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ABSTRACT 

Resuspension of spherical particles from a flow-induced fluttering, partially free, flexible substrate 

was experimentally studied. The effects of the flow-induced flutter on the particle resuspension, and the 

underlying mechanisms initiating the particle resuspension in the fluttering substrate case, were 

quantitatively illustrated by comparing with the fixed substrate case. The results show that the flow-induced 

flutter of the substrate remarkably enhanced the particle resuspension and greatly reduced the threshold 

velocity. A force caused by the fluttering acceleration of the substrate was identified as an important factor 

enhancing the particle resuspension. The existence of a significant flutter-induced aerodynamic 

force/moment enhancement acting on the particles was demonstrated, and it was another necessary factor 

promoting the particle resuspension. This paper not only reveals the phenomenon of particle resuspension by 

the flow-induced flutter of the flexible substrate, but also provides useful information for facilitating or 

preventing the particle resuspension in the industrial and environmental fields. 
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1. Introduction 

Particle resuspension, a phenomenon in which particles originally deposited on a surface are detached 

from and transported away from the surface, has been extensively studied in a wide range of industrial and 

environmental fields [1]. Understanding the behavior of particle resuspension contributes to facilitating 

industrial manufacturing operations and building healthy living environments [2-4]. 

Over the past few decades, extensive experimental work has been carried out on particle resuspension 

from flat surfaces under the influence of airflow [5-10]. Wu et al. [5] systematically investigated the effects 

of air velocity, particle size/type, and relative humidity on particle resuspension in wind tunnel experiments 

by optical microscopy-video camera techniques. Ibrahim et al. [6] reported the detachment modes of 

microparticles adhering to flat surfaces exposed to turbulent airflow. Jiang et al. [7] explored the effect of 

surface roughness on particle-surface interaction by the airflow method, and Kim et al. [9] conducted wind 

tunnel experiments to evaluate the effect of relative humidity on the resuspension rates of different particle-

surface combinations. A planar Particle Image Velocimetry system was employed to characterize particle-

fluid interaction by Barth et al. [8], and particle-particle interaction before the flow-induced resuspension 

was recognized by Rondeau et al. [10] according to theory as well as wind tunnel experimental results. 

A number of models describing the flow-induced particle resuspension from flat surfaces have also 

been developed [11-19]. Ziskind et al. [11] described particle resuspension on the basis of force/moment 

balance. Likewise, Reeks and Hall [12] developed an energy-accumulation model elucidating the drag and 

lift forces in particle resuspension. Tran-Cong et al. [13] and Fillingham et al. [14] formulated a set of 

correlations for predicting the lift and drag coefficients affecting the aerodynamic forces. Monte Carlo 
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simulations have been utilized for developing particle resuspension models accounting for the effects of 

surface roughness, adhesive force distribution, turbulent burst, and particle shape [15-18]. Nasr et al. [19] 

presented a rolling detachment model for particles residing on flat surfaces with large-scale roughness in a 

turbulent flow. Therefore, the fundamental mechanisms of particle resuspension have been fostered. For the 

flow-induced resuspension of a single particle, there are three possible modes governing its incipient motion 

on a flat surface: lift-off, sliding and rolling, when the static equilibrium of the particle on the surface is no 

longer fulfilled. For example, from the perspective of a force/moment balance, the resuspension can be 

interpreted simply as a competition between removal and adhesive forces/moments acting on the particle. In 

other words, the processes of lift-off and sliding can be explained by the force unbalance, while the rolling 

process can be illustrated in terms of rupturing the moment balance around the rolling point. 

In addition to the flow-induced resuspension, vibration of a contaminated surface excited by external 

forces can cause particle resuspension [20]. Hein et al. [21] and Hubbard et al. [22] demonstrated the 

effectiveness of wafer substrate vibration in resuspending the deposited particles and correlated the substrate 

acceleration with the particle dynamics. Chatoutsidou and Lazaridis [23] investigated the resuspension of 

spherical particles from a glass plate subjected to an external vibrating force. It was found that a slight 

deformation in the body of the plate occurred and propagated via bending waves. When the surface is 

flexible, the deformation is greater. Wang et al. [24] pointed out that the deformation of a cloth surface 

together with the resulting turbulent airflow and particle agglomeration were contributing factors to the 

particle detachment, when the cloth was subjected to a rod strike. 

