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ABSTRACT 
Human foot motions such as walking and foot tapping 

detach the particulate matter on the floor and redistribute it, 
increasing the particle concentration in air. The objective of this 
paper is to experimentally investigate the mechanism of particle 
resuspension and redistribution due to human foot motion.  

In particular, generation and deformation of vortex 
produced by the foot motion and how they are affected by the 
shape of sole have been examined. The experiments were 
carried out by particle flow visualization and the Particle Image 
Velocimetry (PIV) measurements in air, and dye flow 
visualization in water. The flow visualizations with human foot 
tapping and stomping were also carried out in order to elucidate 
the particle resuspension in real situations. In a laboratory 
experiment, the foot was modeled either as an elongated plate 
or a foot wearing a slipper, moving normal to the ground 
downward or upward. To focus on the aerodynamic effect, the 
model foot was stopped immediately above the floor before 
contacting the floor. The results indicated that the particles 
were resuspended both in downward motion and in upward 
motion of the foot. The particle resuspension and redistribution 
were associated with the wall jet between the foot and floor and 
the vortex dynamics. With an elongated plate, three-
dimensional vortex structure strongly affected the particle 
redistribution. 

NOMENCLATURE 
D Effective diameter 
W Width of the idealized foot 
L Length of the idealized foot 
Z Gap in motion 
Zi Initial gap in motion 
Zf Final gap in motion 
Acc Acceleration in motion 

Dec  Deceleration in motion 
U Foot velocity 
Uc Constant foot velocity 
t Time, sec 
tdur Total duration of foot motion 
T Normalized time, Uct/D 
T1 Timing at the end of acceleration phase 
T2 Timing at the end of constant velocity phase 
T3  Timing at the end of deceleration phase 
Tfinal    5 sec. after T3 
υ Kinematic viscosity  
ReUc Reynolds number based on disk diameter, UcD/υ 

1. INTRODUCTION 
An amount of particulate matter (PM) suspended in the air 

affects the air quality[1]. Walking and other human activities in 
the room are known to cause elevated concentration of dust 
suspended in indoor air. The particulate matter is first detached 
and resuspended from the floor, and then entrained into the 
human thermal plume, where it can ultimately be inhaled. Ferro 
et al. 2004, Long et al. 2000 obtained the particle size and mass 
of resuspended particle with the human activities [2, 3]. 
Aerosol concentrations and particle size distributions were 
measured both indoors and outdoors were by Thatcher et al. 
(1995) [4] and they studied the resuspension of particle, mass 
loading of dust on floor surfaces and deposition velocity of 
particle. Abt et al. (2000) examined the contribution of outdoor 
and indoor particle sources to indoor concentration parameters 
affecting indoor exposures [5]. In spite of global effect of the 
walking on the particle concentration, detailed mechanism of 
how the human motion causes the resuspension of particles has 
not been elucidated. 

Predicting the particle resuspension poses challenges 
beacause the particles are strongly attracted to the floor via 
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various forces (adhesion, electrostatic, Van Der Waals[6] and 
can be detached via either ballistic or aerodynamic 
mechanism[7], or combination of both. The ballistic 
mechanism occurs when colliding particles break the cohesive 
bond which exists between particles. The aerodynamic 
mechanism takes place when the particles are resuspended 
purely by flow disturbances generated by the body such as foot 
motion. The vortex dynamics around a sphere impacting the 
wall was studied by Leweke et al. (2004)[8] and the associated 
dust resuspension investigated by Eames et al. (2000)[7]. The 
particles resuspension due to a vertically travelling disk was 
studied experimentally by Kubota et al [9]. Khalifa et al. 
(2007)[10] studied analytically and numerically the 
aerodynamic resuspension mechanism of particle attached to 
the wall beneath a falling disk. DeGraw et al. [11] carried out 
the numerical investigation paralleling the disk experiment [9] 
and the present experiment with an elongated plate. 

