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A combined molecular dynamics and finite element model
and simulation of contact and adhesion between a rough sphere
and a flat surface has been developed. This model uses the results of molecular dynamics (MD) simulations, obtained using
an embedded atom potential, of a nanoscale Ru-Ru asperity
contact. A continuum finite element model of an elastic–plastic
microscale Ru-Ru contact bump is then created. In this model,
the surface roughness is represented by a system of nanoscale
asperities, each of which is represented by a nonlinear hysteretic force vs. distance relationship. The nonlinear hysteretic
character of these relations is determined from curve-fits of the
MD results. Load vs. interference and contact area vs. interference are determined using this two-scale model for loading and unloading. Comparisons with a single-scale continuum
model show that the effect of the nanoscale asperities is to reduce both the adhesion and the real area of contact. The choice
of Ru as the material for this work is due to its relevance in
microswitches.

ment. The roughness of solid surfaces tends to be random, and
no perfectly smooth surface exists due to the finite atomic size.
Thus, real contact occurs at the asperity peaks. For macroscale
contacts, the real contact area is very small compared with the apparent contact area. However, at the microscale, the ratio of the
real to the apparent contact area is expected to be considerably
greater. Furthermore, adhesion at the microscale is particularly
important because the surface area–to-volume ratio increases as
the scale diminishes. As a consequence, a common problem encountered in MEMS is stiction, in which two surfaces fail to separate due to the force of adhesion.
The JKR (Johnson, et al. (1)) and DMT (Derjaguin, et al. (2))
models are widely used for predicting the adhesive force of elastic
contacts. For an elastic sphere with radius R contacting a flat surface, the JKR and DMT models determine the force of adhesion
as 1.5πRγ and 2πRγ, respectively, where γ is the work of
adhesion. In the JKR theory, the stress state of the elastic sphere
and substrate includes infinite tensile stress along the boundary
of the circular contact between the sphere and substrate. These
large stresses lead to the formation of a neck and a corresponding finite contact area at any finite load. The DMT theory assumes
that the contact profile is similar to that in the Hertz contact theory. The adhesion is weak and is assumed to act outside the contact zone, resulting in an overall contact load that is greater than
the applied load.
Muller, et al. (3) used the Tabor (4) parameter to show that
the JKR and DMT models represent two opposite extremes of
the adhesion contact spectrum, from a compliant solid with large
surface energy (JKR) to stiff solids with small contact radius
and low surface energy (DMT). An analytical model that makes
a continuous transition between the JKR and DMT limits was
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developed by Maugis (5) using the assumption of a constant adhesive stress in the region where the gap between the contacting
sphere and flat surface is less than a critical value (i.e., the Dugdale approximation borrowed from plasticity).
A multi-asperity contact model was first introduced by Abbott and Firestone (6) assuming perfectly plastic deformation.
Greenwood and Williamson (7) presented a pioneering asperitybased approach (GW model) in which the rough surface is modeled by randomly distributed elastic asperities, each of which
follows the laws of Hertz contact. They found that the real contact area was nearly proportional to the applied load over a several orders of magnitude variation of the load. Greenwood and
Tripp (8) showed that the contact between two rough surfaces
is equivalent to a single elastic rough surface pressed against
a rigid flat. Numerous other elastic multi-asperity models exist.
Recently, Jackson and Green (9) used several measured surface
profiles to compare various asperity models with a deterministic
calculation. Chang, et al. (10) extended the GW model to include
a transition to perfectly plastic deformation. More recently, a numerical model of the elastic–plastic contact of rough surfaces was
presented by Wang, et al. (11). Hardness is known to be scale dependent; this effect was incorporated into a multi-asperity contact
model by Jackson (12).
The elastic–plastic deformation of a single asperity can be analyzed more accurately via finite element method (FEM) simulations rather than with analytical models. Kogut and Etsion (13),
(14) studied single microcontact asperities without and with adhesion using FEM. In Kogut and Etsion (14), the effect of adhesion
was included using the DMT assumptions. The results of Kogut
and Etsion (13) were incorporated into a multi-asperity model by
Kogut and Etsion (15). Jackson and Green (16) showed that the
deformation of a hemisphere against a rigid flat corresponds to a
lower nominal contact pressure (hardness) in the fully plastic region rather than a rigid sphere indenting a deformable half-space.
This geometry effect on hardness is associated with the smaller