In the absence of these external excitations, a flexible surface would also vibrate and deform (i.e., 

flutter) when it is exposed to an airflow, due to the excitation of a resonant bending instability [25]. In fact, 

such flow-induced flutter is a common motion mode of flexible surfaces, such as a flag fluttering in the 

wind. The wind velocity has been recognized as an important parameter related to the fluttering dynamics of 

flags [26]. In this case, the airflow and surface motion may work together to resuspend the particles, 

indicating that this phenomenon could further refine the above-mentioned theoretical models. Although the 

flutter phenomenon has been widely investigated in many fields, including fluid dynamics [26], energy 

harvesting [27] and heat transfer [28], it is rarely discussed in the context of particle resuspension. While 

studying particle deposition on plant leaves, Giess et al. [29], Petroff et al. [30] and Zhang et al. [31] found 

that leaf flutter was an undesired phenomenon that could promote resuspension. On the other hand, the flow-



 

induced flutter was considered advantageous to de-aggregate and aerosolize drugs for dry powder inhalers 

(DPIs) [32, 33]. The fluttering polymer films were used to optimize the drug dispersion from the films. The 

flutter phenomenon deserves more attention in our field as a potential approach to aerosolize particles, but 

the underlying mechanisms of particle resuspension from a fluttering substrate have yet to be clarified. 

To help fill this knowledge gap, an experimental study on particle resuspension from a flow-induced 

fluttering flexible substrate is presented in this paper. The substrate fluttering dynamics and the resuspension 

behavior of monolayer particles were both examined by investigating some key parameters including air 

velocity, fluttering frequency and acceleration of the substrate, particle size, position on the substrate, 

remaining fraction of particles on the substrate, and forces/moments acting on a particle. Moreover, a control 

experiment of fixing the substrate was carried out under the same conditions. By comparing with the fixed 

substrate case, the effects of the fluttering dynamics on particle resuspension, and the underlying 

mechanisms initiating particle resuspension in the fluttering substrate case, were quantitatively explored. 

 

2. Materials and methods 

Polystyrene (PS) spherical particles with a density of 1.05 g/cm3 and four diameters of 6 μm, 13 μm, 

31 μm, and 51 μm were used as the test particles in the present work. The coefficients of variation (CV%) for 

the four particle sizes were 12%, 14%, 9%, and 12% respectively. The flexible substrate was a 0.023-mm-

thick transparent plastic film made of oriented polypropylene (OPP). The surface energy of these materials 

was determined using testing liquids (Test Inks, Arcotest, Germany), and the Young’s modulus was 

measured by a nanoindenter (NanoTest Vantage, Micro Materials, UK). The material properties are 

summarized in Table 1. 

Table 1 

The particle resuspension experiments were performed in a subsonic wind tunnel (C2, Armfield, UK) 

at an ambient temperature of 26.8 ± 0.3 ℃, a relative humidity of 67 ± 2%, and air velocities of 0 ~ 8 m/s 

(Figure 1a). In order to avoid particle aging biasing the resuspension results, the experiments were conducted 

immediately after the samples were taken out of a dry box, and the duration of each experiment was kept 

unchanged. During the experiments, the airflow was adjusted by an inverter speed control unit, and the air 

velocity was measured by an anemometer (Model 9565, TSI, USA). The height of the velocity measurement 

point from the holder surface was 75 mm. It was ensured that the airflow entering the working section (cross-



 

sectional area: 304 mm × 304 mm) was steady in both magnitude and direction. The flexible substrate with 

deposited particles was placed in the working section. One end of the flexible substrate was affixed to the 

holder (Figure 1b). The free end which was naturally drooping due to its own weight in the absence of 

airflow, was then lifted by the airflow and gradually straightened at air velocities below the critical air 

velocity, and finally began fluttering above the critical air velocity. The effective test area of the fluttering 

substrate sized 80 mm × 30 mm contained four marked positions (P1, P2, P3, P4) set at 20 mm, 40 mm, 60 

mm, and 80 mm from the fixed end respectively (Figure 1c). A high-speed camera (VEO-L, Phantom, USA) 

was used to capture the substrate fluttering behavior by tracking the marked positions (Figure 1b). It was 

installed beside the wind tunnel to capture the sideview of the fluttering substrate. The movements of the 

four marked positions on the fluttering substrate were recorded by the high-speed camera at 5000 frames per 

second (5000 fps) for subsequent motion analysis. The footage was processed to determine the frequency, 

displacement, and acceleration of the fluttering substrate. The fluttering frequency was defined as the 

number of fluttering cycles within one second. The displacements of the marked positions were expressed as 

x(t) and y(t). The fluttering acceleration components ax (x-direction) and ay (y-direction) were then 

calculated. The fluttering acceleration was the modulus calculated from both components. The maximum 

acceleration during experiments was selected as the fluttering acceleration in this paper. 

