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Experimental Methods for Model Parameters in the Discrete 
Element Method†
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The Discrete Element Method (DEM) is a widely used numerical 
method for studying, analyzing, and optimizing particulate processes. 
Based on contact models, DEM can predict the interactions of particles 
and particles with wall surfaces. Various contact models have been 
developed that consider various deformation and adhesion behaviors, 
particle shapes, and surface morphologies. However, accurate 
prediction of the real behavior requires experimental estimation and 
calibration of the model parameters for the studied particles. The 
objective of this paper is to provide a comprehensive overview of recent 
advancements in particle-property measurement methods, with a 
particular focus on the parameters of contact models. The measurement 
methods are classified into different categories, including static and 
dynamic loading and single particle and particle bed tests, with and 
without consideration of the surrounding liquid. A range of measurement techniques for estimating elastic and plastic properties, as well 
as friction and restitution coefficients in both air and liquid environments, are described, including nano- and tribo-indentation, 
compression, and impact tests. The applicability of these techniques was demonstrated using our own elastic–plastic model. The impacts 
of various influencing factors on material parameters and contact interactions are discussed. This overview can help identify suitable 
experimental techniques for calibrating and validating DEM models.
Keywords:	 particle, DEM, contact model, parameter estimation, nano/tribo-indentation, compression, impact, liquid

1. Introduction
The Discrete Element Method (DEM) is a widely em-

ployed approach for the analysis, description, and optimi-
zation of granular processes, such as milling (Burmeister et 
al., 2022; Tavares, 2017), silo discharging (Coetzee and 
Els, 2009; Hesse et al., 2020), coating (Grohn et al., 2023a; 
Suzzi et al., 2012), and powder segregation (Alizadeh et al., 
2017; Guo et al., 2011; Hadi et al., 2024). Particle–particle 
and particle–wall interactions are described using contact 
models that consider a variety of particle characteristics 
depending on the specific particle material system (Luding, 
2008). The coupling of the DEM with Computational Fluid 
Dynamics (CFD), as well as Lattice Boltzmann (LBM) or 
Smoothed Particle Hydrodynamics (SPH), allows the study 
of interactions with ambient fluids (Golshan et al., 2020; 
Potapov et al., 2001; Sakai et al., 2020), which extends the 
application to multiphase processes, such as filtration 
(Puderbach et al., 2021), fluidized bed (Breuninger et al., 
2019; Deen et al., 2007; Di Maio and Di Renzo, 2007; Fries 
et al., 2011; Li et al., 2016), and granulation (Grohn et al., 

2022b; Hayashi et al., 2020; Jajcevic et al., 2013). Three-
phase systems consisting of liquid and gas as continuum 
phases with solid particles can be described by using a 
multiphase solver in CFD to consider the liquid–gas inter-
actions (Vångö et al., 2018; Washino et al., 2023). In the 
case of wetted particle systems, such as pastes and agglom-
erates, the influence of liquid bridges can be described us-
ing bond models (Grohn et al., 2022a; Lian et al., 1998; Wu 
et al., 2018) or resolved simulations with the Immersed 
Boundary Method (Jain et al., 2012).

In order to achieve an accurate prediction of the real 
particle behavior in any particulate processes using DEM 
simulations, the experimental estimation or calibration of 
parameters and validation of contact models must be per-
formed. Various standard tests have been established and 
implemented in DEM procedures to obtain particle param-
eters, such as compression tests, shear cell tests, static and 
dynamic angle of repose, and collision tests (Coetzee, 
2017; Richter et al., 2020). Nevertheless, these tests are 
used to obtain parameters for dry particle systems. In a 
liquid environment, particle interactions such as friction 
and adhesion can differ from those in a dry system. More-
over, the lubrication forces can significantly influence the 
particle interactions and must be considered in the DEM, as 
well as in the unresolved CFD–DEM simulations. There-
fore, novel test methods for measuring the DEM  
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parameters in liquid environments are necessary.
This review introduces the general interaction mecha-

nisms of particles in liquids and the required parameters for 
contact models that can be applied in DEM to describe 
these contact interactions. The experimental methods used 
to obtain these parameters are summarized and explained 
in detail for dry particle systems and are also extended for 
ambient liquid and three-phase systems.

2. Discrete element method
The modeling of granular materials using DEM was first 

introduced by Cundall and Strack (1979). The particles are 
represented by spheres, and the walls are flat surfaces. The 
“soft” contact approach employs a physical force- 
displacement model to calculate the contact deformation as 
a virtual overlap of contact partners i and j. The position 
and translational velocity vP of each particle with the mass 
mP during time t are determined by numerically integrating 
Newton’s second law (Zhu et al., 2007):
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where Fg and Fc describe the gravitational and contact 
forces. The last term on the right of Eqn. (1) includes fluid 
forces Ff acting on the particle from surrounding fluid like 
drag and pressure gradient forces.

The rotational movement of each particle with the angu-
lar velocity ωP is described by Euler’s equation:
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including the moment of inertia JP and all torques resulting 
from the tangential contact forces Mt and rolling friction 
Mr.

