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Abstract
We develop a novel coarse-grained contact model for Discrete Element Method simulations of TiO2 nanoparticle films
subjected to mechanical stress. All model elements and parameters are derived in a self-consistent and physically sound way
from all-atom Molecular Dynamics simulations of interacting particles and surfaces. In particular, the nature of atomic-scale
friction and dissipation effects is taken into account by explicit modelling of the surface features andwater adsorbate layers that
strongly mediate the particle-particle interactions. The quantitative accuracy of the coarse-grained model is validated against
all-atom simulations of TiO2 nanoparticle agglomerates under tensile stress. Moreover, its predictive power is demonstrated
with calculations of force-displacement curves of entire nanoparticle films probed with force spectroscopy. The simulation
results are compared with Atomic Force Microscopy and Transmission Electron Microscopy experiments.

Keywords Flame spray pyrolysis · AFM force spectroscopy · Multiscale modelling · Nanoparticle agglomerates

1 Introduction

Many new technologies such as gas sensing, catalysis, elec-
trochemical energy storage, or photodetection rely upon
devices in which porous nanoparticulate films with char-
acteristic thickness of a few micrometers are the active
functional elements [1,2]. The performances of such devices
are crucially dependent upon the structural and mechanical
properties of the films, in particular their interparticle perco-
lation paths (connectivity), the particles’ surface accessibility
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by diffusing gases (porosity, tortuosity), and their response
to handling steps including lamination or compaction. The
relationships between external loading and changes of the
internal architecture of the films are often more difficult
to assess experimentally than via theoretical modelling.
Therefore, a fundamental understanding of the interactions
governing themechanical behaviour of complex nanoparticle
assemblies under ambient conditions is highly desired.

Cundall and Strack [3] first developed the discrete element
method (DEM), which has since been improved with more
and more sophisticated models capable of simulating gran-
ular systems with a high degree of precision and reasonable
computational effort (Ref. [4] and references therein). How-
ever, only sporadically have DEM models been applied to
simulate the behaviour of assemblies of particles with char-
acteristic dimensions of the order of 10 nm or less [5–8]. This
is due to the lack of precise knowledge about the elementary
mechanisms of interparticle contact at this size scale. Con-
tact models, however, need to accurately map physical and
chemical effects at the particle-particle interfaces in order to
predict the correct mechanical response of nanoparticulate
systems.

A widely used approach to define contact models and to
determine their parameters for DEM simulations relies on
heuristic matching between experimentally measured and
simulated macroscopic system properties [5,6,9]. The dif-
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ficulty with this approach is that the coarse-grained potential
terms and parameters used to reproduce the chosen experi-
mental observables not always have a clear physicalmeaning.
This may result in limited predictive capability and poor
transferability of the models, especially at the nanoscale,
where directmeasurements of interparticle contact forces and
friction are exceedingly difficult to perform.

In this work we take a different approach. We develop and
parametrize a coarse-grained potential for the DEM simula-
tion of polydisperse TiO2 nanoparticle films under stress at
ambient conditions (300 K, 1 atm, 50% r.h.) based entirely
on all-atom molecular dynamic simulations. The accuracy
of these simulations has been validated both qualitatively
and quantitatively against Atomic Force Microscopy (AFM)
measurements of interparticle forces in humid air presented
in previous own studies [10,11]. The here-developed DEM
contact model can be directly used for the investigation of the
mechanical behaviour ofTiO2 nanoparticle assemblies, aswe
will showby reproducing theAFMforce-distance curves col-
lected when an AFM tip is put in contact and retracted from
a TiO2 nanoparticle film produced by means of flame-spray
pyrolysis (FSP) [12].

Throughout the present paper we use the term ‘assembly’
to indicate a generic system comprised of a large number
of nanoparticles (of the order of 104 to 105 per µm3) struc-
tured according to a hierarchical architecture. The lowest
hierarchical units are ‘primary particles’, with characteris-
tic sizes spanning a relatively wide distribution of the order
of 1–20 nm. As a result of the FSP process [13], primary
particles are clustered together in ‘aggregates’, in which the
particle-particle interactions are typically of covalent/ionic
nature or of comparable strength. Such aggregates typically
comprise a number of primary particles of the order of 1–
100 [14]. Ensembles of mutually interacting aggregates are
called ‘agglomerates’. They are held together by the action of
weaker forces arising from electrostatics, van derWaals, sol-
vation or capillary effects [10,11]. Finally, we call ‘films’
extended assemblies with thicknesses of the order of 1–
50 µm over surfaces of the order of several cm2.

An example of TiO2 nanoparticle agglomerates subjected
to tensile strain by means of an AFM tip incorporated in a
Transmission Electron Microscope (TEM) chamber is pre-
sented in Fig. 1. During progressive increase of the strain,
the agglomerates undergo evident rearrangements, which are
associated with particle-particle sliding, rolling and detach-
ment events. To be able to predict the mechanical response
of the strained nanoparticulate system, all of these elemen-
tary events need to be quantified in detail and mapped into
adequate contact model elements, taking into account their
dependencies on the particle size and environmental con-
ditions, in particular relative humidity. Recently we have
demonstrated that the normal particle-particle detachment
forces under ambient conditions are crucially determined by

Fig. 1 Series of images from combined AFM/TEM experiments show-
ing the rearrangement and detachment of particle contacts during the
retraction of the AFM-tip [12]. A further selection of AFM/TEM
experiments yielding a more comprehensive view on the particle rear-
rangements can be found in the Electronic Supplementary Material
(Online Resources 5, 6, 7, 8, 9, 10)

the molecular properties of the water adsorbate layer on the
particles’ surfaces [10–12,15,16]. It remains to be investi-
gated how the mutual particle-particle friction forces, which
govern the sliding and rolling events shown in Fig. 1, are
influenced by the atomic-scale roughness of the surfaces and
the hydration layers trapped between the particles in con-
tact. Given the very localized nature of the contact areas,
we expect large deviations from the macroscopic friction
behaviour, as suggested in a number of previous theoretical
and experimental studies [17–22,24].