constraint on lateral displacement of the hemisphere compared
with the half-space.
Du, et al. (17), (18) recently used FEM to investigate single asperity contact deformation with adhesion by developing an
elastic–plastic adhesion model for microcontacts that includes the
effect of adhesion on deformation. They demonstrated that both
ductile and brittle separation modes were possible, depending
primarily on the ratio of the theoretical strength in adhesion compared with the yield strength. Similar observations were found
from molecular dynamics (MD) simulations. Kadin, et al. investigated adhesion problems using kinematic hardening for loading
and unloading (Kadin, et al. (19)) and cyclic loading (Kadin, et al.
(20)).
Archard (21) modeled a rough elastic spherical contact with
spherical protuberances distributed over the surface of the sphere
as a model of asperities. His model was hierarchical in that it
included several levels of protuberances upon protuberances.
More recently, Jackson (22) extended this approach to include
elastic–plastic deformation. Greenwood and Tripp (23) studied
the elastic contact of a rough sphere using the GW statistical distribution of asperity heights in which each asperity is modeled as
a Hertz contact. Hughes and White (24) presented analytical ap-
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proximations for the elastic contact of a rough sphere that are in
good agreement with Greenwood and Tripp’s (23) results. In the
elastic–plastic analysis of Li, et al. (25), the contact of a rough
sphere with a flat surface was investigated to determine the relative contributions of bulk and asperity deformations. Contacts of
both rough elastic flats and spheres pressed against a smooth surface with adhesion were investigated by Fuller and Tabor (26).
Their results showed that the effect of adhesion decreases with
increasing roughness because, during separation, the compressed
taller asperities help to separate the shorter adhering asperities.
Recently, extensive research has been devoted to developing multiscale modeling approaches for connecting atomistic with
macroscopic continuum models in contact problems. Such approaches allow nanoscale phenomena to be captured using MD
while maintaining the capability of modeling larger volumes using finite elements. Among these approaches are the domain decomposition methods of Belytschko and Xiao (27) and the hybrid simulation method of Luan, et al. (28) and Luan and Robbins (29). In Belytschko and Xiao (27), two different energybased coupling methods, namely, the overlapping domain decomposition and the edge-to-edge decomposition, were compared. In
the hybrid simulation method of Luan, et al. (28) and Luan and
Robbins (29), the MD model was directly coupled to the nonlinear material elastic continuum model through an overlap region.
These methods removed the restriction of refining the continuum
mesh down to the atomic separation spacing and did not require
correlation between atoms and continuum nodes in the transition
region.
The roughness at the contact interface of a MEMS switch consists of nano-asperities on top of a microsphere. The scale of these
nano-asperities is too small to capture the important features
within a continuum framework. Conversely, MD simulations of
the entire rough microsphere would be unrealistic because of the
large number of atoms that must be included in such a simulation,
as well as the large number of time steps needed to reproduce experimental time scales.
In this article, we present a two-scale model of a rough microcontact. A continuum finite element model, which includes elastic
and plastic deformation, is combined with curve-fits to MD simulation data that represent nanocontacts. The MD data are modeled by replacing nanocontacts with hysteretic nonlinear force
vs. distance elements that are intended to reproduce the nanoasperity behavior of the rough frictionless microcontacts. This
method has some similarity to a cohesive zone model. In those
models, a stress vs. separation law is specified continuously along
an initially intact interface to model the decohesion/formation of
the surfaces.
The present calculations are designed to represent ruthenium contacts, because Ru is under active consideration for nextgeneration contacts in MEMS switches. The roughness of an Ru
contact can vary significantly among contacts, depending on the
details of the fabrication process. Thus, this current study is not
trying to mimic the roughness of a particular switch but rather
is presenting a framework for this two-scale contact analysis. A
continuation of this work could be its extension to a three-scale
model with two levels of continuum deformation and one level
of molecular dynamics. Such an analysis is beyond the scope of
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Fig. 1—Atomistic configuration of Ru substrate with asperity and flat Ru
substrate. (color figure available online.)

this work. Results of this two-scale model show the variation of
contact area and force (including the pull-off force) in a model
that includes nano-asperities. Finally, we compare these results
to those from a smooth sphere model.