Since the behavior of granular materials is strongly influ-
enced by the particle shape, e.g., flow (Giannis et al., 2023; 
Hesse et al., 2021), breakage (Zhang et al., 2020), and flu-
idization (Grohn et al., 2023b; Vollmari et al., 2016), the 
DEM has been extended using approaches for non- 
spherical particles (Kildashti et al., 2023; Lu et al., 2015). 
The most commonly used methods are the multi-sphere 
approach (Khazeni and Mansourpour, 2018; Kruggel- 
Emden et al., 2008a; Marigo and Stitt, 2015; Markauskas et 
al., 2010), superquadric (Cleary, 2004; Grohn et al., 2023b; 
Ji et al., 2020; Ma and Zhao, 2017; Soltanbeigi et al., 
2018), and the bonded particle method (BPM) (Dosta et al., 
2016; Park and Min, 2015; Rotter et al., 2023; Wolff et al., 
2013) (Fig. 1).

The accurate calculation of contact forces and deforma-
tions in DEM is especially important for predicting the be-
havior of granular materials, which are significantly 
influenced by energy dissipation effects, such as plastic 
deformation, adhesion, and friction. To accommodate the 
diverse adhesion and deformation behaviors observed in 

various granular materials, several contact models have 
been developed.

2.1	Modeling of the contact force–displacement 
behavior

The interactions between two contact partners (two par-
ticles or a particle with a wall) approaching each other in a 
viscous fluid and coming into direct contact can be repre-
sented by the relationship between the total force F and the 
distance s between their surfaces (s < 0) or the contact dis-
placement during their direct contact (s ≥ 0) (Fig. 2). Ac-
cording to the direction of motion, the entire interaction can 
be divided into two successive phases: particle approach 
and separation. Contact forces can be classified into two 
categories: those that can act without direct contact, such as 
lubrication and adhesion forces, and those that arise from 
deformation during direct contact.

As the particles approach each other, the fluid is dis-
placed from the contact zone, resulting in a lubrication or 
viscous repulsive effect. The force depends on the distance 
and approach speed and can be influenced by the rough 
microstructure of the surface. The minimum distance at 
which these forces act corresponds to the first direct contact 
between the largest asperities of both surfaces with the 
height ha,p,i.

At a small distance between the surfaces of the particles, 
the adhesive forces increase, which can result in a notable 
attraction or tensile load on the particles. The viscous and 
adhesive forces determine the initial contact velocity of the 

Fig. 1  Non-spherical particles in DEM: Bio-cell agglomerates using a 
multi-sphere approach (1) and BPM (2). Different Superquadrics (3).
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particles, which can differ significantly from the undis-
turbed velocity. The direct contact of particles without any 
deformation is formed by the attractive adhesion force FH0 
(“jump in”). As the particles continue to approach, elastic 
deformation begins. When the force–displacement curve 
intersects the abscissa, the total force equilibrium is ob-
tained (total force equals zero). After this point, the com-
pressive force first increases during elastic deformation, 
followed by plastic deformation after the yield point.

During unloading, the elastically stored deformation is 
recovered, and the force–displacement curve shows the 
permanent plastic deformation after complete unloading in 
the compression mode (spl at F = 0).

Particle separation can occur due to the residual stored 
elastic energy and is slowed down by the adhesive force, 
which increases during loading due to the formation of the 
plastic contact surface. When the unloading curve reaches 
the minimum, the so-called adhesion limit, the deformed 
contact surfaces separate as the distance increases. During 
separation, the fluid flows into the contact zone, creating 
lubrication forces that dissipate the kinetic energy of the 
rebound.

Different contact models have been developed to de-
scribe the various deformation behaviors of particles:
●	 viscoelastic (Brilliantov et al., 1996; Olsson and Jelagin, 

2019; Schäfer et al., 1996; Stoianovici and Hurmuzlu, 
1996; Tsuji et al., 1992; Ye and Zeng, 2017)

●	 elastic–viscoplastic, plastic, and viscoplastic (Adams et 
al., 2004; Walton and Braun, 1986; Weis et al., 2019)

●	 plastic with adhesion (Thornton and Ning, 1998; Weis et 
al., 2019)

●	 elastic–plastic without adhesion (Antonyuk et al., 2010; 
Johnson and Pollock, 1994; Thornton et al., 2017) and 
with adhesion (Hesse et al., 2023; Jasevičius et al., 2015; 
Olsson and Larsson, 2013; Pasha et al., 2014; Thakur et 
al., 2014; Tomas, 2007b)
The following studies provide an overview of contact 

models: Antonyuk, 2019; Kruggel-Emden et al., 2007; 
Kruggel-Emden et al., 2008b; Pöschel and Schwager, 
2005; Stronge, 2010; Tomas, 2007b.

A significant limitation of the existing models is that 
they can only describe a single specific type of deforma-
tion. Furthermore, the parameters used in these models are 
not always based on directly measurable quantities; thus, 
they require adjustment. In the following section, a novel 
elastic–plastic contact model is presented, and its parame-
ters are obtained for elastic–plastic dry (Section 2.3.1) and 
wet (Section 3.3.5) particles using the experimental tech-
niques outlined in this study.