In the following we first present the theoretical framework
of a novel particle-particle contact model for the coarse-
grained simulation of TiO2 nanoparticle assemblies with
non-uniform size distributions. The quantification of the
interactions is based upon all-atom MD simulations with
the methods introduced in our previous work [10,11]. The
so-obtained formulation and parametrization of the contact
model is implemented in a DEM scheme, which we vali-

123



A new contact model for the discrete element method simulation of TiO2 nanoparticle films… Page 3 of 16 28

date against further MD simulations of small nanoparticle
agglomerates, as well as AFM force spectroscopy experi-
ments of entire nanoparticle films.

2 Formulation and parametrization of a DEM
contact model

In this sectionwe present the theoretical framework onwhich
our DEM contact model is based, and parametrise the analyt-
ical force terms on the basis of all-atom molecular dynamics
simulations, some of which were reported in detail in previ-
ous works [10,11]. We limit our development to the case of
TiO2 nanoparticles of different sizes (with radii of the order
of 1 to 20 nm) interacting in an atmosphere with relative
humidity of 50%. Under these conditions, the particles are
covered by a water adsorbate layer with an average thickness
h = 0.41±0.03nm, which is independent of the particle size
in the considered size range [11]. When two particles come
in contact, their adsorbate layers interpenetrate, leading to
a particle-particle overlap δn , as schematically presented in
Fig. 2. The equilibrium distance between the particles is dic-
tated by the balance between the long-range attraction force
Fna exerted by capillary and solvation effects (which include
also the van-der-Waals contributions) and by the short-range
steric repulsion Fnr of both the surface terminal groups and
the adsorbate water molecules trapped between the particles.
The effect of electrostatic charging of the particles is negli-
gible under the conditions investigated here, as addressed
in Ref. [11]. Also, for particles of this small size and in
the presence of water layers between them, we assume that
friction arising from mutual torsional displacements can be
neglected.

Under these conditions, the action of external forces and
torques between two particles i and j results in three kinds
of mutual displacements: (1) shifting along the normal direc-

Ri

n d

h
Rj

nij

tij

vn

vt

wr

Fn

Ft

Mr

h

Aij

Fig. 2 Scheme of two particles with radii Ri and R j interacting via
a circular cross-section of area Ai j after overlap of their water adsor-
bate layers with thickness h, whose size with respect to the radii is
exaggerated, for clarity. The symbols are defined in the text

tion ni j connecting the particles’ centres of mass; (2) sliding
along the perpendicular, tangent direction ti j ; (3) rollingwith
a relative rotation �θ of one particle in the reference frame
of the other. All three kinds of displacements are associ-
ated with friction contributions, which arise both from direct
interactions of the surface terminal groups and from dissipa-
tion within the adsorbed water. In particular, a rolling friction
torqueMr and a tangential friction forceFt will act against the
rolling angular velocitywr and the sliding tangential velocity
vt , respectively. A dissipative force Fnd will also act against
the velocity in normal direction vn, damping the normal dis-
placements off the equilibrium position of the particles in
contact.

In light of the above, the total force Fi j and the torqueMi j

acting between the particles can be thus expressed as

Fi j = Fna + Fnr + Fnd + Ft = Fn + Ft, (1)

Mi j = −Ft × Raug
i ni j − Mr, (2)

where Raug
i is the radius of the particle i augmented by half

the thickness of the compressed water layer, as it will be
clarified later in the paper.

This general form of a DEM contact model is in line with
previous original formulations, in particular by Luding [9],
with the important difference that in the present case the over-
lap between the particles is due to the interpenetration of the
adsorbate layer rather thandue to elasto-plastic deformations.
Since we focus on hard ceramic nanoparticles, plasticity is
not relevant for our case, and thus not considered. In the
following sections we investigate the details of each force
and torque contribution, performing all-atom MD simula-
tions to rationalise them in the form of analytical expressions
and determine the numerical parameters of such expressions
whenever required.

2.1 Long-range attractive forces

As comprehensively shown in previous works [10–12], the
attractive interaction Fna can be modelled as the sum of cap-
illary and solvation contributions acting along ni j :

Fna = − (
Fcap + Fsolv

)
ni j (3)

The calculation of Fcap for different particle sizes has been
undertaken in refs. [10,11]. In these works it has been shown
that classical capillary theory can be employed to this aim,
providing that one takes into account (i) the above-mentioned
overlap of the surface adsorbed water layers; (ii) the depen-
dence of the water surface tension on the humidity and
particle size, and (iii) a contact angle of 0◦ between the water
meniscus and the water-decorated particles.

The solvation forces can either be calculated as presented
in detail in Ref. [10], taking into account the water density
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distribution around nanoparticles immersed in bulkwater and
the average water/surface interaction forces, or, more sim-
ply, mapped onto a semi-empirical equation as proposed by
Israelachvili [16,25]:

Fsolv = F0
solv cos

(
2π(d − Ri − R j )

σsolv

)
e
− d−Ri−R j

σsolv , (4)

where d is the distance between the centres of mass of the
spherical particles. The decay length σsolv and the force
amplitude F0

solv can both be fitted to match the force oscilla-
tions computed in MD simulations [10,11]. Our MD results
for TiO2 nanoparticles show that σsolv is independent on the
particle size, whereas F0

solv depends weakly on the effective
particle radius R∗ = 2Ri R j/(Ri + R j ), in a way that can be
linearly approximated to

F0
solv = −11 nN − R∗ · 2.4 nN/nm (5)

(see Online Resource 1, Supplementary Figure S1).

2.2 Dissipation in normal direction

The dissipative force in normal direction can be expressed as
a classical damping term linearly dependent on the normal
velocity

Fnd = −γnvn. (6)

In order to determine the damping coefficient γn , we perform
all-atom MD simulations of two water-decorated particles
facing each other. Several MD runs are performed starting
with the particles at a distance larger than their equilibrium
separation, first relaxing the water layers to form a stable
meniscus (for about 0.6 ns), and then letting the system spon-
taneously relax to equilibrium at constant temperature.