Figure 1 

The particles were randomly deposited by gravity in a monolayer at the four positions on the top 

surface of the flexible substrate in preparation for the particle resuspension experiments (Figure 1c). To 

avoid biasing the resuspension results by the non-fluttering substrate and undesired particles that could be 

easily removed, the particle-laden substrate was placed in the wind tunnel for 3 minutes with an airflow 

below the critical velocity before the experiments. During the experiments, the number of particles 

remaining on the substrate at each air velocity (after a duration of 3 minutes including a transient period of 

about 5 seconds for the air velocity to reach the target velocity from 0 m/s) was observed with a microscope 

(Ni-E, Nikon, Japan) to assess particle resuspension. Figure 2 shows some microscope photos in the 

fluttering substrate case used to determine the remaining fraction, which was defined as the ratio of the 

number of remaining particles at air velocity U to that at U = 0 m/s. The remaining fraction dropped to 0 at U 

= 8 m/s, indicating that all particles were resuspended (Figure 2). In order to reduce the uncertainty, the 

number of particles deposited in the observation zone at each position was more than 100 and in the same 



 

order of magnitude for the four diameters. Each test was triplicated under the same experimental conditions. 

The above-mentioned particle deposition and observation procedures were consistent in all resuspension 

experiments in the present work, including fixed substrate experiments, centrifugal experiments, and 

vibration experiments. 

Figure 2 

In the fixed substrate case, the same flexible substrate was wholly adhered to a flat surface so it would 

not flutter under the same experimental conditions. Unlike its fluttering counterpart, the influence of 

different positions on particle resuspension was minimized as the fixed substrate was stationary. Theoretical 

analysis of the mean values of forces/moments and repeated experimental results also show that the particle 

resuspension hardly occurred in the fixed substrate case under our experimental conditions (Figure S1). 

Therefore, in this case, the position effects were negligible and the moderate results at midpoint (P2) of the 

effective test area were selected as a representative to contrast the particle resuspension between fixed and 

fluttering substrates. 

 

3. Results and discussion 

3.1 Flow-induced flutter of flexible substrate 

The flow-induced flutter of the flexible substrate is discussed in this section. The substrate began to 

flutter at air velocity U = 3 m/s which is the critical air velocity in the present work. Figure 3 shows a series 

of photos at different instants of the fluttering substrate to demonstrate the process of flutter at the critical air 

velocity. The four marked positions and the fixed end (position 0) are displayed, which clearly reflects the 

overall motion of the substrate. It can also be observed that the free end of the fluttering substrate underwent 

some rapid positional changes that completed a cycle within 50 ms. Figure 4 presents the stacked images of 

traces within one second of the fluttering substrate to visualize the differences in motion between the 

positions at different air velocities. It is evident that the fluttering amplitude increased from P1 to P4 at all air 

velocities (Figure 4). Another finding was that the increasing air velocity led to more sudden deviations from 

the periodic flutter. Movements of P3 and P4 were most affected by the air velocity, while P1 and P2 moved 

more periodically. 

Figure 3 

Figure 4 



 

The fluttering frequency of the substrate is plotted as a function of the air velocity in Figure 5a. Within 

the range of air velocity selected in this study, it was found that there existed a linear relationship between 

the fluttering frequency f and the air velocity U, which is consistent with the findings of Olsen et al. [34] and 

Xu et al. [35]. Figure 5b shows the fluttering acceleration aF at different positions and air velocities U. At 

lower air velocities of 3 m/s and 4 m/s, the acceleration at each marked position remained nearly constant 

with the increasing air velocity. The acceleration at P4 started to rise sharply at U = 5 m/s, reaching a 

maximum of almost 70000 m/s2 at U = 8 m/s. As shown in Figure 4, the motion trace of P4 became chaotic 

at U = 5 m/s and thereafter became more disordered at faster air velocities, resulting in a higher acceleration. 