2.2 Elastic–plastic contact model
The contact model elucidates the transition from elastic 

to elastic–plastic deformation during loading. The analyti-
cal description of the force–displacement relationship is 

based on the pressure distribution in the actual contact area, 
which is derived from the Tomas model (Tomas, 2007a). 
The irreversible plastic deformation was obtained by solv-
ing the energy balance of the loading and unloading cycles. 
Contact consolidation due to plastic flattening was consid-
ered by calculating the following loading and unloading 
cycles and the increased adhesion force, which is described 
in detail in our previous studies (Hesse et al., 2023; Weis et 
al., 2019).

2.2.1	Elastic component of the force–displacement 
relationship

The elastic deformation can be described by the Hertz 
model (Hertz, 1882), which assumes an elliptical pressure 
distribution pel(rc) in the elastically deformed contact area 
Ael with the radius rc,el (Fig. 3):
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and the maximum pressure pmax acting at the center of the 
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which depends on the effective modulus of elasticity E* 
and the radius of the contact surface curvature R* given as
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where ν is Poisson’s ratio and R is the radius of the contact 
partners i and j.

The nonlinear relationship between elastic force Fel and 
displacement s was derived by Hertz by integrating the 
pressure over the contact area as follows:
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Due to the parabolic curvature of the force–displacement 
curve, the equivalent contact stiffness in Eqn. (8) increases 
during elastic deformation with the increase in the dis-
placement and the equivalent radius of the contact surface 
curvature, such that larger particles behave more stiffly 
than smaller particles (Antonyuk et al., 2010):
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The modulus of elasticity and Poisson’s ratio are two mate-
rial parameters that fully describe the elastic contact force.
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2.2.2	The elastic–plastic part of the force–
deformation relationship

The plastic deformation begins when the yield pressure 
py of the material in contact is reached. The force and dis-
placement (Fy, sy) corresponding to the yield point can be 
calculated according to Thornton and Ning (1998) as fol-
lows:
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These relationships show that the finer particles reach 
the yield point with lower forces and deformations than the 
larger particles of the same material, as confirmed by ex-
periments (Antonyuk et al., 2010). Yielding starts at the 
center of the contact area, at which the yield point is 
reached due to the highest pressure. With further loading, a 
plastically deformed circular area Apl of radius rc,pl (Fig. 3) 
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is formed, growing radially from the center outwards to the 
edge of the full contact area Ac. The outer ring of the con-
tact with the area Ael continues to deform elastically  
because the contact pressure is below the yield pressure. 
Tomas (2007a) defined an elastic–plastic contact area coef-
ficient κA, which describes the ratio of the plastic contact 
deformation area Apl to the total contact deformation area 
Ac = Ael + Apl, as follows:
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The ratio Apl/Ac is 0 for ideal elastic (Apl = 0) and 1 for 
fully plastic deformation (Ael = 0). Therefore, the contact 
area coefficient κA is in the range between 2/3 for ideal 
elastic behavior and 1 for fully plastic contact deformation. 
This parameter can also be determined in Eqn. (11) as the 
ratio of the yield point displacement sy to the total displace-
ment s.

The contact force during elastic–plastic deformation can 
be determined by integrating the pressure distribution over 
the corresponding elastic and plastic partial surface areas:
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For materials with low yield strength, elastic deforma-
tion can be neglected, and the contact behavior can be 
characterized as dominantly plastic with a constant pres-
sure py over the whole plastically deformed contact area 
(Ac = Apl, κA = 1) (Fig. 3). In this case, the plastic force Fpl 
can simply be derived from Eqn. (13) as follows:
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The linear force–displacement relationship for perfectly 
plastic deformation results in a constant stiffness, given as
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For the description of the force during elastic–plastic and 
plastic deformation with this model, only one parameter is 
needed: the yield pressure py, which can be estimated from 
the yield point in measured force–displacement curves us-
ing Eqns. (9) and (10).

2.2.3	The loading–unloading behavior
The loading–unloading cycle of an elastic–plastic parti-

cle is shown schematically in Fig. 4. The unloading process 
starts at point U (Fmax, smax) and ends when the force de-
creases to zero at point E. The force–displacement relation-

ship Fun(s) for the unloading phase (curve UE in Fig. 4) can 
be described (Hesse et al., 2023) as
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During unloading, the elastic part of the deformation is 
restored. To describe the remaining plastic deformation spl 
and the corresponding contact area Apl(spl), the energy 
conservation law can be applied, which states that the elas-
tic energy stored during the loading phase Eel,lo is com-
pletely released during the unloading phase Eel,un. These 
energies can be determined by integrating the correspond-
ing force–displacement relationships.

The elastic energy of the loading can be calculated as the 
sum of the total energy before the yield point and the elastic 
part of the energy during elastic–plastic deformation:
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The elastic energy released during unloading can be deter-
mined as
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The plastic deformation can be derived by Eqn. (18)
y y

* 2 2
3 3

y max y

max maxy y

pl max

max max

1

π  5  8 3

4 

s s

p R s s

s sF s

s s

F F

   

     
   

   
    

 

(18) 

 

  

y y
* 2 2

3 3
y max y

max maxy y

pl max

max max

1

π  5  8 3

4 

s s

p R s s

s sF s

s s

F F

   

     
   

   
    

 

(18) 

 

  

	 (18)

Yield
point

elastic–plastic

elastic
(Hertz)

O

Y

U

E

Fo
rc

e 
F

Displacement s

Fig. 4  Schematic representation of the loading–unloading cycle for the 
elastic–plastic contact.