The evolutions of the distancesd betweenpairs of particles
with either 4 nm or 8 nm radius are reported in Fig. 3. It can
be seen that d quickly approaches equilibriumwith a damped
oscillatory behaviour, which can be well reproduced by the

damping term above (Eq. 6) with a coefficient that depends
quadratically on the effective particle radius:

γn = 0.5 · 106 Ns/m3 · R∗2. (7)

2.3 Short-range repulsive forces

When two particles are compressed by an external normal
force (−FN ni j ) below their equilibrium separation distance,
they experience a repulsive force Fnr = Fnr ni j . The repul-
sion originates both from the compression of the water
layers trapped between the particles and the steric interac-
tions between the surface’s outmost atoms. To quantify Fnr
we perform simulations in which particles of different size
and shape are placed in contact with a flat TiO2 surface and
pressed towards it by action of a force FN along the z axis per-
pendicular to the surface. The average position of z recorded
in MD simulations is plotted as a function of the reaction
force Fnr , which is equal in magnitude and opposite in sign
to the sum of FN and Fna (Fig. 4).

Fitting of the data to polynomial functions reveals that a
ninth-order dependence describes the variation of Fnr with
z very well over the whole range of distances and forces.
However, such a stiff dependence leads to high instabilities
in DEM simulations unless an extremely small time step is
used, which would impede the simulations of entire particle
films. For this reason, we chose to fit the data only in the
region of forces smaller than 5 nN via a softer dependence of
order 3/2, in line with often-employed Hertz stress models of
compressed elastic spheres [26]. This dependence describes
well the variation of Fnr in the region of a few Å around the
equilibrium separation distance (Fig. 4), which is the region
of interest in DEM simulations of particle films.

Consistentlywith this result, we can express Fnr as a func-
tion of the particle-particle overlap δn as

Fnr = knδ
3
2

n

√
0.5(R + hn)∗, (8)

where kn is the Hertzian contact stiffness and (R + hn)∗ is
the combined effective radius 2(Ri + hn)(R j + hn)/(Ri +

Fig. 3 Time evolution of the
particle-particle distance d for
pairs of particles with 4 nm
(left) and 8 nm (right) radius,
facing each other along different
orientations (coloured
continuous lines), during MD
simulations started at distances
larger than the equilibrium
separation. The black lines are
the results of DEM simulations
using a linear damping term as
described in the text (Eqs. 6
and 7) (colour figure online)
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Fig. 4 Dependence of the repulsion force Fnr on the separation distance
z between TiO2 nanoparticles with radii of 4 nm and a flat TiO2 surface
obtained in several MD simulation runs (see Fig. 5). The z values are
reported relative to the equilibrium separation for FN = 0 in each
simulation. The coloured lines show polynomial fits with exponents 9
(magenta) and 3/2 (green), as described in the text (colour figure online)

R j + 2hn). The parameter hn is related, but not equal, to
the water adsorbate thickness h that adds up to each of the
nominal particle radii Ri and R j , physically accounting for
the particle overlap [10,11]. It represents the thickness of the
compressedwater layer between twoparticles in equilibrium,
below the onset of repulsion. The value of hn can be estimated
by quantifying the difference in particle-particle separation
distance between the equilibrium position (FN = 0, Fnr =
−Fna) predicted by many all-atom MD simulations of pairs
of particles and the position at the absence of repulsion (Fnr =
0, FN = −Fna). The resulting value hn = 0.88 h (0.36nm),
which is used in our DEM model, best reproduces both this
distance difference and the overall normal forces computed
by all-atom MD.

The contact stiffness kn is size-dependent, and can be
calculated from the condition of equilibrium Fnr (0) =
−Fna(0), valid for the case of FN = 0, applied to the
MD simulations of pairs of particles in contact presented
in Ref. [10,11]. Namely, the equilibrium overlap δ(0) is first
determined from the pristineMD force-displacement curves.
Then, Fna(0) is computed as in Eq. (3) and theHertzian stress
model is used to back-compute kn as

kn = −Fna(0)

δn(0)
3
2
√
0.5(R + hn)∗

. (9)

The values of kn obtainedwith this procedure vary slightly
more than linearly between 20 and 45 GPa for particle sizes
between 4 and 23 nm (See Online Resource 1, Supplemen-
tary Table S1). These values are much lower than the typical
stiffness of TiO2 (around 210 GPa [27]), but higher than the
compressibility of water or ice (around 2 GPa [28]), which
is fully consistent with compressing TiO2 particles separated
by an adsorbed water layer.

2.4 Tangential force and rolling torque

In this section we investigate the origin of the tangential
friction force Ft and the rolling torque Mr acting between
particles in contact. To this aim we perform all-atom MD
simulations of particles dragged over an extended TiO2 sur-
face with different tangential velocities while applying to the
particles different normal loads FN (Fig. 5). In the simula-
tions the particles are either allowed to rotate along the x
axis while their center of mass is pulled along the y direc-
tion, which results in a rolling behaviour (Fig. 5, right), or
their rotation is forcedly suppressed, resulting in a sliding
behaviour (Fig. 5, left). During the simulations, we record
the module of the tangential force Ft that is required to keep
the particles moving at constant speed.

The resulting force-displacement curves for the exemplary
case of particles with a radius of 4 nm pulled at 1 m/s are
reported in Fig. 5. Both during sliding and during rolling the
curves exhibit a typical stick-slip behaviour. This is com-
mon for the friction behaviour of surfaces with roughness in
the atomic scale (of the order of 0.1 nm), as already shown
theoretically [18,29–32] and experimentally [24,30,33,34].

As expected, for the case of sliding the force peaks are sig-
nificantly higher and the periodic force oscillations are more
clearly pronounced than for the case of rolling. This is due to
the fact that a sliding motion is associated with the contem-
porary breaking and reforming of a larger number of bonds
than during rolling. We approximate the observed sliding
behaviour with a regular saw-tooth curve, whose peak value
FS
t,max and period λt correspond to the average values of the

maxima and oscillation periods of the most prominent peaks
in the force-displacement curves (see Appendix, Sect. 5 for
further details). Instead, the rolling behaviour is simplified
by considering a constant friction force FR

t,max with a value
equal to the simulated average peak forces.