Furthermore, the traces at P3 and P4 overlapped at air velocities larger than U = 6 m/s and were more 

disordered than those at P1 and P2 at higher air velocities, signifying a surge in their accelerations (Figure 

5b). Moreover, at U = 3 and 4 m/s, the accelerations at P1 and P3 were higher than those at P2 and P4, 

respectively, but as the flutter became vigorous at U = 7 and 8 m/s, the acceleration showed a noticeable 

increasing trend from P1 to P4. Over the air velocity range of 3 ~ 8 m/s, the acceleration at P4 changed the 

most, followed by P3 and P2, while the acceleration at P1 hardly changed. 

Figure 5 

3.2 Particle resuspension 

Experimental results of particle resuspension from the fluttering substrate and the fixed substrate are 

compared in this section. The mean results of the triplicate tests of the remaining fraction for particles with 

the four diameters are plotted in Figure 6 with error bars representing standard deviation. There was almost 

no particle resuspension in the fixed substrate case with a remaining fraction of 1 ~ 0.9786, while the local 

remaining fraction could be reduced from 1 to 0 in the fluttering substrate case. These results indicate that 

the flow-induced flutter could significantly enhance particle resuspension compared with the fixed substrate 

case, but the enhancement tended to 0 with the decreasing particle diameter. For the fluttering substrate case, 

particle diameter, position, and air velocity were found to be important factors influencing the particle 

resuspension. First, larger particles were resuspended more, and the smallest 6-μm particles were the most 

difficult to be resuspended. This finding was consistent with the generalization of Hinds [36]. Secondly, 

there was a trend of incremental particle resuspension from P1 to P4, which matched well with the trend of 

increasing fluttering amplitude mentioned in Section 3.1. P4 always had the most significant particle 



 

resuspension, followed by P3. The larger air velocity led to more particle resuspension in most cases, but the 

relationship was not linear. 

Figure 6 

The threshold velocity, defined as the air velocity at which the remaining fraction equaled 0.5, was 

employed to evaluate the effects of the studied parameters. The results for those cases where the remaining 

fraction could reach 0.5 under our experimental conditions imply that the flutter of the substrate could 

greatly reduce the threshold velocity compared with the fixed substrate, and the threshold velocity decreased 

from P1 to P4 and with increasing particle diameter. 

3.3 Forces acting on a particle 

In this section, the forces acting on a particle on the substrate under the influence of airflow (Figure 7), 

are analyzed, including adhesive force FA between the particle and the substrate, drag force FD0, lift force FL0 

in the fixed substrate case, and force caused by the fluttering acceleration FF generated only in the fluttering 

substrate case. The gravitational force mg acting on the micron-sized particle used in our cases was several 

orders of magnitude smaller than the adhesive force FA. It is thus neglected here. 

Figure 7 

3.3.1 Adhesive force 

The adhesive force FA can be directly measured by the centrifugal method as identified in previous 

work by our group [37, 38]. This method approximates the mean value of adhesive force as the centrifugal 

force required to remove 50% of particles with the same diameter. However, the limited speed of the 

centrifuge (Z207A, Hermle, Germany) employed in the present work was insufficient to complete the 

measurement for all particle sizes. Therefore, only the adhesive forces for the particles with diameters of 39 

μm and 51 μm were directly measured in this study. Corn [39] experimentally found that the adhesive force 

between particles and surfaces at a given relative humidity was directly proportional to the particle diameter. 

Hinds [36] also generalized a proportional relationship between the adhesive force and the particle diameter. 

Thus, the adhesive forces for other particle sizes were predicted based on a linear fitted equation as follows: 

𝐹𝐴 = 0.02237𝑑𝑃 (6 𝜇𝑚 ≤ 𝑑𝑃 ≤ 51 𝜇𝑚) (1) 

where FA is the adhesive force between particles and the substrate for the present work, and dP is the particle 

diameter. The results of the centrifuge experiment together with the linear regression are plotted in Figure 8. 

The experimental results are in good agreement with the regression. It should be noted that the measured 



 

adhesive force in this work was the overall force including the effects of relative humidity, capillary force, 

surface roughness and other possible effects [40-42]. 