https://doi.org/10.14356/kona.2026006


Fabian Krull et al. / KONA Powder and Particle Journal No. 43 (2026) 22–46 Review Paper

27

2.3	Contact model parameters and measurement 
methods

The contact behavior of particles is described by contact 
models using various parameters and properties that can be 
divided into three main categories (Fig. 5):
●	 Single particle properties, e.g., size, shape, density, and 

porosity, roughness, modulus of elasticity, stiffness, 
yield pressure, and surface energy

●	 Contact interactions, e.g., coefficients of restitution, 
sliding and rolling friction coefficients, and the Hamaker 
constant

●	 Bulk material behavior, e.g., packing density, compress-
ibility, discharge velocity, repose and slope angles, fric-
tion coefficient, Hamaker constant
The measurement methods for the first two groups of 

properties are important for estimating the contact model 
parameters, which are based on the equivalent properties of 
both contact partners. Parameters, such as the equivalent 
modulus of elasticity in Eqn. (5), can be calculated from 
the properties measured using the first group of methods. 
However, because of the lack of generalized models for 
equivalent parameters of the second group, such as the co-
efficient of restitution, a measurement with both contact 
partners is always necessary for their determination.

The bulk tests of the third group of methods, shown in 
Fig. 5, are used to validate contact models and calibrate 
parameters while considering the complexity of particle 
loading in multiple contacts within a particle system 
(Coetzee and Scheffler, 2023; Forgber et al., 2022; Grohn et 
al., 2022b; Handl et al., 2017; Hoshishima et al., 2021; 
Pachón-Morales et al., 2019; Slominski et al., 2007).

2.3.1 Single particle properties
The particle size and shape distributions are essential 

dispersity parameters of granular systems (Lu et al., 2015). 
Detailed knowledge of the dispersity of particulate systems 
is a key factor in describing their behavior in technological 
processes.

The established methods for measuring particle size 
distributions (PSD) in gas and liquid include static and dy-
namic light scattering, sedimentation in analytical centri-
fuges, focused beam reflectance measurements, and 
ultrasonic and light spectroscopic extinction (Merkus, 
2009; Schwarz et al., 2018; Tsotsas and Mujumdar, 2011). 
These methods describe the PSD of granular media using 
equivalent-diameter approaches in a size range depending 
on the measurement method. With imaging methods like 
dynamic image analysis and scanning electron microscopy, 
the shape of the particles can be described in 2D to provide 
additional information. For measuring 3D particle shape, 
computed tomography has become an increasingly com-
mon technique (Bagheri et al., 2015; Ditscherlein et al., 
2020; Zhao and Wang, 2016). The shape and microstruc-
ture of the particles and agglomerates can be reconstructed 
from the resulting image stack (Dosta et al., 2016) and im-
plemented in the DEM using the multi-sphere or bonded 
particle approaches (Fig. 6). The further benefit of com-
puted tomography is the determination of the porosity of 
particles and agglomerates, which influences their break-
age behavior during loading (Dosta et al., 2016; Lv et al., 
2021).

Pores in particles can be divided into open and closed 
pores, which can be determined using different methods. 
The closed pores can be calculated by comparing the true 
density of the material with the results of a gas pycnometer 
measurement (Amoozegar et al., 2023; Sereno et al., 2007). 
Gas adsorption methods permit the analysis of open micro- 
and mesopores with a size range of approximately 0.35–
100 nm by adsorption curves using the BJH (Barrett et al., 
1951) or HK (Horváth and Kawazoe, 1983) approaches. 
The investigation of open pores up to 500 μm can be inves-
tigated using mercury intrusion porosimetry (Ge et al., 
2023; Palmer and Rowe, 1974).

The surface roughness of the particle and wall surfaces is 
of significance, given their effect on friction (Fuchs et al., 
2014; Han et al., 2018; Sheng et al., 2016), reduction of 

 Coefficient of restitution

 Sliding friction

 Rolling friction

 Cohesion, adhesion

Particle
properties

Contact 
interaction

Bulk
behavior

 Packing density

 Hopper discharging

 Angle of repose

 Shear box test

 Shear cell

 Size, shape, roughness

 Particle density  porosity

 Modulus of elasticity,
yield pressure

 Surface energy / tension

ω

ωω

n

n ω

nt

Fig. 5  Schematic overview of contact model parameters and single 
and bulk measuring methods.
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Fig. 6  Implementation of a real agglomerate in the DEM using μCT 
(TomoScope L, Werth Messtechnik GmbH). From Left to right: Optical 
image, image stack from μCT, STL 3D reconstruction, DEM simulation.
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cohesion and adhesion (Rabinovich et al., 2000; Rumpf, 
2012; Schaefer et al., 1995; Zhou et al., 2003), and colli-
sion behavior for dry and wet particle systems (Joseph et 
al., 2001; Krull et al., 2021; Li et al., 2020a). The roughness 
of particles can be measured using scanning probe micros-
copy (SPM), such as atomic force microscopy (AFM) 
(Ramakrishna et al., 2011) or triboindentation (Krull et al., 
2021). The probe is in contact with the surface by applying 
a defined normal force F (Fig. 7). By moving horizontally, 
the distance of the probe was adjusted to keep the applied 
normal force constant. The measurement of height varia-
tion provides a description of surface topography.