TWO-SCALE MODEL
Figure 1 shows the atomistic configuration for a typical MD
cell used to simulate the contact formation and separation of a
single Ru nano-asperity and an Ru flat (de Oliveira, et al. (30)).
Molecular dynamics simulations of the contact of individual Ru
nano-asperities and a flat Ru substrate were originally performed
by Fortini, et al. (31). An interatomic potential for Ru was developed that yields a stable hcp lattice with reasonable lattice and
elastic constants. This potential was based upon the embedded
atom method (EAM) approach developed by Cai and Ye (32)
that provides a reasonable description of both bulk and surface
phenomena. During loading, the asperity was significantly deformed under compression. Unloading was accompanied by plastic stretching of the asperity and in some cases material transfer.
The MD simulation of the nano-asperity contact was conducted by simulating two substrates of roughly 18 close-packed
planes facing one another, corresponding to the (0001) planes
of the Ru hcp lattice. On the lower substrate, the nano-asperity
was prepared starting from a rectangular box of 2,891 atoms of
3.248 × 3.750 × 2.786 nm (x, y, z). It was then annealed at a high
temperature close to melting, so its corners were smoothed out.
The height of the asperity did not change and remained 2.786 nm.
MD simulations were employed to bring the atomically flat surface and the single asperity together in order to model nanoscale
contact formation. The lower substrate with the nano-asperity
was fixed, whereas the upper substrate was displaced with a constant velocity of 7 m/s toward the nano-asperity with a time step
of 0.0025 ps. This speed of 7 m/s is close to the range of speeds for
operation of a microswitch (e.g., 2.4 m/s in McCarthy, et al. (33))
and is well below any material wave speed.
A degree of variability is always present when different asperity realizations are used; that is, asperities with different sizes,
orientations, and different thermal starting conditions. A proper
averaging would require extensive simulation work. Nonetheless,

Fig. 2—Contact force vs. contact approach (displacement curves) from
MD simulations of an Ru-Ru nanocontact for work of adhesion
of 6 J/m2 for different values of the maximum contact approach.
(color figure available online.)

as demonstrated by de Oliveira, et al. (30), different asperity realizations share the same type of plastic behavior. Furthermore,
simulations have been conducted corresponding to the (1122)
planes and show very similar results to those conducted for the
(0001) planes.
Based on these atomistic simulations, we determined the
force vs. approach (see Fig. 2) and the contact area vs. approach
characteristics of this adhesive contact and contact separation.
The approach is the downward displacement of the top of
the upper substrate with respect to the bottom of the lower
substrate. The approach is zero when the undeformed surfaces
barely touch; that is, when the rigid surface is separated from
the top of the sphere by a distance equal to the undeformed
asperity height. Because of the relative size difference between
the contact bump and the substrate region, almost all of the
deformation in the atomistic simulations occurs in the asperity
(Fig. 1). Furthermore, in the continuum model the maximum
relative displacement between a surface node and a node at
a depth of 5.25 nm is only 0.074 nm. Note that the asperity
quickly becomes plastic, whereas most of the substrate region is
predominately elastic. The contact area in the simulations is the
area of the smallest cross section of the neck. The atoms diffusing
on the flat surface do not contribute to it.
The curve-fits to these MD simulation data (see Fig. 3) allow
us to represent each nano-asperity contact with a nonlinear hysteretic force vs. distance relation. The base of the asperity is fixed
in the MD simulation, but the asperity is attached to a deformable
continuum model in this two-scale model. Thus, the approach in
MD becomes the distance in the force vs. distance relation of
the two-scale model. It is noted that the term nonlinear hysteretic
spring could be used as a general representation of a force vs.
deformation relation. However, such a description could be misleading, because it implies that the spring deformation is always
the same as the approach. These two quantities are only the same
when the asperity is in contact with the rigid surface.
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Fig. 3—Polynomial curve-fits to the MD simulation data for single
nanocontact simulation data for loading (blue curve) and unloading for a work of adhesion of 6 J/m2. The black, purple, and red
curves correspond to different values of the maximum contact
approach. (color figure available online.)