We find that λt is independent of the applied normal
load FN , with a value of approximately 0.5 nm (See Online
Resource 1, Supplementary Figure S2). Moreover, very
similar force-displacement curves are obtained at different
pulling speeds (See Online Resource 1, Supplementary Fig-
ure S3), suggesting that the influence of the drag velocity on
both themagnitude and the overall behaviour of the tangential
forces is negligible [31,32,35,36]. The only important depen-
dence is the one of the maximum force values FS

t,max and
FR
t,max on the normal load FN , which is summarised in Fig. 6.
The computed dependence between FN and Ft is clearly

non-linear, in contrast to the case of macroscopic friction
(Amontons’ law). Rather, for atomic-scale asperities within
a single contact, the peak friction forces depend linearly on
the contact area Ai j between the overlapping particles i and j
(see Fig. 2), as reported in many theoretical [22,23,30,31,37]
and experimental works [30,33,38–40]:
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Fig. 5 Top: all-atom MD snapshots and scheme of the forces and dis-
placements acting on a particle with 4 nm radius during a tangential
sliding (left) or rolling (right) movement on a slab. Bottom: Respective
tangential force displacement curves at a pulling velocity of 1 m/s and
different normal loads FN for sliding (left) and rolling (right) move-

ment. The force curves are shifted on the y-axis for clarity, with the
tangential force of 0 nN marked by a dashed black line in each case.
The black crosses denote the fitted local maxima of the force curves
and the black continouus lines show the respective coarse grained force
models

FS
t,max = τS Ai j ; FR

t,max = τR Ai j , (10)

where τS and τR are the shear stiffnesses for the sliding and
rolling case, respectively. The contact area Ai j depends on the
particle-particle distance d (or, equivalently, on the overlap
distance δn) and can be calculated as:

Ai j = π

⎡

⎢
⎣R2

i −
(
R2
i − R2

j + d2
)2

4d2

⎤

⎥
⎦ . (11)

Consistently with the interaction models presented so far,
the parameters τS and τR can be determined as follows.
For each applied normal load FN , the reaction force Fnr
is recorded as an average from the sliding/rolling MD simu-
lations (Fig. 5). Using the already determined values of kn ,
we can now use Eq. (8) to compute the overlap distance
δn and, from the latter, the contact area Ai j of a geometric
sphere/plane intersection model. With the resulting values
of Ai j we then fit the data points presented in Fig. 6 using

Eq. (10), obtaining excellent agreement between the original
data and the fit (continuous lines in Fig. 6).

The values of the sliding shear stiffnesses τS obtained for
the cases of 4 and 8 nm particles dragged over a plane sur-
face are 0.76 and 0.57 GPa, respectively. They are within
the range of shear stiffness reported for atomic-level friction
(between 0.3 and 0.9 GPa [33,38,39]). In comparison, the
corresponding values of rolling shear stiffness τR are con-
siderably smaller, amounting to 0.23 and 0.13 GPa for our
4 and 8 nm particles, respectively. The differences between
these values, which should be independent on the particle
size, originate from the uncertainties of the MD simulations,
which represent only a possible case among many differ-
ent orientations, terminations, roughnesses, etc.However,we
note that using spherical particles in our simulations is a rea-
sonable approximation in the presence of water adsorbate
layers connecting the particles and effectively smoothing
the roughness of the particles at the nanometer scale. In
this case, the peak forces experienced during rolling become
dominated by sudden rearrangements of the hydrogen bond
network rather than by direct interactions between surface
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Fig. 6 Average of the peak tangential forces from the sliding (top) and
rolling (bottom) simulations as shown in figure 5 against the respective
applied load for different particle sizes and orientations. The continu-
ous lines represent fits to the forces by assuming a linear relationship
between the tangential forces and the contact area using the Hertzian
stress relation between the normal force Fn and the normal overlap δn
with a contact stiffness of kn = 24.5 GPa and kn = 33.7 GPa for 4 and
8 nm particles, respectively. The inset shows the atomistic model of the
polyhedral 8 nm particle used for the rolling simulations

atoms. In fact, using a polyhedral 8 nm particle exhibiting a
total of 32 edges (see inset of Fig. 6, to be compared with
the TEM images of actual particles in Supplementary Fig-
ure S4 of Online Resource 1), a rolling shear strength τR of
0.23 GPa is obtained, matching the value obtained for spher-
ical (although with atomic-scale asperities) 4 nm particles.

From the results of the MD simulations above we can
now express the tangential friction force Ft as a spring-slider
model in linewith thework ofMindlin andDeresiewicz [41]:

Ft = −τS Ai j

(
δt

λt
−

⌊
δt

λt

⌋)
ti j , (12)

where δt is the relative displacement of two particles along
the tangential direction ti j and �x� denotes the floor function
of x . This expression leads to the saw-tooth curvewith period
of displacement λt displayed as a black solid line in Fig. 5,
left panel. In the DEM model the (size-independent) value
we use for the sliding shear stiffness τS is 0.65 GPa, which

Fig. 7 Schematic representation of the developed DEM contact force
model

averages the values obtained from the exemplary simulations
for 4 and 8 nm particles (Fig. 6).

The MD simulations of the particles’ rolling behaviour
allow us to express the rolling torque acting between a pair
of particles i and j as a simpler slider model [42,43]:

Mr = 0.5(R + hn)
∗τR Ai j , (13)

where, as before in Eq. (8), the radius of the two dry par-
ticles is augmented by the thickness hn of the compressed
adsorbed water layer at 50% relative humidity. The chosen
value of the rolling shear stiffness τR is 0.25 GPa, which
is roughly equal to the upper range of values obtained in
our MD simulations for spherical and aspherical particles
(Fig. 6), in order to account for the mostly irregular shapes
of primary nanoparticles in TiO2 films obtained by means
of flame spray pyrolysis (see for instance Fig. 1 and Online
Resource 1, Supplementary Figure S4).

2.5 Summary of the developed DEM contact model

The results of the previous subsections, together, represent a
novel DEM contact model that allows for the simulation of
ensembles of TiO2 nanoparticles under external mechanical
load, as long as the particles are small enough (radius well
below 1 µm) so that they can be safely approximated as
rough spheres in the absence of gravity. The interactions in
the model are depicted schematically in Fig. 7.