The resolution of the SPM depends on the geometry of 
the tip and is reduced as the size of the tip decreases. Due 
to direct contact with the sample, excessive force may have 
an adverse effect on the surface topography. Therefore, 
noncontact methods, such as confocal microscopy (Ji et al., 
2021) , are preferred, but these are limited to highly curved 
surfaces.

To calculate the roughness (nm scale), the particle curva-
ture (μm up to mm scale) was separated from the measured 
surface, as shown in Fig. 8.

The mechanical properties of individual particles, such 
as Young’s modulus, yield, and compression strength, can 
be obtained via uniaxial compression and indentation tests 
(Antonyuk et al., 2010; Hesse et al., 2020). The load and 
displacement ranges that can be applied in these tests de-
pend on the size and deformation behavior of the particles. 
The AFM can be used to measure forces in the range of pN 
to μN. This method is limited by the particle size, which 
should be less than 100 μm (Butt et al., 2005; Götzinger 
and Peukert, 2003; Hodges et al., 2002). For larger and 
stiffer particles, a nanoindenter (from nN to N) (Fischer- 
Cripps and Nicholson, 2004) or a material testing machine 
(from mN to kN and above) can be used.

Fig. 9 shows a typical force–displacement curve for 
α-lactose monohydrate particles (FlowLac90 from Meggle 
AG) measured using a Hysitron TI Premier nanoindenter 
with a circular diamond flat punch (diameter of 100 μm). 
The particles were nearly spherical in the size range of 
200–250 μm.

At the beginning of the contact between the indenter and 
the particle, elastic deformation of the particle occurs. The 
force during elastic deformation was described by the 
Hertz theory in Fig. 9 (left). The value of the modulus of 
elasticity E = 2.50 ± 0.80 GPa, calculated with Eqn. (7) by 
assuming a Poisson’s ratio of νp = 0.2, agrees well with 
measurements for α-lactose in the literature (Perkins et al., 
2007).

At the yield point (Fy, sy) in Fig. 9, plastic deformation 
begins, as indicated by the increasing deviation of the ex-
perimental curve from the Hertz curve. The yield pressure 
py = 27.0 ± 0.53 MPa was calculated using Eqns. (9) and 
(10) from the obtained displacement and force at the yield 
point. With these parameters, the force in the elastic–plastic 
deformation range was approximated by the elastic–plastic 
model in Eqn. (12). The small deviation of the theoretical 
curve from the experimental data can be explained by the 
fact that the contact area of the particle under compression 
was not perfectly circular, and the particle surface had sig-
nificant roughness (Fig. 9, left).

The unloading model in Eqn. (15) was calculated using 
only the measured material parameters E and py. Fig. 9 
shows that the model accurately describes the unloading 
force and overestimates the plastic deformation (Eqn. (18)), 
but the difference is less than 12 %.

The adhesion and cohesion of a particle depend on its 
surface energy (Mader-Arndt et al., 2017). The most 
widely used method for measuring surface energy is the 
determination of the contact angle of a droplet deposited on 
a solid surface (Law and Zhao, 2016; Packham, 2003) us-
ing camera recordings (Fig. 10). By using at least two dif-
ferent liquids with known surface tension and their polar 

Fv z
x

Fig. 7  Sketch of scanning probe method (SPM).
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Fig. 8  Measuring topography of a spherical 300 μm zirconium oxide 
particles using SPM with a triboindenter (TI Premier). The surface 
roughness was obtained by subtracting the particle curvature.
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Copyright: (2020) Elsevier B.V.
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and disperse fractions, the surface energy of the material 
can be determined using the model of Owens, Wendt, 
Rabel, and Kaelble (Owens and Wendt, 1969).

The surface energy can also be determined using inverse 
gas chromatography (iGC) (Mohammadi-Jam and Waters, 
2014; Rudolph and Hartmann, 2017). Instead of using a 
liquid phase, polar and unipolar liquids are vaporized and 
passed through the sample material with an inert gas. By 
measuring the retention time, the adsorption behavior was 
investigated, and the surface energy distribution was ob-
tained.

2.3.2 Contact interactions
The various micro processes during particle–particle or 

particle–wall interactions, such as adhesion (Rabinovich et 
al., 2000; Tomas, 2007b), friction (Johnson, 1987; Krull et 
al., 2018; Luding, 2008; Mindlin and Deresiewicz, 1953; 
Popov, 2017; Sommerfeld and Huber, 1999; Staedler et al., 
2019), and plastic deformation (Antonyuk et al., 2010; 
Molerus, 1975; Paul et al., 2014; Walton and Braun, 1986), 
can lead to energy dissipation in the contact and signifi-
cantly influence the behavior of the particle system.