The present paper examines the particle suspension due to 
actual foot motion (foot tapping and stomping) as well as 
model foot undergoing a simulated vertical foot motion. As a 
follow up on our previous study using a disk geometry [9] we 
examine the three-dimensional geometric effect as well as 
human foot motion. As was the case in the previous study, the 
laboratory test focuses on aerodynamic mechanism of particle 
resuspension avoiding floor vibration, etc. The wall jet and the 
vortex dynamics caused by the idealized foot motion are 
measured with the particle image velocimetry. Also, this article 
addresses the subsequent redistribution of the particles by the 
aerodynamic mechanism. 

In the present laboratory experiment an idealized foot 
motion is used since modeling the human walking motion and 
its associated foot kinetics is extremely complex [12] with both 
a vertical and a rotational component. As a first approximation, 
the stepping motion is modeled as normal motion to the floor, 
and both the downward and upward portion of the foot 
stomping are examined. In these experiments, the motion is 
stopped just before touching the floor to focus on the 
aerodynamic resuspension mechanism, ensuring no floor 
vibration. Here, the idealized foot is modeled as an elongated 
plate with the equivalent area to a US 8 size human shoe and  
a foot model wearing an indoor slipper.  

The following sections present the observation of particle 
resuspension due to human foot motion (Section 2), and 
velocity measurements and particle visualizations from an 
elongated plate and from a foot model wearing a slipper 
(Section 3). The results are discussed in Section 4. 

2. PARTICLE VISUALIZATION OF HUMAN FOOT 
MOVEMENT 

2.1 Experimental Procedure 
Particle flow visualizations with an actual foot tapping and 
stomping were first conducted. These two modes focus on the 
rotation and vertical motion of the foot, and may be regarded as 
major elements in the walking process. The subject wore an 

indoor slipper with a smooth sole during both tapping motion 
and stomping motion. The foot position and velocity were 
recorded with a Photron high-speed camera and analyzed on 
the computer. A foot tapping motion consisted of foot pivoting 
around the heel touching the floor. The foot stomping motion 
consisted of the vertical motion; the sole was set parallel to the 
wall during the motion. Particle resuspension from the smooth 
hard surface due to the human foot motion was recorded as 
follows: 3M Ceramic Microspheres G-200 with a mean 
diameter of 8μm were uniformly distributed underneath the 
foot prior to the foot motion. The typical initial density of 
seeding was 5.6mg/cm2. The Photron camera was operated at 
125 frames per second to take the images. The flow-field was 
illuminated in its cross section with a thin laser sheet from an 
Argon ion laser beam.  

2.2  Results of Particle Resuspension by Human 
Foot Tapping and Stomping  

The effect of the foot tapping was studied first. Vertical 
positions of the toe and mid sole were recorded and are shown 
in Fig. 1. The angular velocity was approximately 5 rad/s when 
the foot contacted the floor. The sequence of particle flow 
visualization with an actual foot tapping motion is shown in 
Fig. 2. The toe is facing the reader in the sequence of figures. 
The time increment is 0.1 sec. The foot stopped from 
downstroke motion at t= 0sec. (Fig. 2a), and following two 
images show the results during the upstroke motion. The 
particles that were  

 
 

 
 

FIGURE 1: TIME HISTORY OF VERTICAL POSITION 
OF TOE AND MID SOLE DURING FOOT TAPPING. 
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FIGURE 2: PARTICLE FLOW VISUALIZATION OF 
FOOT TAPPING ILLUMINATED ON MID-SECTION. 

THE TOE IS FACING THE READER AND IN AN 
UPWARD MOTION. 

initially seeded beneath the foot were expelled from the floor 
and entrained into the vortex at t=0sec. Later at t= 0.1sec. (Fig. 
2b), the resuspended particles were driven out further out to the 
side. The result at t=0.2sec clearly shows the particle 
resuspension and redistribution processes. In upward motion, 
the particles were also resuspended in the wake behind under 
the foot at t= 0.2sec (Fig. 2c). Thus, these figures show that 
both downstep and upstep motions are equally important for 
the resuspension and redistribution of particles. 

