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ABSTRACT
This work describes a high-speed imaging system that enables the microscopic visualization of the removal and collection of micrometer-sized
particles from surfaces during wipe sampling and aerodynamic sampling events. The system features a high-speed digital camera, microlens,
custom sample mount and sampling sled, and an illumination source. This imaging system enables direct visualization of wipe-particle and
particle-particle interactions during sampling and provides insights relevant to the dynamics of particle removal and collection. Examples
of common and adhesive-modified wipe materials sampling polymer microspheres and an explosive-laden fingerprint are given, along with
visualization of particle removal via air jet impingement.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5096488

INTRODUCTION

Wipe sampling of surfaces for collection of particulates is a
critical component in environmental, physical and homeland secu-
rity, and forensic related applications. Of particular interest to the
current study is the optimization of trace contraband detection sys-
tems (explosives and narcotics) that rely on wipe-based sampling
at security checkpoints.1–7 Another sampling technique is aerody-
namic sampling, a noncontact approach to collecting material from
surfaces that relies on fluid dynamics to liberate and transport par-
ticulates.8–10 While the canine is a highly sophisticated example of
sampling detection from nature,11,12 manmade examples include
physical screening of both people13,14 and belongings.15

Wipe sampling is typically performed by a human operator and
is thus prone to a high level of variability in collection efficiency.16–18

Several groups have addressed this variability by trying to improve
the collection efficiency of the wiping material or better training
of the operator. These efforts include the addition of an adhesive
material,19 modification of the surface chemistry,20 intentionally
aging wipes,21,22 the use of force sensing elements.17,23 To under-
stand the variations in particle collection efficiency under different

experimental conditions, the imaging system reported here was
developed to visualize how particles and surface residues are inter-
acting with the substrate and the swab or air jet during the sampling
event and can be used to help explain measured particle collection
efficiencies and sources of variations. Additionally, this instrument
may help elucidate fundamental particle release mechanisms during
air jet impingement that could improve particle removal efficiency
for next-generation aerodynamic sampling systems.

SYSTEM DESCRIPTION

The imaging system, shown in Fig. 1, features a high-speed dig-
ital camera (APX-RS, Photron.com), microlens (Zoom 6000 series,
Navitar.com), a custom sample mount and sampling sled, and a
fiber optic illumination source (MLC-150C, Motic.com). The sam-
ple mount holds a standard 25 mm × 75 mm glass microscope
slide upon which the particles of interest are placed. The end of the
lens contains a mirror positioned 45○ from horizontal and places
the camera viewpoint underneath the glass microscope slide. For
swipe-based visualization experiments, a custom 3D-printed sam-
pling sled24 is used to hold the wipe material, and steel weights are
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FIG. 1. High-speed imaging system for visualizing particle
collection via wipe sampling. Parts (i)–(iii) are 3D computer
aided design (CAD) renderings of the system, and (iv) is
a photograph of the entire instrument. In each image, (A)
represents the high-speed camera, (B) is the lens system,
(C) is the sampling sled/U-shaped channel, (D) is the fiber
optic illumination source, (E) is the stepper motor used to
pull the sled, and (F) is the stepper motor controller.

added to the sled to control the force applied during wiping. The sled
rests in a U-shaped channel that restricts the motion of the sled to
one direction. The glass slide is positioned in a rectangular recess
in the bottom of the channel such that the glass is level with the
channel floor. During a swiping event, the sampling sled is pulled
across the glass slide while the camera is recording. This allows the
operator to look through the glass at the interaction between glass,
particles being removed, and a wipe material moving across the
screen.

The high-speed camera used here can produce full resolution
images (1024 pixels × 1024 pixels) at up to 3000 frames per second
(FPS). The image magnification is variable, allowing for a frame size
that ranges between 11 mm × 11 mm (92 pixels/mm) to 1.6 mm
× 1.6 mm (637 pixels/mm). This results in the ability to visualize
particles with diameters on the order of tens of micrometers.