The energy dissipation during a collision is often de-
scribed by the coefficient of restitution (CoR), e, which is 
an essential damping parameter in contact models of DEM 
(Antonyuk et al., 2010; Kruggel-Emden et al., 2007; 
Luding, 2004; Pöschel and Schwager, 2005; Tsuji et al., 
1992). The CoR is defined as the square root of the ratio of 
the kinetic energies of the particle after (Ekin,rebound) and 
before (Ekin,impact) a collision:

kin,rebound R

kin,impact

E v

e

E v

   

 

(19) 
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In the case of an ideal elastic impact, the kinetic impact 
energy is completely stored during the approach of the 
colliding partners (loading phase) and released during their 
rebound (unloading phase). Therefore, the relative veloci-
ties of the contact partners before (v) and after (vR) the im-
pact are equal and e = 1. Conversely, if the energy of the 
kinetic impact is completely dissipated during the collision, 
there is no rebound, and e = 0. For partial dissipation of the 
impact energy, e.g., in the case of elastic–plastic deforma-
tion behavior, the restitution coefficient is in the range of 
0 < e < 1 (Antonyuk et al., 2010; Johnson and Pollock, 

1994; Stronge, 2010; Thornton and Ning, 1998). The CoR 
depends not only on the deformation behavior of the con-
tact partners but also on the topography of the surfaces 
(Krull et al., 2018).

To measure CoR, collision experiments between a single 
particle and a wall and between two particles can be per-
formed as free fall tests (Antonyuk et al., 2010; Bunke et 
al., 2024; Crüger et al., 2016b; Kharaz et al., 2001; Krull et 
al., 2018) or pendulum tests (Hlosta et al., 2018; Stevens 
and Hrenya, 2005; Weir and Tallon, 2005). The velocity of 
the particles before and after contact is usually obtained by 
high-speed recording.

The influence of the collision angle and initial particle 
rotation on the CoR can be studied by tilting the substrate 
or using a pneumatic setup to accelerate particles at differ-
ent impact angles (Antonyuk et al., 2010; Dong and Moys, 
2006; Kharaz et al., 2001; Krull et al., 2023). Collision tests 
can be used to determine the coefficient of friction in a 
sliding regime, which typically occurs at higher impact 
angles (Kharaz et al., 2001; Maw et al., 1976; Mueller et 
al., 2011). Moreover, the maximum contact area of the 
particle can be determined due to the wall coating by 
nanoparticles with low adhesion (Fig. 11) (Weis et al., 
2019). During collisions, the coating adheres to the contact 
surface of the particle, leaving an imprint. The proposed 
method can be used to evaluate the calculated contact area 
in the DEM to obtain the actual contact force. The elevated 
standard deviation observed in the experimental results can 
be attributed to the non-spherical shape of the particles. 
Consequently, the noncircular contact area was evaluated 
using the equivalent radius.

The coefficient of sliding friction between a particle and 
a wall can be measured by gluing a particle to the cantilever 
of an AFM (Butt et al., 2005) or on the flat tip of a triboin-
denter (Fuchs et al., 2014; Strohner and Antonyuk, 2023). 
The fixed particle (Fig. 12, left) is indented into the wall 
substrate surface with a constant normal force and moved 
along the surface by measuring the tangential force. For 
higher loads, the sliding friction can be determined for a 
monolayer of particles glued to a plate that is sheared along 
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Fig. 10  Contact angle measurements on flat surfaces (left) and on 
particles (right).
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Fig. 11  Comparison of the measured contact radius on a glass sub-
strate coated with Aerosil® R 202 nanoparticles (right) with a theoretical 
value calculated using the plastic contact model (Fig. 3), adapted with 
permission from Ref. (Weis et al., 2019). Copyright: (2019) Elsevier B.V.
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the wall substrate (Fig. 12, right) using a shear cell (Hesse 
et al., 2020). The coefficient of sliding friction can be cal-
culated according to Coulomb’s law of friction (Mullier et 
al., 1991; Popov, 2017).

Fig. 13 shows the measured friction coefficients for 
spherical zirconium oxide particles (912 μm in diameter) in 
contact with an untreated stainless steel substrate using the 
single particle test with a triboindenter (Ti Premier, 
Hysitron) and the shear test of the particle monolayer with 
a ring shear cell (Powder Flow Tester, Brookfield). The 
measured friction coefficient demonstrates comparable 
values for various normal forces between 10 and 
10,000 mN. An increase in the friction coefficient can be 
observed at lower normal forces for single particles due to 
an increased influence of adhesion. The exhibited standard 
deviation was derived from three repetitions and does not 
encompass deviations occurring during a single measure-
ment. At higher forces acting on the particle layer, small 
variations in the particle size can lead to an uneven load 
distribution, which results in an increased friction coeffi-
cient due to partial wear.

The rolling friction coefficient of spherical particles can 
be measured by rolling an unfixed particle between the in-
denter tip and substrate under a reduced normal load. The 
tangential force on the horizontally moving tip or substrate 
is then measured by a triboindenter (Bilz and de Payrebrune, 
2021; Fuchs et al., 2014; Hesse et al., 2020).

The adhesion between two particles or a single particle 
and a wall can be measured with the same setup as for 
sliding friction using an AFM (Butt et al., 2005) or nanoin-
denter (Mader-Arndt et al., 2017). The adhesion was mea-

sured by the indentation of the glued particle in the contact 
partner. The resulting pull-off force at detachment can be 
used to calibrate the Hamaker constant in contact models.

2.3.3 Bulk parameter adjustment methods
Due to the variety of particle properties in a granular 

system, a more complex stress state in multiple contacts, 
and overlapping effects, the coefficients of friction and the 
cohesion measured in bulk tests can deviate from single- 
particle measurements (Härtl and Ooi, 2011; Jones, 2003). 
Therefore, the contact model parameters obtained from 
single particle tests must be adjusted using bulk test meth-
ods, which always reflect the superposition of friction and 
cohesion/adhesion forces in multiple contacts. However, 
single particle measurements are of great importance for 
obtaining the real contact behavior of particles for the se-
lection or development of a suitable contact model.