The foot stomping motion was examined with the high-
speed camera next. Time history of the foot position and that of 
the velocity near the wall are shown in Fig. 3a and 3b, 
respectively. Note the foot decelerates slightly before it impacts 
the floor. The overall movement of the foot and its velocity 
time history were later incorporated into the laboratory 
experiment as shown in Fig. 7. The results of particle flow 
visualization with the stomping motion are shown in Fig. 4 and 
Fig. 5. These results were taken 0.2 sec after the foot stopped in 
downstroke motion. As before, the particles were initially 
seeded beneath the foot. The subject wore an indoor slipper. In 
Fig. 4, the toe is facing the reader and the laser light sheet 
illuminate the mid section of the lateral particle flow motion. 
Fig. 5 shows the resuspension of particles from the toe in the 
longitudinal cross section. The particles were expelled from the 
floor in both directions of foot as evidenced in these figures. 
Three-dimensional particle resuspension patterns were 
examined more in detail with the model foot as described later. 

The resuspended particles became entrained into the vortex 
structure around the foot. The size of vortex core also varied 
around the foot, e.g., the mid-section of the foot (Fig. 4) 
produced a larger vortex than the front of the toe (Fig. 5). Thus, 
the resuspension and redistribution of particles would be 
affected with the geometry of sole. To understand the process 
of particles resuspension and redistribution from the three-
dimensional geometry beyond our previous study using an 
axisymmetric geometry [9] in more detail, the experiments 
were carried out using an idealized foot in prescribed motion, 
and are described in the next section. 

3. LABORATORY EXPERIMENT ON SIMULATED 
FOOT MOTION 

3.1 Set up 
The particle resuspension study with the actual foot motion 

was followed up in the laboratory setting to maximize the 
measurement accuracy and repeatability and to examine the 
detailed mechanism of the particle resuspension process. The 
axisymmetric velocity vector field and particle resuspension 
phenomena caused by a disk in both downward and upward  

 

    
              (a)                         (b) 

Figure 3: (a) TIME HISTORY OF FOOT POSITION 
NEAR THE WALL DURING THE FOOT STOMPING (b) 

VERTICAL VELOCITY TIME HISTORY NEAR THE 
WALL DURING THE DOWNSTROKE OF THE 

STOMPING (In this figure the negative velocity 
indicates motion toward the wall.) 

 

 
FIGURE 4: PARTICLES FLOW VISUALIZATION WITH 

A MID-SECTION OF FOOT STOMPING. 
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FIGURE 5: PARTICLES FLOW VISUALIZATION WITH 

AN ACTUAL FOOT STOMPING OF TOE. 
 

motion have been examined and reported earlier [9]. Focus of 
the present study was on the three dimensional effects due to 
geometry that was more representative of shoes than a 
canonical disk geometry. Here, two different geometries were 
used: (1) an elongated plate and (2) an indoor slipper. All had 
smooth bottom surface. The geometry of the elongated plate 
was a rectangle with two half circles at both ends: the overall 
dimensions are 71.7mm in width (W) and 269.8mm in length 
(L). The idealized foot motions were driven vertically by a 
computer-controlled linear servo motor. The setup for an 
idealized foot experiment was the same as that used in the disk 
experiment [9] and is shown schematically in Fig. 6. The 
motion was controlled by specifying the maximum velocity, 
acceleration, deceleration and stroke. Both the flow 
visualization and the flow-field velocity measurement were 
conducted in a 1.2m x 1.2m sealed acrylic case to ensure that 
no cross-flow drafts were present. 