The sampling sled is translated across the glass substrate with
a stepper motor, flywheel, and wire. The wire is attached to the sled
which is pulled as the motor winds the wire around the flywheel.
We use an Arduino microcontroller and stepper motor controller
(arduino.cc) for motion control.

For aerodynamic sampling visualization experiments, no swip-
ing sled is required. Instead, an air jet nozzle is positioned above
the substrate at a fixed angle and standoff distance. The high-
speed camera must be operated at a relatively fast camera image
acquisition speed, usually around 50 000 FPS, to capture the rapid
events that occur during air jet impingement.

EXAMPLES OF WIPE SAMPLING VISUALIZATION

Several example videos showing typical results from this mea-
surement system are given here. Each of the subsequent figures rep-
resents the first frame in a video and has an associated multimedia
video file link. In each example, the sled is moving at 65 mm/s,

and the camera is recording at 1000 FPS. The applied force dur-
ing wiping is governed by the mass of the sampling sled and was
measured to be 2 Newtons using a balance.

Figure 2 (Multimedia view) shows five examples of swipe sam-
pling visualization. The first two [(a) and (b)] show Teflon-coated
fiberglass (TCF) swabs with and without adhesive, and the sec-
ond two [(c) and (d)] show a paper-based swab material with
and without adhesive, all sampling 39 µm diameter polystyrene
latex (PSL) microspheres. These commercially available swab mate-
rials are commonly used for trace chemical detection because
of their low chemical background, robustness, and resistance to
high temperatures. PSL microspheres were used because they are
monodisperse and easy to visualize for these initial experiments.
The PSL microspheres were dry-deposited onto the glass micro-
scope slide substrate by tapping the PSL container lid on the glass.
Figure 2(e) (Multimedia view) shows a Teflon-coated woven fiber-
glass wipe sampling composition C4 explosive material on a glass
slide. C4 is a complex granular material that contains solid RDX
particles embedded in a non-Newtonian binder.25 The sample is
prepared by contaminating a gloved thumb with C4 and then mak-
ing a single thumbprint onto a glass slide. This sample repre-
sents real explosive particles that are under investigation during
screening.

The videos provide some interesting insights into the dynamics
of particle collection using these swipes. The peak and valley surface
topography of this TCF swab is clear. In Fig. 2(a) (Multimedia view),
direct contact and particle collection only occurs at the “peaks” on
the swab surface. Minimal contact is made in the valleys of the swab,
resulting in a “channeling” of particles into areas between peaks
that may help explain the relatively poor collection efficiency of this
particular swab material.19 Another observation is a “billiard ball”
effect where particles are observed to collide with a cluster of other
particles and assist in the removal process. By contrast, there is a
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FIG. 2. (a) Regular TCF swab. (b) Adhesive TCF swab sampling PSL microspheres. The swab is moving from left to right and is partially visible in these images. (c) Regular
paper-based swab and (d) adhesive paper-based swab sampling PSL microspheres. The swab is moving from left to right and is partially visible in this image. The PSLs have
been artificially colored for clarity and are randomly distributed. (e) shows a TCF swab sampling a C4 fingerprint. Multimedia views: (a) https://doi.org/10.1063/1.5096488.1;
(b) https://doi.org/10.1063/1.5096488.2; (c) https://doi.org/10.1063/1.5096488.3; (d) https://doi.org/10.1063/1.5096488.4; (e) https://doi.org/10.1063/1.5096488.5

“snow-plow” effect that occurs as the swab contacts the glass sub-
strate in Fig. 2(b) (Multimedia view). The adhesive-coated sampling
swab collects all the PSLs within several millimeters after the swab
contacts the surface.

The paper-based swab material does not have the uniform
weave structure shown in the previous example; rather it consists of
pressed paper fibers in random orientations. In Fig. 2(c) (Multime-
dia view), no apparent snow-plowing occurs, but it does eventually
collect most of the PSLs in the field-of-view. In Fig. 2(d) (Multime-
dia view), the snow-plow effect is obvious when the swab makes
contact with the glass surface. Almost all the PSLs are removed
immediately upon contact, again demonstrating the different par-
ticle collection mechanisms occurring with adhesive vs nonadhesive
swabs.