Figure 8 

3.3.2 Drag and lift forces in the fixed substrate case 

Determining the aerodynamic forces (drag force and lift force) acting on a particle in the fluttering 

substrate case, like in this experiment, is outside the capacity. Therefore, the aerodynamic forces (FD0 and 

FL0) in the fixed substrate case were analyzed to help provide the basis for the analysis of the fluttering 

substrate case. Since the Reynolds number was significantly less than 5 × 105, the drag force FD0 and lift 

force FL0 could be determined by a simple shear-flow model. The drag force FD0 is estimated according to 

the following equation [43]: 

𝐹𝐷0 = 3𝜋𝜇𝑢𝑃𝑑𝑃𝑓𝑊 (2) 

where μ is the dynamic viscosity of air at 26.8 ℃, uP is the air velocity at the level of the particle center, and 

fW = 1.7009 is the factor accounting for the wall effect. The velocity uP can be found by the velocity profile 

[44]: 
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where rP is the particle radius, δ is the boundary layer thickness, Rex is the Reynolds number, x = 0.06 m 

(including the P2 distance from the fixed end and the length of the fixed end as shown in Figure 1c, so x = 

0.04 + 0.02 = 0.06 m), and ν is the kinematic viscosity of air at 26.8 ℃. The lift force FL0 is calculated as 

[45]: 

𝐹𝐿0 = 9.22(𝛾̇𝜇𝑟𝑃
2) (

𝛾̇𝑟𝑃
2

𝜈
) (5) 

where 𝛾̇ is the shear rate. 

3.3.3 Force caused by the fluttering acceleration 

The acceleration of the fluttering substrate can generate a force acting on the particles, as 

demonstrated by the red arrow in Figure 7. Since the maximum acceleration was measured to be three orders 



 

of magnitude larger than gravitational acceleration, it could be very important to particle resuspension. The 

associated force FF can be calculated by a simple expression: 

𝐹𝐹 = 𝑚𝑎𝐹 (6) 

where m is the mass of a particle and aF is the fluttering acceleration. Based on the calculated results in 

Section 3.3.2 and 3.3.3, it was found that the force FF was much larger than the drag force FD0 and the lift 

force FL0 by at least an order of magnitude under the same conditions. As such, it would be one of the main 

causes for enhancing the particle resuspension when the substrate was switched from fixed to fluttering. 

3.3.4 Comparison between the acceleration-induced force and adhesive force 

Figure 9 demonstrates a direct comparison between the force FF and the adhesive force FA. The force 

FF was larger than the adhesive force FA only for the 31-μm particles at P4 and the 51-μm particles at P3 and 

P4. However, it was observed that the particles had been significantly resuspended even though the force FF 

was less than the adhesive force FA (circled in Figure 9). Recalling the findings in Sections 3.1 and 3.2, 

unlike the fluttering acceleration, the particle resuspension generally increased from P1 to P4. It was thus 

inferred that the particle resuspension was not positively correlated with the force FF. To sum up, these 

findings suggested that the force FF was an important factor contributing to the particle resuspension in the 

fluttering substrate case, but certainly not the only one. 

Figure 9 

3.4 Force and moment analysis of particle resuspension from the fluttering substrate 

Particle resuspension can be demonstrated as a competition between removal and adhesive 

forces/moments acting on the particle due to the negligible gravitational force (Figure 7). The mechanisms 

initiating particle resuspension are explored in this section by the static force and moment balance analysis. 

There are three possible modes of particle incipient motion in the fixed substrate case: lift-off, sliding, and 

rolling. The aerodynamic forces (FD0 and FL0) of the fixed substrate case were tentatively applied to the 

fluttering substrate case. The corresponding formulas of force/moment analysis including the force FF for 

three modes are respectively (as follows): 

𝐹𝐿0 + 𝐹𝐹 > 𝐹𝐴 (7) 

𝐹𝐷0 > 𝜇𝑆(𝐹𝐴 − 𝐹𝐿0 − 𝐹𝐹) (8) 

1.4𝑟𝑃𝐹𝐷0 + 𝑎𝐹𝐿0 + 𝑎𝐹𝐹 > 𝑎𝐹𝐴 (9) 



 

where µS is the static friction coefficient, 1.4 is the factor accounting for the presence of the substrate [1], a is 

the contact radius that can be evaluated by the JKR model [20, 23, 46] describing the contact of elastic 

solids: 

𝑎 = (
6𝜋𝑊𝐴𝑟𝑃

2

𝐾
)

1
3

= (
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2

𝐾
)

1
3
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where WA is the work of adhesion that can be converted into the form of the surface energy [17, 47], γi is the 

surface energy (i = 1 is for particle and i = 2 is for substrate), and K is the composite Young’s modulus 

defined as: 

𝐾 =
4

3
[
(1 − 𝜈1

2)

𝐸1
+

(1 − 𝜈2
2)

𝐸2
]

−1

 (11) 

where Ei is the Young’s modulus and νi is the Poisson’s ratio. In this study, γ1 = 0.042 J/m2, γ2 = 0.030 J/m2, 