An actual foot stomping motion was recorded as mentioned 
above, and a sample velocity time history of the idealized foot 
motion used is shown in Fig. 7, that consists of three phases: 
acceleration from rest, constant velocity and deceleration to rest 
and approximate the actual human foot stomping motion. The 
details of the motion are shown parametrically in Table 1. An 
initial gap in motion (Zi), a final gap in motion (Zf) and a 
Reynolds number (ReUc) were specified and two different sets 
of parameters were selected for the investigation. In order to 
focus on the aerodynamic effects, the model was stopped 
0.1mm above the acrylic floor without causing any floor 
vibration.  

Particle flow visualization was conducted with the same 
condition as in the foot tapping and stomping such as a seeding, 
a laser sheet and a high speeds camera. In addition, a high 
definition SONY Camcorder (HDR-HC3) operating at 30 
frames per second was used to take the images during the 
upward motion to get wider viewing area and higher image 
sensitivity. 

A Dantec two-component Particle Image Velocimetry (PIV) 
system was used for quantitative velocity measurements. 
Seeding was provided by a Laskin-nozzle type seeder (TSI 
Model 9307) with olive oil (nominal droplet size 1-5 μm in 

diameter). The flow field was illuminated in its cross-section 
with a thin laser light sheet from a Nd:YAG laser beam. The 
PIV image acquisition was triggered at various locations of the 
stepping cycle so that the results could be phase-averaged. The 
results were averaged from 50 images yielding the standard 
deviation 13.3% in the phase-averaged velocity. 

A supplementary experiment was also carried out in water 
to study the evolution of the three-dimensional vortex ring and 
described in the results section.  

3.2 Results of PARTICLE RESUSPENSION WITH AN 
ELONGATED PLATE 

DOWNSTROKE 
The particle streak pattern left by an elongated plate after 

the downward motion is shown in Fig. 8. The idealized motion 
simulated the downward stomping motion shown in Fig. 7. The 
parameters of motion are listed in Table 1. The particles were 
initially seeded beneath the foot, and the initial seeding pattern 
was in the same as the elongated pate. As observed under a disk 
[9], the particles were expelled under the foot by an unsteady 

 

   
 

FIGURE 6: IDEALIZED FOOT EXPERIMENT SETUP. 
 

 
 

FIGURE 7: VELOCITY TIME HISTORIES OF THE ACTUAL 
FOOT STOMPING AND THE IDEALIZED MOTIONS. 
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 Case Downstroke 

Stomping 
Upstroke 
Stomping 

Uc [m/s] 1.875 1.725 
Zi [mm] 300 0.1 
Zf [mm] 0.1 300 

Acc [m/s2] 10.60  13.86 

Dec [m/s2] -16.02 -9.55  
T1 2.18 1.41 
T2 2.34 1.65 
T3 3.78 3.69 

tdur [sec] 0.307 0.326 
Tfinal 65 65 
ReUc 18,500 17,500 

TABLE 1: PARAMETERS USED FOR STOMPING. 
 

wall jet. On the other hand, the strongly directional particles 
pattern can be seen at the mid-section of foot. Streaks in the 
particle patterns are believed to be associated with the flow 
instability as well as the particle interactions as seen beneath 
the disk. Additional particle flow visualizations were carried 
out to study the effect of initial particle position on particle 
resuspension, i.e., to study where the resuspended particles 
came from. Figures 9 show the final particle distributions for 
three different types of initial seeding patterns. These included 
the particles spread over up to W/8 from the edge of the foot 
beneath the foot in a racetrack pattern (b) and particles seeded 
beneath the foot up to W/4 from the edge of the foot(c). Figure 
8 is reproduced as Fig. 9(a) as a reference. The initial positions 
of particles clearly affected the particle redistribution. Particles 
near the edge and the mid-section of foot were expelled more 
significantly and the rest of the particles was left underneath 
the foot. The particles did not escape from the center of the foot 
(see Fig.9(c)). This phenomenon was also observed with the 
disk foot experiment. The particle flow visualizations in side 
view cross-sections, in both longitudinal direction and lateral 
directions, are shown in Fig. 10 during the downward stomping 
motion. The initial seeding pattern was just underneath the foot, 
and all of experiment conditions were the same as the results of 
bottom view in Fig. 8. (The geometrical details of the foot 
model assembly are also visible in the figure: the foot was 
attached to a flange, 50mm in diameter that was connected to 
the rod fixed to the linear servo-motor. The thicknesses of foot 
and flange were both 12.7mm.) The particles were expelled 
more in the lateral direction from under the foot and 
resuspended, then redistributed away from the floor. As in the 
case of the particle resuspension underneath the disk [9], the 
cause of particle resuspension was associated with the wall jet 
beneath the foot, and the redistribution is associated with the 
vortex dynamics. The scale of vortex was larger in the lateral 

