size and on the size of the surface roughness, as 

demonstrated in the experiments of the preceding 

section. They also prove that the consideration of 

obstacle geometry, and even friction, is insufficient to 

explain the results for glass particles, although in the 

range of small particles. It is also demonstrated that the 

adhesive force contribution could be significant when 

those particles are involved and their thermodynamic 

work of adhesion is sufficiently high, for example, in 

metals such as tungsten, iron or copper, where the 

works of adhesion exceed 1 J/m
2
 [57]. This is 

particularly interesting when force models are sought 

in the formulation of numerical simulations. 

It is important to note that the phenomenon of 

resuspension of fine particles and the incipient motion 

of small particles are usually treated as separate 

problems, commonly sharing different points of view. 

Nevertheless, many concepts and approaches could be 

exploited if a global viewpoint on the dynamic of the 

particles and, on the stochastic nature of the particle-

surface interactions, considered at the same time. 

For example, attractive forces not coming from 

capillary effects but those due to adhesion interactions 

are not always taken into account when 

micromechanical models of small particles (of the 

order of 1 mm) are developed. This was discussed in 

Section 4, where particle destabilization by 

centrifugation was analysed. 

On the other hand, when fine particles interact with 

rough surfaces, not only adhesion forces have to be 

modified to account for roughness effects but also the 

geometry of the contacts becomes crucial when the size 

of the surface protuberances becomes comparable to 

the size of the deposited particles, and the moment 

balance of adhesive forces starts to be affected [69]. 

This scenario turns to be very complex for a classical 

mechanical approach and the aerosol science 

community would be benefit from adding a statistical 

mechanical approach to the interactions of fine 

particles with surfaces. 

As a final remark, the present work has reviewed 

different phenomena where an external perturbation 

causes movement initiation of a particle on a surface. 

Important evidence about the type of the interactions 

between particle and surface can be obtained from it. 
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No matter the size of the particles involved, the 

different phenomena could be treated under a global 

multi-scaled view, using a combination of all the 

models here reviewed, to find the limits where a 

change in the size of the particles can or cannot affect 

the problem under study. 
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