In Fig. 2(e) (Multimedia view), the peak and valley pattern
of the woven fiberglass plays a significant role in how material
is collected from the substrate. The peaks do much of the col-
lection, while the valleys serve to channel material into a linear

pattern. At least qualitatively, larger particles appear to be col-
lected more than the smaller particles and agrees with other
work suggesting the dependence between particle collection and
size.26

EXAMPLES OF AERODYNAMIC
SAMPLING VISUALIZATION

An example of aerodynamic sampling visualization is shown in
Fig. 3 (Multimedia view). Polymer microspheres (39 µm diameter)
are deposited onto a glass slide by dry deposition [Fig. 3 (Multimedia
view), left] or with sebaceous fingerprint material [Fig. 3 (Multime-
dia view), right] by touching the particles with a finger and pressing
onto the slide. A single 500 ms jet pulse at 413 kPa, 45○ from hor-
izontal, a standoff distance of 50 mm, and a nozzle exit diameter
of 1 mm was used. Jet flow is from the upper right to lower left of
the frame. The camera was filming at 50 000 FPS at a resolution of
256 pixels × 128 pixels.

FIG. 3. Air jet impingement examples of 39 µm PSL removal
from a glass slide. Left column: dry-deposited PSLs, (a)
before jet impingement, (b) after jet impingement, (c) pro-
cessed overlay—purple represents particles that have been
removed, and green represents particles that remain on
the surface after jet impingement. Right column: PSLs
embedded in sebaceous fingerprint material, (d) before jet
impingement, (e) after jet impingement, and (f) processed
overlay. The video playback rate of the sebum example has
been increased by 50× compared to dry deposit. Multime-
dia views: Left: https://doi.org/10.1063/1.5096488.6; Right:
https://doi.org/10.1063/1.5096488.7
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These examples provide spatially and temporally resolved
images of particle removal. The time scales of these two exam-
ples are quite different—the dry-PSL event is very fast, with almost
all PSLs removed in about 10 ms. The sebum-PSL event lasts
almost 500 ms. To remove particles with increased adhesion, jet
pulse duration should be lengthened, or multiple pulses should be
used.

Aerodynamic removal of microparticles from surfaces has been
the focus of many research efforts.10,27,28 This new imaging tool com-
bines existing counting methods with a robust in situ visualization
tool that can uncover the mechanisms of individual particle detach-
ment, not just before and after counting. Using this system along
with image processing, it is possible to study the velocity of the
particles, the time delay from jet pulse until the onset of particle
motion, the particle acceleration, and the qualitative mode of particle
removal.

CONCLUSIONS
In conclusion, a unique imaging system has been developed

that leverages high-speed microvideography with microparticle
sampling visualization. This system is used to study the dynamic
interparticle and surface-particle events that occur when a wipe
material is translated across a contaminated glass slide. Additionally,
the same system can be used to study aerodynamic particle sampling
providing insights into air jet impingement dynamics and mech-
anisms of particle removal. We view this instrument as an inno-
vative tool that will support efforts to improve trace particle sam-
pling methodologies and help in the development of next-generation
sampling materials and methods.

One limitation of the current instrument is that the sam-
pling substrate must be glass or some other transparent material.
While glass is not always the most relevant surface for trace con-
traband detection, it has served for decades as a model surface
for studying particle removal mechanisms via wipe sampling and
aerodynamic sampling.28–32 Additionally, we have not specifically
addressed whether particles are sliding or rolling along the surface.
However, there is a possibility that new image processing techniques
could be used to determine the particle motion during wipe sam-
pling.33 With this added feature, one could begin to visualize the
underlying mechanisms of particle removal in both wipe sampling
and noncontact aerodynamic sampling activities.

Certain commercial products are identified in order to ade-
quately specify the procedure; this does not imply endorsement or
recommendation by NIST nor does it imply that such products are
necessarily the best available for the purpose.
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