direction than in the longitudinal direction. Also, these results 
agreed with the results of an actual foot motion: the vortex 
dynamics associates the redistribution of particles, the larger 
scale of vortex was evident in the mid-section of foot. The 
associated flowfield was investigated quantitatively next with 
the PIV system. 

The velocity field measurements with the elongated plate 
during downstroke stomping motion are shown in Fig. 11. The 
foot is masked in black., The smaller scale vortex is seen in the 
longitudinal direction in Fig. 11(a), and this vortex has been 
shown with the results of particles flow visualization in Fig. 
10(a). Also, the resuspended particles were entrained into the 
vortex near the edge of foot in Fig. 10(a). In lateral direction, 
the larger scale vortex is seen in Fig. 11(b). This larger scale 
vortex is also evident in the particle flow visualization in Fig. 
10(b). The high velocity region is shown in the present larger 
scale vortex. This high velocity region corresponds to the 
strong trajectories in mid-section of foot in Fig. 8. The velocity 
profiles beneath the elongated plate on downward stomping 
motion are shown in Fig. 12 at T=3.52, z/D=0.052. The strong 
wall jet was also observed underneath the disk [9]. In the 
present case, the velocity of the wall jet underneath the foot and 
consequently the wall shear stress was larger in the lateral 
direction (B) than in the longitudinal direction (A), 
corresponding to more particle resuspension in the lateral 
direction. The larger velocity may be heuristically explained by 
the difference in pressure gradient between the stagnation 
region under the plate and the external region across the 
varying distance. The vortex dynamics behind the elongated 
plate is addressed later. 

UPSTROKE 
The results of particle flow visualization and velocity field 

measurements during upward motion by the elongated plate are 
shown in Fig. 13. The masked areas in Fig. 13(a-i) and Fig. 
13(b-i) correspond to the foot. In particle flow visualization, 
the particles were initially seeded beneath the plate matching 
the plan form of the plate. In both in longitudinal and  

 

 
 

FIGURE 8: PARTICLES TRAJECTORIES WITH AN 
ELONGATED PLATE FROM BOTTOM VIEW. 
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(a)   (b)      (c) (A)                    (B) 
  

FIGURE 9: PARTICLES TRAJECTORIES WITH DIFFERENT 
INITIAL SEEDING PATTERN, (A) SAME GEOMETRY AS AN 

ELONGATED PLATE, (B) SEEDED FROM CENTER OF FOOT 
TO W/8 FROM THE EDGE OF THE FOOT AND (C) SEEDED 

FROM CENTER OF FOOT TO W/4 FROM THE EDGE OF THE 
FOOT. 

FIGURE 12: VELOCITY PROFILE BENEATH THE 
ELONGATED PLATE ON DOWNWARD STOMPING 
MOTION AT T=3.52, Z/D=0.052: (A) LONGITUDINAL 

DIRECION AND (B) LATERAL DIRECTION.  
lateral directions, the particles became airborne from the wall. 
In longitudinal direction in Fig. 13(a-i), the resuspended 
particles were entrained behind the upward moving foot. In the 
lateral direction in Fig. 13(b-i), the particles entrained into a 
more extended region behind the foot. A strong vortex pair can 
be seen in this cross section. The results of velocity field 
measurements are shown in Fig. 13(a-ii) and Fig. 13(b-ii). 
Large concentrations of resuspended particles were located in 
the high velocity region under the foot in both longitudinal and 
lateral directions. The present larger scale vortex can be related 
to the three dimensionality of the vortex deformation. Also, the 
high velocity region behind the foot would be related to the 
higher induced velocity by vortex dynamics.  

