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1. Introduction

Detection of explosive residues adhered to common surfaces
(e.g., luggage, clothes) is a crucial aspect of air transportation
security. A typical approach used for this purpose is contact-based
sampling of surfaces using a fabric or composite trap [1]. During
the sampling process, the topography on the trap must penetrate
below the nominal surface of the material being investigated in
order to harvest residue that may be concealed at the bottom of
features on the surface. The mechanical properties of the trap and
the surface being sampled must be evaluated in order to determine
which (if either) of these surfaces will deform and allow trap-
residue contact. The key properties of the trap and the surface
being sampled that influence this behavior are the Young’s

modulus and the material hardness, which can be measured by
nanoindentation.

The application of nanoindentation to determine the mechani-
cal properties of thin films and substrates, including materials with
nano- and micro-scale features, has been practiced for many years
[2]. Early work on nanoindentation using a depth-sensing
instrument (DSI) was demonstrated to have a few inaccuracies
[3]. In the early 1990s, a more refined method was developed for
the analysis of load-displacement curves measured by nanoin-
dentation, which has been widely accepted [4]. The popularity of
using nanoindentation to determine a material’s mechanical
properties has sparked a number of studies focused on determin-
ing how certain non-idealities affect these apparent properties.
These non-idealities include the indenter geometry [5–10], the
substrate topography [11], the thickness of the material under
study [12–15], and material pile-up [16,17].

In this study, four traps and seven surfaces were characterized
via nanoindentation. Trap-surface contact was simulated for the
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A B S T R A C T

Realistic descriptions of interfacial contact between rough, deformable surfaces under load are difficult

to obtain; however, this contact is of great import in a wide range of applications. Here, we detail,

through experiment and computational simulation, the interfacial contact between four common traps

and five commonly investigated surfaces encountered in explosives detection applications associated

with airport security. The Young’s modulus and hardness of four traps and seven substrates were

measured using nanoindentation. These properties determine how deformation occurs when traps are

applied for contact sampling of explosives. The nanoindentation data were analyzed using the Oliver-

Pharr method, and an indenter area function was created using silicon and gold as the reference

materials. The Young’s moduli of the traps ranged from 0.2 to 8 GPa, while those of the surfaces ranged

from 0.5 to 4 GPa. The hardness values of the traps ranged from 0.005 to 0.22 GPa, while those of the

surfaces ranged from 0.02 to 0.2 GPa. For each of 20 scenarios (4 traps, 5 surfaces), six contact

simulations were performed. In these contact simulations, the Greenwood-Willliamson microcontact

model was used to represent the behavior of the asperities on the traps, while the Timoshenko Beam

model was used to describe the macroscopic behavior of the bulk trap materials spanning the space

between asperities. This combination of feature- and trap-scale modeling provides a more realistic

description of the interfacial contact than either model applied individually. The calculated distributions

of separation distances between the traps and surfaces when the traps were contacted with the surfaces

under a normal load were compared to estimate the relative effectiveness of the traps at interrogating

the topography of the surfaces. This method is proposed as a tool to guide the development of trap

materials for surface sampling and surface cleaning applications.
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four traps and five of the seven surfaces to determine the extent of
trap penetration into surface topography when subject to normal
loading. This interaction was then analyzed to determine the
percentage of the surface in which a particle ranging from 10 to
60 mm in diameter could remain undetected when the trap is
pressed against the surface. These values are offered as first-order
indicators of trap effectiveness at residue collection.

The contact deformation of a thin, rough surface, such as an
explosives detection trap, under an applied uniform load can be
described in two parts. The first contribution is due to the
deformation that occurs as the asperities of the surfaces come into
contact and then deform to increase the contact area between the
two surfaces. The second is the bending deformation that occurs
between two consecutive asperities in contact. Typical contact
mechanic models do not account for the bending between contacts
because the surfaces are generally thick and/or made of a material
whose elastic properties do not allow any significant bending.
Here, both bending and asperity deformation are of importance,
and we consider both contributions through detailed calculations.
Fig. 1 illustrates how these models will be used in conjunction for
the simulation. First, the user characterizes the Young’s modulus
and hardness of the interacting materials, determines an applied
load and the projected contact area of interest, and measures a
series of 2D topographical profiles of the materials to determine a
surface profile of each interacting material. These parameters are
user inputs to the model. Next, the Greenwood-Williamson micro-
contact model is used to determine the deformation that occurs as
the asperities of the trap and surface of interest come into contact
and then deform to increase the contact area between the two
surfaces. The resulting initial separation distance is then input into
the Timeshenko Beam model to assess the bending deformation of
the trap that occurs between two consecutive asperities in contact.
The output of this simulation is a distribution of trap-surface
separation distances, which is a first-order estimate of the ability of
a trap to interrogate the surface.

2. The Oliver-Pharr method

The Oliver-Pharr method utilizes a force-depth sensing device,
such as an atomic force microscope (AFM), to determine a force–
displacement curve during substrate indentation by a rigid
indenter. The force-displacement curve provides information on
the maximum load, Pt, the maximum penetration depth, ht, the
final penetration depth, hf, and the stiffness (i.e., the slope of retract
curve at maximum load), S. The contact depth, hc, can be calculated
using the material stiffness and the maximum load. The force–
displacement curve is utilized to determine a material’s Young’s
modulus [18–21]. With knowledge of the projected area of contact,

Ap, the combined Young’s modulus (S) is calculated according to

S ¼ 2ffiffiffiffi
p
p E�

ffiffiffiffiffiffi
Ap

q
(1)

where E* is the combined (or reduced) Young’s modulus, defined
according to

1

E�
¼ 1�n2

E
þ 1�n02

E0
(2)

where n and n0 are the Poisson’s ratios of the two interacting
materials (i.e., the film and the indenter), and E and E0 are their
Young’s moduli. The Young’s modulus is determined from the
behavior observed when the cantilever tip is being retracted from
the surface.

The projected area is determined by direct measurement if the
diameter of the contacting indenter is large enough that one may
assume that the change in area resulting from the elastic recovery
is negligible. It also can be evaluated by determining a relationship
between the projected area and the contact depth of the indenter.
The latter of the two methods may be more desirable at the
nanoscale where accurate measurements of the indentation area
are not made easily. The contact depth, hc, is not equal to the
maximum depth due to the displacement of material outside of the
contact area, as shown in Fig. 2. However, the contact depth can be
determined from the maximum depth [22] by

hc ¼ ht�e
Pt

S
(3)

where e is an indenter-specific geometric constant. In Fig. 2, the
applied pressure (P) creates a change in the surface profile (solid
line) from the initially flat surface profile (dashed line). This creates
a maximum depth change (ht). The indenter contacts the surface
with a contact depth (hc) and displaces the material outside the
contact area (hs). When the applied load is removed, the surface

Fig. 1. Contact simulation algorithm.

Fig. 2. Schematic representation of cross-sectional area of a surface during a

nanoindentation experiment.
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