The normal attractive force Fna (light green) consists of
capillary and solvation forces [10,11] and acts on the parti-
cles as long as their separation is below the critical distance
corresponding to the formation of a capillary neck (Eq. 3).
The repulsive and dissipation normal contact terms Fnr +Fnd
(light blue) correspond to a non-linear spring-dashpot model
(Eqs. 6, 8, 9). The tangential friction term Ft (orange) con-
sists of a linear spring-slider model (Eq. 12), in which the
maximum force sustained before activation of the slider is
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Table 1 Parameters used in this work for the discrete element method
simulations

Solvation force decay length σsolv 0.21 nm

Solvation force amplitude F0
solv Eq. (5)

Normal relative damping constant γn Eq. (7)

Adsorbate layer thickness h 0.41 nm

Compressed layer thickness hn 0.36 nm

Normal contact stiffness kn Eq. (9), Table S1

Sliding sawtooth wavelength λt 0.50 nm

Sliding shear stiffness τS 0.65 GPa

Rolling shear stiffness τR 0.25 GPa

computed according to Eq. (10). The rolling friction torque
Mr (red) consists of a pure slider model (Eqs. 10, 13). The
last four terms are only active when the particles are in tight
contact, i.e. whenever δn and thus Ai j are larger than zero.

The values or size-dependencies of all numerical parame-
ters estimated via the presented MD simulations and used in
the DEM simulations in the next sections are summarised in
Table 1. The normal and tangential DEM force-displacement
curves are shown in Fig. 8.

The critical timestep under which numerical stability of
the integration algorithm in DEM simulations is guaranteed
can be estimated from calculation of the so-called Rayleigh
time according to Ref. [44], leading to a value of 10−12 s.
Therefore, to be on the safe side, in our DEM simulations we
use a timestep half as large, namely: Δt = 0.5 ps.

3 Validation of the DEMmodel

In this sectionwevalidate theDEMmodel and its parametriza-
tion presented above against all-atom MD simulations.

3.1 DEM and all-atomMD stretching of a small
nanoparticle agglomerate

First, we investigate an agglomerate consisting of 14 TiO2

particles with radii between 4 and 10 nm (Fig. 9, panel 1),

resembling typical particle chains observed in TEM images
(see Fig. 1). Using either DEMor full-atomMD, the agglom-
erate is stretched by action of an external harmonic constraint
applied to the center of mass of the two last particles at one
extreme of the agglomerate, while the center of mass of the
two last particles at the opposite extreme is kept fixed. The
constraint is pulled at the constant speed of 5 m/s (corre-
sponding to a strain rate of 5 · 107 s−1 since our system is
about 100 nm in length) while the reaction force Fpull acting
on the agglomerate is recorded as a function of the pulling
distance z. Such an exceedingly large strain rate is not uncom-
mon in steeredMD simulations [10,45], and needs to be used
here in order to be able to compare the DEM results with an
all-atom model.

As can be seen in Fig. 9, both the obtained trajectory and
the noticeable force peaks originating from sliding/rolling
or particle-particle detachment events agree remarkably well
in the two independent simulation methods, especially if the
experimental value of the water surface tension γ rather than
the value predicted by the TIP3P water model is used. The
only major difference is the less abrupt breakage of parti-
cle/particle contacts in the atomistic model in comparison
with the DEM results, which is primarily due to the for-
mation of long (and metastable) necks of water molecules
at large particle-particle distances. This out-of-equilibrium
effect is particularly strong at the large strain rate used in our
simulation, and is not present in the DEM model, where the
length of the capillary neck is fixed a priori (see Fig. 8, left
panel). Moreover, the purely two-body DEM model formu-
lation does not consider cooperative (non-linear) interaction
effects between multiple particles and the possible accumu-
lation of water molecules in the junction regions between
them [46], which can lead to a slightly more pronounced and
longer-ranged capillary action in the all-atom simulations.

3.2 AFM pulling simulations of whole nanoparticles
films

As a further test for the predictive power and validity of our
DEMmodel, we compare the forces and trajectories obtained

Fig. 8 Force-displacement curves in the discrete element method simulations for relative normal (left), tangential sliding (middle) and rolling
(right) movement resulting from the developed contact model at 50% humidity
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Fig. 9 Comparison of the particle trajectory (left) and of the pulling
forces (right) in simulations of an agglomerate response to mechani-
cal stretching using all-atom MD (upper trajectory panels; red curve)
and DEM simulations (lower panels; green and blue curves). The DEM
forces are computed using either the experimental water surface tension
γ (green curve) or the value predicted by the TIP3Pwater model used in

the atomistic simulations (blue curve). In both cases, the weak depen-
dence of γ on the particle size found in Ref. [11] is taken into account.
The z positions of the trajectory snapshots displayed on the left are
marked by the respective numbers in the force displacement curve. The
entire particle trajectory can be found in the Electronic Supplementary
Material (Online Resource 2) (colour figure online)

in actual AFM experiments probing the tensile response of
nanoparticle films with DEM simulations of a correspond-
ing model setup. For this purpose we first construct a film
model containing 2 × 105 primary particles in a periodi-
cally repeated simulation box. Here we take particular care
ensuring that the model reproduces the correct experimen-
tal primary particle size distribution and porosity (98%), as
shown in previous works [47,48]. Moreover, consistent with
experimental findings [14,49–52], the primary particles in
the film are clustered together in aggregates which are kept
rigid in theDEMsimulations. Furthermethodological details
are reported in the Appendix (Sect. 5).

The film is first relaxed to equilibrium in a damped-MD
simulation. Then, a model of a pyramidal AFM tip with a
side length of 0.8 µm is approached towards the nanoparti-
cle film with a speed of −0.5 m/s, until the repulsive force
acting on it reaches a value of approximately 2 nN, which is
a typical experimental AFM setpoint force [12]. Afterwards,
the velocity of the tip is slowly reversed from −0.5 to +0.5
m/s within a timespan of 0.2 µs (which minimise spurious
inertial responses of the system) and the tip is retracted at
constant speed until complete detachment and rupture of the
film.