Fourth- and fifth-order polynomials were used to fit the loading and unloading curves, respectively. Though some of the details of the interactions are, no doubt, lost in the curve-fit approximations, this error should not be critical because in a real system
this fine-scale information is averaged over many asperities. The
only instance in which it may be an issue is at very low force during the loading phase when few asperities have come into contact.
During unloading, separation occurs at a relatively large contact
area and so any loss of detail would be averaged over many asperity contacts.
Single asperity contact simulations show significant hysteresis
in the loading/unloading curves as a result of nanoscale plasticity
and adhesion. It is noted that in bulk materials plasticity is primarily a consequence of dislocation motion. However, nanoscale
plasticity is associated more with dislocation nucleation than with
migration and hence it is often referred to as a dislocation starvation process.
Though the loading portions of the Ru-Ru nano-asperity contact force vs. approach are essentially the same, the unloading behavior shows greater variability (i.e., both statistically and
depending on the maximum load applied). Due to the computational cost of conducting MD simulations to generate unloading curves, for a given loading range with many different
maximum loadings, an interpolation scheme is used when the
desired unloading conditions lie between two existing unloading
curves. Linear interpolations between the contact forces are used
to achieve a range of the unloading curves. The maximum tensile
force per asperity is different for each asperity because its value
depends on the maximum load exerted on that asperity.
A three-dimensional, continuum, quasi-static finite element model of a microscale Ru contact bump was created
within ABAQUS (Simulia, Inc., Providence, RI). The implicit static solver and unconditionally stable implicit methods were used. The material model of this R = 1 µm
radius hemisphere is considered to be elastic–plastic (we em-
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ploy a von Mises yield criterion and no strain hardening) with
a Young’s modulus of E = 410 GPa and a Poisson’s ratio ν =
0.3. The yield stress value of 3.42 GPa is taken based on the
hardness from a nano-indentation test at a shallow depth (Lee,
et al. (34)). It is interesting to note that the Tabor (4) parameter
1/3

] based on the continuum radius is about
[ = Rγ 2 /E2C Z30
5.3, which is well within the JKR region, and for the nano-asperity
is approximately 0.76, which is in the DMT regime. These values
of  are based on the ideal Ru-Ru work of adhesion of 6 J/m2,
the composite elastic modulus [EC = E/2(1−ν2 )], and the atomic
separation distance (Z0 = 0.169 nm) of two Ru-Ru half-spaces
(Du, et al. (17)).
In this model, the effect of roughness on adhesion is represented by a system of identical nonlinear hysteretic force–
distance elements, each of which simulates the behavior of a
single nanoscale asperity as shown in Fig. 4a. The maximum
nominal contact radius is about 96 nm, which corresponds to a
slope of 0.096 in the undeformed geometry. After deformation,
the top surface is almost flat near the edge so that the slopes
are even smaller. Thus, the surfaces are approximately parallel
in the region in which the adhesive stresses are important. The