 

 
 
FIGURE 10: PARTICLES FLOW VISUALIZATION IN 

DOWNSTROKE OF STOMPING MOTION AT T=4.92, Z=Zf, (A) 
LONGITUDINAL DIRECTION AND (B) LATERAL DIRECTION. 

 

3.3 Supplementary Flow Visualization in Water and 
Vortex Simulation behind an Elongated Plate 
As a supplimentary study, vortex formation behind the 
elongated plate was visualized with dye in the water tank. The 
fluorescence dye under the UV light was used to illuminate the 
flow structure. Initially the elongated plate was coated 
uniformly with the mixed fluorescence and the wake behind the 
foot during the motion was observed from the top and the side. 
A Basler A301f camera was operated at 60 frames per second 
to take the images. The downward foot movement was 
reproduced with dropping motion.  

The results of vortex deformation with the dye flow 
visualization in water tank simulating the downward stomping 
motion in side view cross-sections are shown in Fig. 14 The 
initial height in motion (Zi), the final gap in motion (Zf) and 
Reynolds number (ReUc) were kept the same with the 
downward idealized stomping motion in Table 1. The sequence 
of vortex deformation with the dye flow visualization in the top 
view is shown in Fig. 14 (a). In the results of the dye flow 
visualization, at t= 0 sec., the foot stopped from the downward 
motion. In t= -0.5 sec., the vortex can be seen above the foot 
which locates in the wake region. In t= -0.4 sec., the vortex has 
started to stretch from the minor axis. At t= 0 sec., the axis of 
vortex has switched. This phenomenon of axis switching is 
agreed with the results of side view (not shown). The vortex 

 
FIGURE 11: VELOCITY MEASUREMENT FOR IN 

DOWNSTROKE OF STOMPING WITH AN ELONGATED 
PLATE AT T=4.92, Z =Zf, (A) LONGITUDINAL DIRECTION 

AND (B) LATERAL DIRECTION. 
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ARTICLES FLOW VISUALIZATION AND VELOCITY MEASUREMENTS WITH AN ELONGATED PLATE 

MEAS  (B-

FIGURE 13: P
IN UPSTROKE AT T=1.6, Z/D=0.994, (A-I) FLOW VISUALIZATION IN LONGITUDINAL DIRECTION, (A-II) 
UREMENT ON LONGITUDINAL DIRECTION (B-I) FLOW VISUALIZATION ON LATERAL DIRECTION AND

II) MEASUREMENT ON LATERAL DIRECTION. 

 
FIGURE 14: (a)SEQUENCE OF DYE FLOW VISUALIZATION ON TOP VIEW WITH AN ELONGATED PLATE IN 

 
WATER TANK (b)NUMERICAL SIMULATION OF VORTEX BLOB METHOD. 

  
 

FIGURE 15: PARTICLES TRA ECTORIES WITH A SLIPPER 

 
ontinues to stretch in lateral direction after the foot stopped 

numerical simulation in top view are shown in Fig. 14(b). The 

J
IN DOWNWARD STOMPING MOTION FROM BOTTOM VIEW, 

(A) T=3.71 AND (B) Z/D=0.001 AND T=Tfinal, Z=Zf=0.1mm. 