E1 = 3.2 × 109 N/m2, E2 = 1.5 × 109 N/m2, ν1 = 0.35, and ν2 = 0.43. It is noted that Eq. (7) ~ (9) are for the 

fixed substrate case when the force FF is equal to 0. Eq. (9) is a moment comparison where the terms on the 

left-hand side are the aerodynamic moment in the fixed substrate case denoted by M(F0), i.e., 1.4rPFD0 + 

aFL0, and the moment of the force FF denoted by M(FF), and the term on the right-hand side is the adhesive 

moment denoted by M(FA). Eq. (8) and Eq. (9) actually have a similar form. When Eq. (8) is equivalent to 

Eq. (9), µS is equal to a/1.4rP. In this study, a/1.4rP was less than 0.03. Theoretically, the sliding mode is less 

important than the rolling mode in the present work. It was also confirmed by the previous experimental 

investigation that rolling was the primary mode [6]. However, as shown in Figure 7, the force FF might 

contribute a lot to the lift-off mode, which cannot be ignored here. Thus, only the lift-off mode (force 

analysis) and the rolling mode (moment analysis) are reported in this section. The forces/moments acting on 

the particles, which were transformed from the experimental data by Eq. (7) or Eq. (9), are displayed with 

their corresponding remaining fraction results in Figure 10 and 11. 

3.4.1 Lift-off mode 

Figure 10 presents the force analysis for the lift-off mode in the fluttering substrate case. The two 

dashed lines form a dashed box with the x- and y-axis. Within the dashed box, the adhesive force FA is not 

overcome but the remaining fraction drops below 0.5. As depicted in Figure 10, most plots below the 

remaining fraction of 0.5 were within the dashed box, except for very few plots with the remaining fraction 



 

of almost 0 when the adhesive force was overcome. It indicates that the FF + FL0 failed to explain the particle 

resuspension in the fluttering substrate case by the force analysis for the lift-off mode. 

Figure 10 

3.4.2 Rolling mode 

Figure 11 demonstrates the moment analysis for the rolling mode in the fluttering substrate case with 

dashed boxes equivalent to those for the force analysis. Similar conclusions can be drawn from Figure 11. 

The combination of the force FF and the aerodynamic forces (FD0 and FL0) in the fixed substrate case failed 

to explain the actual situation of particle resuspension, both in the lift-off mode and rolling mode, in the 

fluttering substrate case. Therefore, compared with the fixed substrate case, the aerodynamic forces/moments 

acting on the particles must be enhanced in the fluttering substrate case, which was speculated to be another 

necessary factor enhancing the particle resuspension. This aerodynamic force/moment enhancement could be 

attributed to the coupling of the flow-induced flutter of the substrate and its resulting turbulent flow. 

Furthermore, as estimated from Figure 10 and Figure 11, the aerodynamic force/moment enhancement would 

be comparable to or even greater than its force FF/moment M(FF) counterpart in the fluttering substrate case. 

It is noted that the enhancement could be calculated from Eq. (7) and (9). 

Figure 11 

3.4.3 Additional supporting evidence 

Since the fluttering substrate case involves the coupled effects of airflow and substrate vibration, it is 

necessary to quantify the two separately through additional parametric tests to verify our calculations. One is 

the fixed substrate case mentioned above, and the other is a vertical vibration experiment without the air 

motion under the same experimental conditions. It is noted that the substrate cannot flutter in the vibration 

experiment. Details are presented in Supplementary Material. 

The force/moment analysis for the lift-off mode/rolling mode in the fixed substrate case is shown in 

Figure S1. These results indicate that it was almost impossible for lift-off mode to occur in this case because 

the lift force FL0 was several orders of magnitude smaller than the threshold (Figure S1a). Insufficient 

moments (Figure S1b) also agreed with the experimental results of particle resuspension, but the gap from 

the threshold was much smaller than that in the lift mode. It in turn implies that the rolling mode was the 

more likely mechanism to trigger the particle resuspension in this case. 



 

The setup of the vibration experiment is schematically shown in Figure S2. The results are compared 

with those of the fluttering experiment (U = 3 m/s, P4) in Figure S3. Except for the 6μm- and 13μm- 

particles that failed to be resuspended in both experiments, the reductions in remaining fraction of other 

particles in the fluttering case were more than double those in the vibration case, even though the 

acceleration aV measured in the latter was higher than the acceleration aF in the former. These results support 

our conclusions presented in Section 3.3.3 and Section 3.4.2. 