Fig. 4—A meshed, microscale hemisphere where each force–distance
element (shown schematically as a spring) represents a nanoasperity: (a) a side view schematically showing only seven
springs and (b) a top view showing the actual distribution of
about 300 springs. (color figure available online.)
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distribution of the asperities (force–distance elements) is shown
in Fig. 4b. A general-purpose 10-node tetrahedral element
(C3D10) is used to mesh the continuum microsphere. The forces
are applied to the integration points of the finite elements. Thus,
the finite element mesh size on the surface is such that the area
associated with the finite element integration points (at which the
load is applied) is approximately equal to the asperity base area
(∼12.2 nm2). In this manner, the loads are applied to the continuum model over an area equal to that of the asperity base.
The nonlinear hysteretic force–distance relations, which represent the asperities, are implemented with ABAQUS user subroutines. The asperity interaction is through the continuum FEM
mesh. In the loading phase, the bottom of the sphere is moved
upward toward the fixed flat, smooth, rigid surface in small increments, causing one asperity after another to come into contact. Although the displacement increment is typically 0.1 nm, it
can be as low as 0.01 nm in order to capture the details of asperities making contact. The tensile force that exists at negative
values of nano-asperity deformation can cause the nano-asperity
and the substrate to deform, resulting in contact. In this study,
no more than 200 asperities on the top of the hemisphere came
into contact in the cases investigated. After the maximum approach is achieved, the system is unloaded. The compressive load
in each force–distance element is reduced progressively, eventually becoming tensile. The nano-asperity will eventually pull off
(debond) from the flat surface.
The asperities are placed over a large enough region (50%
greater than the maximum nominal contact region) so that only
that portion of the sphere that includes the asperities is close
to contacting the flat surface. Thus, interactions on the rest of
the sphere need not be included. The density of the asperities
is high enough that in the nominal contact region only asperities
touch. Recall that the asperities are on a deformable sphere so
that points between asperities move downward due to the combined action of all the asperity forces. As a consequence, contact
in the region between asperities does not occur.
The asperity density (η) is known to be scale dependent. Furthermore, McCool (35) showed that for a randomly rough surface, the product ησR should be approximately 0.019 if the asperity summits are of roughly equal height, where σ is the standard
deviation of surface heights. The asperity density (η = 7,900/µm2),
standard deviation of surface heights (σ = 0.79 nm), and asperity
radius (R = 3 nm) correspond to that value.

RESULTS
The loading/unloading behavior for this two-scale model of an
Ru-Ru contact is presented in this section, in which we present
contact load and contact area versus contact approach. However,
before we present those results, we first show contours of the von
Mises stress on a section containing the axis of the hemisphere
partly through the depth of the continuum model under progressively greater loads (see Figs. 5a–5c). The multi-nano-asperity
(rough) hemisphere is pressed against the rigid surface beyond
the point where the elastic–plastic hemisphere experiences plastic deformation and the bodies are then pulled apart. Most of the
plastic deformation occurs in the nano-asperities, but microscale
continuum yielding initiates at the boundary between the nano-

Fig. 5—Von Mises stress distribution under progressively increasing
loading with a contact approach of (a) 1.5 nm, (b) 2 nm, and
(c) 2.3 nm. (color figure available online.)

asperity and the microsphere. Such irreversible plastic deformation associated with the high stresses beneath the nanoscale surface asperities may explain the surface damage observed on the
contact tip of a switch even under low force.
For the smooth hemispherical contact case without adhesion,
the maximum von Mises stress occurs below the surface at a depth
of 48% of the contact radius. Adhesion does not significantly affect the location of the maximum von Mises stress. In the present
simulations, we observe that there is a region of locally maximum
von Mises stress at a depth slightly less than one half of the nominal contact radius as the stresses due to each of the asperity contacts combine.
We performed nano-asperity MD simulations for three different values of the work of adhesion; that is, for γ = 1, 3, and
6 J/m2. The 6 J/m2 case is the theoretical work of adhesion (de
Boer, et al. (36)), and the work of adhesion due to contamination and oxidization will be taken as 1 J/m2. The 3 J/m2 case is
an estimate representing a clean metal contact. Figure 6 shows
the contact force and contact area as functions of the contact approach for loading and unloading with γ = 1 J/m2. The loading
curve in Fig. 6a starts at a slightly negative approach with barely
perceptible negative (tensile) force values. This behavior is due
to the attractive force between the nano-asperities and the opposing surface, causing the sphere to deform and the asperities
to stretch and, if sufficient, to come into contact. Contacts with a
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Fig. 6—(a) Contact force and (b) contact area vs. contact approach for the
low work of adhesion case, γ = 1 J/m2. (color figure available
online.)