c
(t>0sec.). The strong streaks from the mid-section of the foot in 
Fig. 8 are also related to the effect of axis switching of vortex 
and vortex stretching after the foot stopped. A simple three-
dimensional vortex blob method was applied to the present 
geometry and the sequence of vortex deformation with the 

computed results clearly showed the out-of plane vortex 
deformation and the axis switching of vortex, and they were in 
general agreement with the dye flow visualzations. This 
supplementary study clarified the deformation of vortex during 
the foot motion, and also indicated an evolution of vortex 
geometry to grow in the lateral direction. In short, the 
elongated plate caused a strong three-dimensional flow which 
affects the particles redistributions. Wake formations behind a 
square plate and other polygonal plates were studied by 
Higuchi et al[13], and the unsteady vortex structure and its 
interaction with the disk were experimentally and numerically 
investigated in [14]. Zaman [15] examined the vortex axis 
switching with an elliptic jet and Hussain et al. [16] studied the 
deformation of rectangle jets. It is evident that these three-
dimensional vortex dynamics play significant role in the 
present problem. 
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3.4 Particle Resuspension with a Model Foot Wearing 
an Indoor Slipper 

The particle trajectories underneath commercially available 
indoor slipper during downward stomping are shown in Fig. 
15. The particles were initially seeded just beneath the slipper. 
In T=3.71, the resuspended particles were ejected from the 
mid-section of the slipper. Later in T=Tfinal, particles were 
redistributed to the diagonal direction in the mid-section of the 
slipper as shown in Fig. 15(b).  

The side cross sectional views of particles resuspended by 
downward moving slipper are shown in Fig. 16. These results 
correspond to the typical trajectories in Fig. 15. The result near 
the heel of slipper is shown in Fig. 16(a), which clearly shows 
a vortex generating from the heel. In the cross-sectional view at 
mid-section at a diagonal angle (in Fig. 16(b)) and across the 
ankle (in Fig. 16(c)), both trajectories show the larger amount 
of resuspension of particles.  

4. DISCUSSIONS AND CONCLUSIONS 
The experiments for the particle resuspension and particle 

redistribution were carried out with the actual foot tapping, the 
actual foot stomping and the idealized foot motion. The particle 
resuspension and particle redistribution occurred during both in 
upward motion and in downward motion.  

In the downward foot motion, the high speed velocity was 
found in the wall jet between the foot and the floor causing 
particle resuspension, and the vortex formed in the wake of the 
foot, resulting in the redistribution of particle. On the upward 
motion, the particles were resuspended by a wall jet formed by 
the rapid inflow of air into the low pressure wake region behind 
the disk. The present results also showed the  

 

       
 

                (A)          (B)       (C) 
   

FIGURE 16: PARTICLES FLOW VISUALIZATION FROM SIDE VIEW AITH A SLIPPER IN DOWNWARD STOMPING MOTION AT 
Z=Zf=0.1mm, (A) VISUALIZED AT HEEL ON T=4.27, (B) VISUALIZED AT MID-SECTION ON T=4.76 AND (C) VISUALIZED AT 

ANKLE ON T=4.76. 
 

importance of large-scale flow structures such as the wake 
vortices for the redistribution of particles over large distance. 
These cause of the resuspension and redistribution of particles 
are also observed with the results of disk foot in earlier report 
[14, 17]. The large-scale flow structures and the particle 
redistribution are affected by the details of the walking 
kinematics as well as the sole geometry.  
From the results by using an elongated plate and a slipper, the 
strong three-dimensional aerodynamics effects were clarified 
during the foot motion. The resuspension and redistribution of 
particles from mid-section of foot were more significant. In the 
results with an elongated plate, the strong streaks from mid-
section related to the vortex axis switching. The vortex ring 
dynamics after the foot stopped affects the particle 
redistribution.. Also, the result on upward motion would be 
related to the vortex axis switching. This three-dimensional 
vortex dynamics affected the strength of resuspension of 
particle and redistribution of particle, particularly the latter, 
With additional forward motion of the foot, the suspended 
particles will be carried in the wake region behind the foot 
itself. 

In the present experiment, the three-dimensional 
aerodynamic effect on particle resuspension from a simplified 

elongated plate as well as an actual slipper has been 
demonstrated. With more realistic shoe geometries, 
resuspension and redistribution of particles are expected still 
more three-dimensional and the sole roughness and indentation 
would play a major role. 
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