One typical obtained trajectory and five exemplary force-
displacement curves are reported in Fig. 10. During the
pulling trajectories, particle aggregates firmly attach to the
AFM tip and are progressively pulled out of the film, whose
structure undergoes a series of local rearrangements associ-
ated with particle-particle rolling, sliding and detachment

events, as expected. The observed transfer of nanoparti-
cle aggregates from the film to the tip (snapshots 3 and 4
in Fig. 10) reproduces qualitatively well the experimental
reality, as reported in Ref. [12]. Also the resulting force-
displacement curves are, overall, consistent with the results
of actual AFM experiments. In particular the total displace-
ments until final rupture (about 1 to 2 µm) and the heights
of the final detachment peaks (1 to 3 nN) agree remarkably
well with the corresponding experimental values. Only the
maximum peak force is slightly overestimated in some of
the simulations, reaching up to 20 nN while the experiments
remain within about 10 nN. Moreover, the simulated curves
appear more rough and the local peaks less pronounced than
in the experiments, although this may depend on the instru-
mental sensitivity.

In Fig. 11 we show selected snapshots of the DEM
trajectory highlighting the events taking place in the film
immediately before the force peak marked with 3 in Fig. 10.
Importantly, the trajectory is qualitatively consistent with
the characteristic chain rearrangements before particle-
particle detachments observed in AFM/TEM experiments
(see Fig. 1). We note that it is difficult to link the individ-
ual events before final detachment to precise features in the
force-displacement curve, since the complex connectivity of
the film is associated with non-trivial distributions of the
forces within it. On the other hand, it is reassuring to see
that the magnitude of the final force peak (3 nN) is perfectly
consistent with the contact forces between pairs of particles
both in previous AFM experiments and in all-atomMD sim-
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Fig. 10 Comparison of typical force-displacement curves from AFM
force spectroscopy experiments (bottom right) with force-displacement
curves from DEM simulations (bottom left), together with representa-
tive snapshots from one simulation (top), labelled with numbers in the
corresponding curve. The blue lines represent the AFM tip approach
and the red lines the tip retraction. The curves are shifted along the y

axis for clarity. The particles are coloured according to their sizes from
blue (2 nm) to red (25 nm). The approximate sites of particle-particle
detachment events are marked with black arrows. The black dashed
square highlights the region shown in detail in Fig. 11. The whole tra-
jectory can be found in the Electronic Supplementary Material (Online
Resource 3) (colour figure online)

ulations [10–12], including those presented in the previous
section (Fig. 9).

4 Discussion, conclusions and outlook

In the present work we have shown that DEM simulation
of the mechanical behaviour of TiO2 nanoparticle films
under external mechanical stress is feasible with our newly
developed contact model. This has been formulated and
parametrized on the basis of all-atom MD simulations [10–
12], which, in turn, make use of interaction potentials
constructed on the basis of the TiO2 properties and sur-
face chemistry predicted by quantum mechanics [53,54].
The coarse-graining of interactions into amesoscopic contact
model enables the simulation of systems with sizes compa-

rable to those accessible by AFM and combined AFM/TEM
experiments. In this way, the interpretation of these experi-
ments in terms of individual events (rolling, sliding, detach-
ment) leading to the rearrangement of nanoparticle chains in
stressed films becomes possible.

4.1 Size and time scale issues

Naturally, the presented simulations are still limited as far
as the system size is concerned. The dimensions of our film
model are only about 1.5 × 1.5 × 3.0 µm3, whereas experi-
mentally produced films reach a thickness of approximately
20 µm [55]. This disparity results in a smaller penetration
depth of the AFM tip during the simulations compared to
the experiments, and especially in spurious effects on the
computed force-distance curves due to the applied periodic
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Fig. 11 Details of the rearrangements in the nanoparticle film during
one of the AFM simulations in Fig. 10 (snapshots 1 to 5) along with the
corresponding features in the force-displacement curve during pulling
(graph). Particle-particle detachments aremarkedwithD; sliding events

with S; rolling events with R. Colour code as in Fig. 10. The whole tra-
jectory can be found in the Electronic Supplementary Material (Online
Resource 4)

boundary conditions. In particular, we think that such effects
are primarily responsible for the overestimation (by up to
a factor of two) of the maximum pulling forces in com-
parison with force spectroscopy experiments. Another issue
is the much higher tip velocity in the simulations (here
5 × 10−1 m/s) compared to experiments (5 × 10−6 m/s).
While we have taken care to perform the simulations at a
velocity at least ten times smaller than the critical velocity
at which non-equilibrium effects start playing an important
role [10,11,45], still the inertia induced by the very high load-
ing rate (5× 106 s−1 for systems with a characteristic length
of 100 nm) may affect in a non-negligible way the elastic
energy stored in the films. For instance, it may lead to an
effective increase of their stiffness because the system does
not have enough time to distribute the applied local stress.

4.2 Description of particle aggregates

Another limitation of our employed film models is the
approximate description of particle aggregates. The particle-
particle binding strength within such aggregates, comprised
of a few tens of primary particles clustered together, has

been shown to be much higher than the one between par-
ticles belonging to different aggregates, which is governed
by the water adsorbate layers [14,49–52]. However, keep-
ing the aggregates completely rigid probably represents an
overestimation of the true bonding strength, especially with
respect to the (correctly described) contact forces between
hydrated particles. The physical/chemical nature and the
mechanical properties of the bonds within aggregates should
be addressed in future works, in order to improve the predic-
tion of particle chain rearrangements, in particular taking into
account the flexibility and rupture strength of inter-aggregate
bonds.

4.3 DEMmodel parametrization

As far as the DEM model parameterization is concerned,
we have taken great care to ensure internal self-consistency
of all parameters and best-possible prediction of the forces
and distances computed with all-atom MD. In particular, we
would like to stress the tight correlation between the com-
pressed water layer thickness hn , the contact stiffness kn and
the shear stiffnesses τN and τR . Only the appropriate combi-
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nation of these parameters is able to reproduce the delicate
balance between normal attraction/repulsion forces on one
side and tangential friction forces and momenta on the other
side. The two effects are strongly correlated via the over-
lap distance δn , on which the contact area Ai j and thus the
rolling/sliding friction directly depends (Eq. 10).