negative force will continue to made for other asperities during
loading. The loading curve, after the initial approach, goes into
compression. During loading, the bulk hemisphere will be mainly
under compression, whereas the surface experiences both tensile
and compressive stress.
The unloading curve starts at the point where the chosen
maximum loading force is reached. Unloading the system to
separation consists of many small, nano-asperity pull-off events
that are coupled to the larger (micro) scale deformation. The
large-scale phenomena consist mainly of hysteresis due to the
continuum, irreversible plastic deformation that occurred during loading and is not recovered on unloading. The small-scale
unloading consists of phenomenon opposite that which occurred
during the loading phase; that is, the nano-asperities stretch plastically during loading (some are in tension during unloading,
whereas others are still in compression). As the tensile load increases, some nano-asperities begin to pull off (go out of contact).
During displacement-controlled unloading when some asperities pull off there is a concomitant redistribution of the force
(less compressive or more tensile) to other asperities. This phenomenon is due to the coupling between asperities through the
continuum model; as one asperity goes out of contact, some of
the load is transferred to the other asperities if the system is to be
maintained with the same value of the approach. The unloading
curve indicates a net pull-off force (maximum negative force during unloading) that represents the action of an individual asperity
pull-off coupled through the bulk deformation of the hemisphere.
We note that in the present simulations, the contact approach is
the independent variable rather than the contact force. Nonethe-
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less the results from this displacement-controlled simulation can
readily be reinterpreted as force controlled.
The real contact area (composed of the sum of the individual asperity contact areas) vs. the approach is presented in Fig.
6b for a work of adhesion 1 J/m2. By curve-fits to the MD results
for contact area vs. contact approach, the contact area for each
individual asperity can be found from the contact approach. The
contact area is an important quantity because it controls the electrical contact resistance and also provides insight into the pulloff force phenomenon. As expected, the contact area increases
during loading and decreases during unloading. However, for a
given contact approach, the contact area on unloading is greater
than on loading during most of the unloading phase of the loading/separation calculation (equivalently, the difference in area
between loading and unloading in the contact area vs. contact
approach plot is positive). This observation is consistent with the
experimental investigation of Ovcharenko, et al. (37) and the theoretical work of Zait, et al. (38) without adhesion. By comparing Figs. 6a and 6b, we see that pull-off occurs at a finite contact
area that is a significant fraction of the maximum contact area.
In fact, in a force-controlled separation experiment, the contact
area during unloading is always greater than on loading for the
same value of the approach. This behavior is due to a combination of the plastic deformation that occurred at the maximum
loading and the effect of adhesion, which produces additional
hysteresis.
In the case of a perfectly clean Ru-Ru metal contact, the energy or work of adhesion is 6 J/m2 (de Boer, et al. (36)). An intermediate value of 3 J/m2, between the typical and ideal work
of adhesion, is now considered. Figure 7 shows that the 3 J/m2
case results are qualitatively similar to those for 1 J/m2. The loading phases are virtually the same in these two cases, whereas the
unloading curves differ significantly. The pull-off forces are approximately double that of the lower work of adhesion case of
1 J/m2. The total contact area experiences a slower decrease during the unloading phase and gives a larger contact area on unloading for the 3 J/m2 case due to the combination of bulk plastic deformation and nano-asperity hysteresis associated with adhesion.
In fact, for all values of the contact approach prior to pull-off, the
contact area is greater during unloading than during loading.
Results based on the ideal work of adhesion of 6 J/m2 are presented in Fig. 8. Again, the influence of adhesion during loading
is small. The system pull-off force (Fig. 8a) is more than three
times greater than for the work of adhesion of 3 J/m2. However,
under displacement control, the contact area during unloading
vanishes at a negative value of the approach for all three of the
maximum loadings as illustrated in Fig. 8b. Due to the highly attractive force caused by the ideal work of adhesion coupled to
plastic deformation in the microsphere, contact separation occurs
at a lower value of the contact approach. Under displacement
control, the separation occurs for negative values of the approach.
It is interesting to compare the pull-off force for a single nanoasperity with the global pull-off force. Each depends on the maximum loading. In the cases considered, the nano-asperity pulloff force is no greater than 400 nN (Fig. 3), whereas the global
pull-off force is no larger than 18 µN (Fig. 8a). Thus, for the
maximum loading case with the ideal work of adhesion, the global
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pull-off force is about 45 times as great as for a single nanoasperity.
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Fig. 7—(a) Contact force and (b) contact area vs. contact approach for the
intermediate work of adhesion case, γ = 3 J/m2. (color figure
available online.)