3.5 Implications and limitations 

The results of this work can have practical implications in several fields. In the industrial field, 

fluttering dynamics is expected to inform applications that require particle resuspension, e.g., aerosolization 

of powders, drug delivery, spray systems and surface contaminant cleaning, due to its strong resuspension 

capacity. The findings of this paper on wind speed, particle size and position also benefit the optimization of 

related products. In the environmental field, our experimental results indicate that substrate flutter can cause 

significant particle resuspension in low-air-velocity scenarios, which may easily lead to air pollution. 

Besides, liquid aerosol resuspension from the fluttering substrates warrants further investigation. Although 

liquid aerosols are more difficult to be resuspended than solid particles [37], it can be speculated from this 

paper that the substrate flutter may achieve appreciable liquid aerosol resuspension. Its in-depth 

understanding may help reduce the transmission of pathogens via respiratory droplets. 

Some limitations exist in the present work. Different substrates with different materials and sizes have 

different critical air velocities for fluttering. Furthermore, in real-life scenarios, the flutter phenomenon is 

complex, subject to factors such as different shapes of substrates and fluctuating airflow [48-50]. This work 

only chose one substrate material and simplified conditions to study the effects of flutter on particle 

resuspension and the underlying mechanisms. The results provide useful information but cannot be directly 

applied to industrial products or environmental scenarios. The aerodynamic force/moment enhancement 

calculated in the present work was speculated to be caused by the coupling of the flow-induced flutter of the 

substrate and its resulting turbulent flow; further investigation of the airflow dynamics surrounding the 

fluttering substrate and the stochastic nature of the resuspension problem [12, 18, 51] is required for a more 

thorough understanding of flutter-induced particle resuspension enhancement. 

 

4. Conclusions 



 

This paper presented an experimental study on the resuspension of polystyrene (PS) spherical particles 

from a flow-induced fluttering flexible oriented polypropylene (OPP) substrate at air velocities of 0 ~ 8 m/s 

with a comparative fixed substrate experiment under the same conditions. The fluttering motion of the 

substrate was quantified by a high-speed camera, and the particle resuspension was assessed by a 

microscope. There was almost no particle resuspension in the fixed substrate case with a remaining fraction 

of 1 ~ 0.9786, while the local remaining fraction could be reduced from 1 to 0 in the fluttering substrate case, 

showing a remarkable particle resuspension enhancement and a great reduction in the threshold velocity, 

which were dependent on the particle diameter and position. For a single particle in the fluttering substrate 

case, the force caused by the fluttering acceleration of the substrate, which exceeded its gravity by several 

orders of magnitude, was identified as an important factor enhancing the particle resuspension. Another 

necessary factor was the significant flutter-induced aerodynamic force/moment enhancement acting on the 

particle, illustrated by the static force and moment balance analysis. 

 

Supplementary material 

Figures S1, S2 and S3. 

 

Nomenclature 

a Contact radius [m] 

aF Fluttering acceleration (maximum) of the substrate [m/s2] 

aV Vibration acceleration of the substrate [m/s2] 

ax Acceleration component along the x-axis [m/s2] 

ay Acceleration component along the y-axis [m/s2] 

dP Particle diameter [m] 

E1 Young’s modulus of the particle [N/m2] 

E2 Young’s modulus of the substrate [N/m2] 

f Fluttering frequency [Hz] 

fW Factor accounting for the wall effect 

FA Adhesive force [N] 



 

FD0 Drag force in the fixed substrate case [N] 

FF Force caused by the fluttering acceleration of the substrate [N] 

FL0 Lift force in the fixed substrate case [N] 

g Gravitational acceleration [m/s2] 

K Composite Young’s modulus [N/m2] 

m Mass [kg] 

M(FA) Moment of the adhesive force [N·m] 

M(F0) Moment of the drag and lift forces in the fixed substrate case [N·m] 

O Rolling point 

R2 Coefficient of determination 

Rex Reynolds number 

rP Particle radius [m] 

t Time [s] 

U Air velocity [m/s] 

uP Air velocity at the level of the particle center [m/s] 

WA Work of adhesion [J/m2] 

x Cartesian coordinate [m] 

y Cartesian coordinate [m] 

γ1 Surface energy of the particle [J/m2] 

γ2 Surface energy of the substrate [J/m2] 

𝛾̇ Shear rate [s-1] 

µ Dynamic viscosity of air [N·s/m2] 