The simplest experiment for the validation and calibra-
tion of the bulk behavior was to measure the packing den-
sity of the granular media. By filling a defined cylindrical 
container with the particle sample with a known mass, the 
height can be measured and compared with the DEM sim-
ulation results (Gao et al., 2021; Hesse et al., 2021). By 
vibrating this container, the tapped density, which charac-
terizes the compaction behavior of the material due to the 
change in the spatial arrangement of particles during vibra-
tion, can also be measured and compared with the DEM 
(Abi-Mansour et al., 2018).

A common method to investigate bulk behavior with a 
free surface is the measurement of the angle of repose 
(AoR). The AoR can be measured in both static (Nakashima 
et al., 2011; Quist and Evertsson, 2015; Roessler and 
Katterfeld, 2019) and dynamic (Cunha et al., 2016; Santos 
et al., 2016) cases (Fig. 14). In the static case, a cylinder on 
a plate is first filled with the bulk material and then slowly 
lifted (Grima and Wypych, 2011; Hesse et al., 2021). The 
slope of the resulting pile was measured. Using a rotating 
drum, the dynamic AoR can be measured (Coetzee, 2019). 
By varying the rotational speed, the particle behavior can 
be investigated for a wider range of forces acting on the 
particles.

Ring and translational shear cells can be used to obtain 
bulk coefficients of friction and cohesion and validate flow 
behavior during silo discharge (Angus et al., 2020; Hesse et 
al., 2020; Tykhoniuk et al., 2007). The simulations of the 
flow behavior at low stresses can be validated using a pow-
der rheometer. For this test, a cylindrical cell with a stirrer 
(Fig. 15) was integrated into a rotational rheometer to 
measure the resulting torque during the stirrer rotation in-
side the bulk material (Hesse et al., 2020). By varying the 
stirrer depth in the cell, the flow behavior under different 
normal stresses can be studied.

Hopper discharge or draw-down tests (Coetzee, 2020; 
Ketterhagen and Wassgren, 2022) with small transparent 
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Fig. 12  Left: A zirconia particle glued on a flat indenter tip for a tri-
boindenter, adapted with permission from Ref. (Strohner and Antonyuk, 
2023). Copyright: (2023) Elsevier B.V. Middle/right: Schematic of the 
sliding friction measurement method for single particles and particle 
monolayers.
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Fig. 13  Measured sliding friction coefficients of zirconium oxide par-
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wedge-shaped and conical hoppers can be performed by 
comparing the flow inside the hopper with the discharge 
mass flow. In the case of the wedge geometry, the outlet 
angle of the hopper can be varied to change the flow behav-
ior and validate the simulation results. A disadvantage of 
this method is the large number of particles required for the 
DEM simulation. A combined investigation of the flow 
behavior and AoR can be performed using a shear box test 
(Carr et al., 2023; Hesse et al., 2021; Roessler et al., 2019). 
The test comprised a cubic box with transparent walls, in-
cluding a horizontal removable wall. The particles were 
introduced into the box, and the static AoR inside the box 
was measured. After removing the horizontal wall, the 
mass flow was measured by a high-speed balance.

3. Contacts in two- and three-phase systems
Liquids in particle processes can significantly influence 

particle behavior and contact dynamics. This can be con-
sidered in DEM simulations using different approaches. A 
popular approach is coupling with computational fluid dy-
namics (CFD), which simulates the behavior of the fluid 
phase and transfers fluid forces on particles to the DEM (Di 
Maio and Di Renzo, 2007; Tsuji, 1993). The fluid–particle 
interactions can either be resolved in the simulation (Tang 
et al., 2017b) or calculated by applying a drag model (Li et 
al., 2016). Due to the significant increase in the computa-
tional cost of the resolved simulations, unresolved CFD-
DEM simulations are preferred. In this case, the influence 
of the liquid on the contact dynamics should be considered. 
In addition, the influence of the particle concentration 
(swarm effect) must be taken into account by specific cor-
relations for the drag forces (Deen et al., 2007; Deshpande 
et al., 2019, 2020; Golshan et al., 2020).

3.1 Contact modeling based on liquid
The liquid effects on the particle contact can be calcu-

lated directly in the DEM simulation with modified contact 
models. In the following sections, different approaches to 
modeling wet contact are explained for specific contact 
scenarios. The modeled influences can be divided into three 
main cases (Fig. 16). The first case considers the influence 
of hydrodynamic effects on the gap between approaching 
and rebounding contact particles or between a particle and 
wall. These effects typically occur when particles collide in 
a liquid environment, such as a suspension or paste. The 
second case describes the formation and rupture of liquid 
bridges in contact. This is a typical example of the impact 
of liquid-layer particles on surfaces. During particle re-
bound, liquid bridges are formed, leading to capillary 
forces. Another effect in the third case was the moisture 
saturation of the porous particles and the humidity of the 
surrounding gas.