Noteworthy to this respect are the obvious deviation of
the microscopic friction from the macroscopic behaviour
reflected by Amonton’s law, and the pronounced stick-slip
behaviour of the tangential friction forces, which we have
implemented in our DEM model via a linear sawtooth
function. Surprising, to some extent, are the negligible depen-
dencies of Ft and Mr on the relative tangential velocities
between particle pairs, at least in the velocity regime of inter-
est for nanoparticle films under non-impulsive mechanical
load. This has allowed us to implement a single damping
term acting only in normal direction in the DEM model. We
note, however, that the initial structural relaxation of large
nanoparticle film models must be performed very carefully,
since precisely the lack of tangential damping could lead to
catastrophic instabilities when the particle positions are far
from equilibrium. This is due to the fact that the algorithm
used to construct the film model does not take into account
the DEM interactions, which would be computationally too
expensive. For this reason, it is recommendable to perform an
initial extensive minimization with a global dissipation term
switched on (as if the system were immersed in a highly
viscous liquid) before carrying out dynamical simulations.

4.4 Conclusions

In conclusion,wehavepresented a contactmodel that is adhe-
sive, non-linear, hysteretic, and not plastic. Adhesion results
from the action of adsorbed water, both through capillarity
and solvation. Hysteresis derives from the dissipation terms
associated with normal displacement, sliding tangential dis-
placement and rolling. Further dissipation during the DEM
simulations may be introduced with activation of an overall
viscous term to mimic the effect of the environment, which
also acts as an effective thermostat and prevents build-up of
kinetic energy in the system. In our simulations, this is done
only in the first equilibration stage. The non-linearity in the
model originates both from theHertzian elastic compressibil-
ity with exponent 3/2 and the dependence of the tangential
friction forces on the contact area rather than on the normal
force. Since the model is specifically designed to simulate
nanoparticulate ceramic materials, plasticity is not relevant.

The general form of the DEM model expressed by
Eqs. (1) and (2) is common to well-known existing models,
such as the one originally proposed by Luding [9], which
implements a classical sliding/sticking friction behaviour.
However, the treatment of adhesion, compression and fric-
tion with non-linear terms instead of piecewise-linear terms

with history-dependent normal stiffness is different, and we
neglect here the effect of torsional resistance. Given the
varied origins of non-linearity in our model, it is also concep-
tually different from themodel of Ooi and collaborators [56],
which relies on the introduction of a single parameter (the
exponent of a power law) to smoothly vary the compression
stiffness with increasing particle-particle overlap. It remains
to be validated how these differentmodels perform in predict-
ing the response of particle films under the action of complex
mechanical loading, for instance during the lamination of
FSP-produced coatings [55].

4.5 Outlook

In the near future, the here-presented DEM model should
be expanded to enable the simulations of other materials
and other environments, e.g. adsorbates different fromwater.
We believe that the knowledge about the fundamental inter-
actions that we have acquired for the TiO2/water system
could be exported with relatively little effort, provided that
adequate all-atom force-field potentials become available to
perform the required reference simulations. Also, including
in the DEM model information about particle shapes, rather
than only the surface roughness via averaged shear-stiffness
parameters, would be a big step forward for the simulations
of a variety of crystalline nanoparticle systems. Finally, an
increase of the simulation speed is necessary to reach system
sizes and simulation times even closer to experimental reality.
A first improvement in this direction would be a simplifica-
tion of the explicitly computed particle-particle interactions
in the contact model, or the integration of larger nanoparticle
aggregates into single coarse-grained entities.

Electronic Supplementary Material

Electronic Supplementary Material is provided. This con-
tains the Supplementary Figures S1, S2, S3, S4 and the
Supplementary Table S1 cited in the text (Online Resource
1); three videos showing the results of MD and DEM sim-
ulations which are presented as snapshots in Figs. 9, 10, 11
(Online Resources 2, 3, 4); six videos showing AFM/TEM
experiments of the stretching of TiO2 nanoparticle chains, as
presented in Fig. 1 (Online Resources 5, 6, 7, 8, 9, 10).
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5 Appendix

In this Appendix we summarise the experimental as well as
all computational and methodological details concerning the
performed MD and DEM simulations.

5.1 AFM experiments

Highly porous TiO2 nanoparticle films onmica substrates are
produced using a flame spray reactor as described in detail
in our previous works [13,14]. Force-displacement curves
for the detachment of single agglomerates from the film are
measured with an Atomic Force Microscope (Nanowizard
3 from JPK) under ambient conditions (relative humidity
about 50%, temperature about 21 ◦C), using Si3N4 cantilever
(DNPS fromBruker)with a spring constant of approximately
0.16 N/m, as determined from the thermal noise method
[57]. The AFM is placed on a vibration isolation table (i4
from Accurion) inside an acoustic hood. To account for sta-
tistical significance, several force curves with a cantilever
speed of 2 µm/s and a setpoint of 2.5 nN are collected by
force mapping with 64 measurement points in an area of
2 µm2. The dynamical agglomerate behaviour under strain
is imaged using a combinedAFM/TEM set-upwith an Si3N4

cantilever of spring constant 5.3N/m.These in-situ investiga-
tions are performed inside aPhillipsCM200FG transmission
electron microscope equipped with an AFM/TEM holder
(Nanofactory Instruments AB) and with a column vacuum
of approximately 10−6 mbar.

5.2 All-atomMD simulations

All-atom TiO2 nanoparticle models of different sizes, shapes
and with surface-adsorbed water corresponding to a rel-
ative humidity of 50% are created as described in detail
in refs. [10–12]. This results in nanoparticles preserving
the TiO2 stoichiometry, but terminated with OH groups as
a consequence of a thought-process of dissociative water
adsorption, which saturates under-coordinated Ti and O
sites with OH and H, respectively. An extended TiO2 sur-
face slab model with nanometer-scale roughness and size of
16 × 14 nm2 is created via cleavage of an infinite TiO2 sin-
gle rutile crystal in the 〈213〉 lattice direction, subsequent
surface relaxation, annealing and hydroxylation, similarly
as for the particle models. The choice of the 〈213〉 direc-
tion is arbitrary; any combination of relatively large Miller

indices would be suitable, as long as it leads, after annealing
and termination with OH and H, to a non-periodic series of
asperities and grooves on the size-scale of 0.1 to 1nm. The
Ti-O interactions are described by amodifiedMatsui/Akaogi
force field [53], water molecules are described by the TIP3P
model [58], and the interactions between water and TiO2 by
the force field of Schneider et al. [54]. All MD simulations
are performed using LAMMPS [59] within the NVT ensem-
ble at 300 K, using a Berendsen Thermostat, a timestep of
1 fs, a force cutoff of 12 Å for the van-der-Waals interac-
tions and a particle-particle particle-mesh long-range solver
for the Coulomb interactions.