µS Static friction coefficient 

ν Kinematic viscosity [m2/s] 

ν1 Poisson’s ratio of the particle 

ν2 Poisson’s ratio of the substrate 

δ Boundary layer thickness [m] 
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Table 1. Material properties of particle and substrate 

Material properties Particle Substrate 

Surface energy [J/m2] 0.042 0.030 

Young’s modulus [N/m2] 3.2×109 1.5×109 

Poisson’s ratio 0.35 0.43 
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Figure 1. Schematic diagram of the experimental setup. a, The wind tunnel for particle resuspension experiments (the 

particles drawn here are exaggerated for illustration only). b, Top view of the working section of wind tunnel. c, The 

substrate and four marked positions (P1, P2, P3, P4). The four marks on the side were used for high-speed camera 

tracking and the particles were deposited within the corresponding red dotted circles on the top surface for observation. 

The observation zones were ensured to be consistent for each experiment. 
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Figure 2. Microscope photos of particles with a diameter of 31 μm at P4 at different air velocities U after 3 minutes of 

exposure to airflow. 
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Figure 3. A series of photos at different instants of the substrate fluttering at the air velocity of 3 m/s. 
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Figure 4. Stacked images of traces within one second of the substrate fluttering at different air velocities U. 
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Figure 5. Motion parameters of the fluttering substrate. a, Fluttering frequency versus air velocity. All frequency 

experiments were performed in triplicate, and data are expressed as the mean ± standard deviation. b, Fluttering 

acceleration versus air velocity at different positions. The fluttering acceleration here is the maximum acceleration 

during experiments, so there are no error bars for it. 

 

 

  

a b

3 4 5 6 7 8
0

1x104

2x104

3x104

4x104

5x104

6x104

7x104

Ac
ce

le
ra

tio
n,

 a
F 

(m
/s

2 )

Air velocity, U (m/s)

 P1
 P2
 P3
 P4

3 4 5 6 7 8

20

30

40

50

60

70 Linear relationship
f = 10U - 10
(3 m/s ≤ U ≤ 8 m/s)

Coefficient of determination
R2 = 0.99296

Fr
eq

ue
nc

y,
 f 

(H
z)

Air velocity, U (m/s)



 

Figure 6. Remaining fraction versus air velocity with respect to different particle diameters. a, dP = 6 μm. b, dP = 13 

μm. c, dP = 31 μm. d, dP = 51 μm. All resuspension experiments were performed in triplicate, and data are expressed as 

the mean ± standard deviation. Dashed lines represent the average results for the fixed substrate case. 
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Figure 7. Forces acting on a particle on the substrate under the influence of airflow. 
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Figure 8. Adhesive force versus particle diameter. All centrifugal experiments were performed in triplicate, and data 

are expressed as the mean ± standard deviation. This fitted equation is only applicable to the adhesive force prediction 

in the present work. The adhesive force FA here is the mean value of adhesive force. 
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Figure 9. Comparison between the force FF and the adhesive force FA with respect to different particle diameters. a, dP 

= 6 μm. b, dP = 13 μm. c, dP = 31 μm. d, dP = 51 μm. Dashed lines represent the adhesive force FA. 
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Figure 10. Force analysis for lift-off mode in the fluttering substrate case with respect to different particle diameters. a, 

dP = 6 μm. b, dP = 13 μm. c, dP = 31 μm. d, dP = 51 μm. All resuspension experiments were performed in triplicate, and 

data are expressed as the mean ± standard deviation. The horizontal dashed lines represent the remaining fraction of 0.5. 

The vertical dashed lines represent the adhesive force FA. The point of intersection (FA, 0.5) of these two dashed lines 

represents that the remaining fraction is assumed to be 0.5 at the adhesive force FA. 
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Figure 11. Moment analysis for rolling mode in the fluttering substrate case with respect to different particle diameters. 

a, dP = 6 μm. b, dP = 13 μm. c, dP = 31 μm. d, dP = 51 μm. All resuspension experiments were performed in triplicate, 

and data are expressed as the mean ± standard deviation. The horizontal dashed lines represent the remaining fraction of 

0.5. The vertical dashed lines represent the adhesive moment M(FA). The point of intersection (M(FA), 0.5) of these two 

dashed lines represents that the remaining fraction is assumed to be 0.5 at the adhesive moment M(FA). M(F0) is the 

aerodynamic moment in the fixed substrate case, i.e., 1.4rPFD0 + aFL0. 
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