Fig. 8—(a) Contact force and (b) contact area vs. contact approach for the
high work of adhesion case, γ = 6 J/m2. (color figure available
online.)

The contact approach contains a portion due to asperity deformation and another due to the deformation of the hemisphere.
The proportion is different at different locations on the hemisphere and at different stages of loading/unloading. Generally,
the asperity deformation dominates in the initial stages of loading, but the deformation inside the sphere gets progressively
larger as the load increases. Nonetheless, even for the maximum
loads considered here the asperity deformation is about 65% of
the total deformation.
No doubt the results are sensitive to large changes in the asperity size, but that investigation is beyond the scope of this work.
Nonetheless, the MD simulations in de Oliveira, et al. (30) included a case with 7,000 atoms in the asperity, which is almost two
and a half times as many as used here and corresponds to a 34%
increase in the linear dimensions such as radius. This increased
size led to an approximately 25% increase in the maximum load.
An interesting continuation of this study would be to investigate multiple load–unload cycles. Such an investigation would
require MD results for subsequent loading and unloading, which
could then be incorporated into the two-scale model. A purely
continuum model of load–unload cycling with adhesion and plasticity (Kadin, et al. (20)) shows differences after the first cycle.
The two-scale model presented here could be extended to a
three-scale model by including asperities with intermediate values of the radius of curvature. Such asperities would be large
enough for continuum representations to be valid. Such a model
would have similarities to the “protrubences on protrubences”
investigation by Archard (21) that used a continuum approach
without plasticity or adhesion.
The results are insensitive to the exact location of the asperities but are expected to depend on the asperity density. As the
asperity density increases, the rough surface model begins to resemble a smooth surface with adhesion represented by a cohesive
law model. However, differences would still exist due to the difference between nanoscale and bulk plasticity.
The main effect of surface roughness is to decrease the adhesion force and the real contact area between contacting bodies. For completeness, adhesive contact of a smooth hemisphere
with the same radius of curvature as the two-scale rough hemisphere will be examined. Comparison between the smooth adhesive elastic–plastic contact model and the rough MD/FEM
elastic–plastic contact model with adhesion will be carried out.
The smooth adhesive elastic–plastic model is more appropriate
for comparison than the elastic smooth model with adhesion
(Johnson, et al. (1); Derjaguin, et al. (2)) or the rough elastic contact model without adhesion (Greenwood and Tripp (23)). Using
the finite element software ANSYS (ANSYS Inc., Cannonsburg,
PA) and the Lennard-Jones adhesion model developed by Du, et
al. (17), the smooth elastic–plastic hemisphere is modeled for γ
= 1 J/m2. The adhesion pull-off force and the contact areas are
higher than the rough hemisphere due to the effect of roughness
on diminishing the adhesion force.
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6 J/m2, and an intermediate value of 3 J/m2. Results are compared
with the smooth continuum sphere model. These models show
significant quantitative differences, in which nanoscale roughness
significantly reduces the effect of adhesion and reduces the real
area of contact.
The combined MD and finite element model can be extended
to account for multiple loading–unloading events when more
loading–unloading MD simulations are available. Such a simulation could reveal trends seen during experimental lifetime cyclic
testing of switches.
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