In the MD simulations of single particles dragged tan-
gentially over the TiO2 surface, the particle/surface systems
are first relaxed for 1 ns, then a harmonic constraint with a
spring-stiffness of 160N/m is applied to their centres of mass
and moved at constant speed (0.1 to 1 m/s in different simu-
lations) over a distance of 5 nm, while the atom positions of
the slab are kept fixed, except for the terminal OH atoms and
the adsorbed water molecules, which are free to move. The
dragging force is recorded every 10−6 nm and averaged over
104 datapoints, giving a single force value every 0.01 nm.
The angular momentum acting on the particle is set to zero
at every time step in the sliding simulations, while it is uncon-
strained in the rolling simulations. The largest local maxima
of the force-displacement curves obtained in these simula-
tions are selected as in other works [30,33]. Namely, first
the as-recorded curve is smoothed using a low-pass smooth-
ing function with a cut-off frequency of fcut = 2.8 nm−1.
The peak forces and peak positions of the smoothed function
are then determined analytically. Finally, the maxima of the
pristine curve nearest to the positions of the maxima of the
smoothed forces are located. Averaging the force peak values
and the spacings between the peaks leads the mean values of
FS
t,max and FR

t,max , as well as the period λt .
In the all-atom MD simulations of the nanoparticle

agglomerate, 14 particles of different sizes are placed in
contact and relaxed within 2 ns, keeping fixed the positions
of the four outermost particles. The particles are created as
(irregular) hollow spheres with a shell thickness of 1 nm,
which considerably decreases the computational effort with
no effect on the interparticle contact forces. The pulling force
is exerted via a harmonic constraint with a spring-stiffness of
160 N/m moving at the constant speed of 5 m/s, recorded at
every time step and averaged over 104 steps before plotting
the force-displacement curves.

5.3 Generation of DEM particle filmmodels

Nanoparticle aggregates are built from primary particles fol-
lowing a discretized log-normal distribution, as measured
from TEM image analyses [14]. The primary particle diam-
eter ranges from 3 to 23 nm, with a stepsize of 1 nm (median

123



28 Page 14 of 16 J. Laube et al.

9.0 nm, σG = 1.45). These primary particles are combined
using a Sequential Algorithm (SA) combined with a Cluster-
Cluster Aggregation (CCA) as presented in Ref. [60]. This
procedure generates random aggregates that follow the frac-

tal distribution Np = k f ·
(
dg
d̄s

)D f
, which is frequently used

to describe FSP-synthesized particles [49,61–63]. Here, the
amount of particles Np in an aggregate is predicted using
the diameter of gyration dg , the Sauter diameter d̄s (defined
as d̄s = 6Vp,tot/Ap,tot , with Vp,tot the total particle vol-
ume and Ap,tot the total surface area), as well as the fractal
prefactor k f and the fractal dimension D f . k f and D f are
1.0 and 1.8, respectively, for FSP-synthesized particles [61].
The aggregate generation algorithm combines 6 particles to
one cluster using the SA. Subsequently, these clusters are
combined using the CCA. The number distribution of rigid
particle aggregates is estimated from Disc Centrifuge exper-

iments [14]. The equation Np = km ·
(
dm
d̄s

)D f m
is used

according to [49]. In this equation dm describes the mobility
diameter fromDisc Centrifuge experiments and km and D f m

are the mass mobility prefactor and dimension, respectively,
that are 1.0 and 2.15 for FSP-synthesized particles. The num-
ber distribution ranges from 1 to 128 primary particles with
a median of 36 particles and an arithmetic standard deviation
σs of 0.5. The rigid aggregates are deposited individually on
the bottom surface of a tetragonal simulation box accord-
ing to diffusion and a thermophoretic velocity as discribed
elsewhere [47]. The contact of the aggregate with the bot-
tom surface or a previously deposited aggregate marks it as
deposited. A deposited aggregate remains static during the
ongoing film formation. The coefficient of diffusion for poly-
dispersed nanoparticle aggregates is calculated according to
Zhang et al. [64]. The program zeno is used to determine the
hydrodynamic radius [65] and 56 angles are used to calculate
the mean projected area PA of the deposited agglomerates.
The friction factor f follows:

f = 6πμRH

CC

(
λπRH
PA

) (14)

with the fluid viscosity μ, mean free path λ, the hydrody-
namic radius RH and the Cunningham slip correction CC .
The application of a thermophoretic velocity of 0.1 m/s [48]
results in a film with a porosity of 98 %, which matches
very well the typical experimental value [47,48]. The box
presents a side length of 140 d̄s , which corresponds to a box
with geometric sizes of 1.5814 × 1.5814 × 3.3580 µm3.

5.4 DEM simulations

All DEM simulations are performed using the LIGGGHTS
package [66], in which we have implemented the here-

developed contact model, using a timestep Δt = 0.5 ps.
Capillary forces and solvation forces are implementedusing a
tabulated potential to reduce computational cost. Initial relax-
ation of each simulated system is performed using a viscosity
term acting on all particles (viscosity of 10 pN/(ms−1)). The
action of this ‘environmental viscosity’, together with the
friction terms in the contact model, guarantees that the sys-
tems evolve quasi-statically, with sufficient dissipation of
the kinetic energy that builds up as a consequence of the
nanoparticle rearrangements under mechanical stress. The
AFM tip with a side length of 0.8 µm, represented by non-
interacting and rigid primary particles with 20 nm radius, is
placed above the film without any initial contact to the film.
The dynamical simulations are then carried out in the micro-
canonical ensemble, with the sole energy dissipation of the
DEM contact model able to maintain the system under quasi-
static conditions. The tip is moved with a constant velocity
of −0.5 m/s along the z direction and the forces acting on
the tip particles are averaged over periods of 10 ns, equaling
a tip displacement of 5 nm. After reaching a repulsive force
of 2 nN, the tip velocity is slowly decreased, reversed and
then again increased to +0.5m/s within a period of 0.2 µs.
Periodic boundary conditions are applied to the simulation
box, with the bottom layer of aggregates kept fixed in order
to mimic an underlying sample holder.
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