3.1.1 Near-wall effects
The influence of liquid forces on contact behavior can be 

considered by modifying the parameters of contact models 
without adding new force terms (Jain et al., 2012). An ex-
ample of a parameter that can be affected by the surround-
ing medium is the friction coefficient. Sinka (2007) 
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reported a significant decrease in friction due to lubrication 
effects during powder compaction in a die. According to 
the work of Kuwagi et al. (2000), the shear force in a wet 
contact can be expressed as the internal friction in liquid. 
The viscous energy dissipation due to fluid displacement at 
the contact can be considered in the DEM by modifying the 
restitution coefficient. A well-known approach to this is an 
elastohydrodynamic model (Barnocky and Davis, 1988), 
which describes the wet coefficient of restitution, ewet, as
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where ηf is the dynamic viscosity, hinit is the initial distance 
between particles, below which the viscous squeezing flow 
begins, and hmin is the critical distance at which this flow is 
interrupted by surface roughness (Joseph et al., 2001; Krull 
et al., 2021).

The energy dissipation of the wet collision can lead to 
sticking, which can be estimated using the critical Stokes 
number. The Stokes criterion according to Ennis et al. 
(1991) takes into account the energy dissipation due to 
viscous effects in the liquid layers on the colliding parti-
cles, assuming that no plastic deformation occurs, but some 
of the kinetic impact energy can be dissipated due to inelas-
tic contact deformation. If the critical Stokes number 
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 (Barnocky and Davis, 

1988) is exceeded, the particle is expected to rebound. Liu 
et al. (2000) extended this criterion to plastic contact defor-
mation.

The wet coefficient of restitution can be applied in DEM 
simulations as a parameter to model particle contact while 
considering hydrodynamic effects (Sutkar et al., 2015).

As an alternative to the elastohydrodynamic model, the 
lubrication forces can be implemented directly into the 
force balance of the DEM and calculated in each wet con-
tact at small particle distances (Grohn et al., 2022b; Nijssen 
et al., 2023).

The lubrication force FL,n in normal direction (Grohn et 
al., 2023a; Lian et al., 1998; Shi and McCarthy, 2008; Tang 
et al., 2017a) is usually described in DEM by the Adams 
and Perchard (1985) model in Eqn. (22) based on the 
Reynolds lubrication theory. For thin liquid layers, the ex-
pression of Matthewson (1988) can be used. For the lubri-
cation force in tangential direction FL,t different models 
were developed (Goldman et al., 1967; Kuwagi et al., 
2000; Washino et al., 2017). The analytical solution of 
Popov (2017) in Eqn. (23) was derived for the tangential 
force on a spherical particle moving along a flat surface 
covered by a liquid film.
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where vn and vt are the normal and tangential components 
of the relative velocity of the colliding particles, respec-
tively, and h is the shortest distance between their surfaces. 
In direct contact, h would become zero, resulting in an in-
finite force. In general, two options are used to exclude this 
event. The first method is to define a cut-off distance hmin, 
which sets a limit on the minimum applied value of h. The 
second method uses an extended distance sr which is added 
to h as
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The parameters hmin and sr refer to the physical presence 
of the surface asperities that first come into contact during 
the collision. Therefore, they can be derived from measur-
able roughness parameters, such as the root mean square 
roughness (Krull et al., 2021; Mongruel and Gondret, 
2020; Strohner and Antonyuk, 2023).

3.1.2 Liquid bridge modeling
In many particulate three-phase processes, such as fluid-

ized bed agglomeration, rotary drum coating, and mixing, 
the presence of a liquid phase in the form of films on solid 
particles or droplets can significantly affect particle dynam-
ics due to the formation of liquid bridges. The capillary 
forces acting in liquid bridges between particles due to in-
terfacial surface tension can lead to particle sticking and 
aggregation. To describe these effects, the contact forces in 
DEM are usually extended by a liquid bridge model 
(Endres et al., 2021; Wu et al., 2018).

The capillary force in the liquid bridge can be derived 
from the Young–Laplace equation by applying a shape 
model of the liquid bridge. Many models have been devel-
oped to describe capillary forces in symmetrical liquid 
bridges under static and dynamic conditions (Megias- 
Alguacil and Gauckler, 2009; Mikami et al., 1998; Pitois et 
al., 2001; Xiao et al., 2020). The liquid bridge model of 
Israelachvili (2011) distinguished the capillary forces in the 
liquid bridge between two particles and the particle on the 
flat wall as
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where γ denotes the surface tension and θ is the wetting 
angle. The volume of the liquid bridge Vb formed during 
the rebound of wetted particles can be determined using a 
liquid transfer model developed by Shi and McCarthy 
(2008), which defines the distribution and transfer of liquid 
on the interacting particles.

The maximum liquid bridge length determines the criti-
cal distance at which the bridge ruptures, thus limiting the 
scope of the liquid bridge model. There are several models 
for the maximum liquid bridge length (Antonyuk et al., 
2009; Gollwitzer et al., 2012; Lian et al., 1993; Mikami et 
al., 1998; Pitois et al., 2001); however, Grohn et al. (2022a) 
recently showed that the impact velocity, which was not 
considered in earlier models, significantly affects this pa-
rameter. They extended a common model (Mikami et al., 
1998) to include the collision velocity. This resulted in the 
distinct equations for the particle–particle (pp) and the 
particle–wall (pw) collisions, with Cpp and Cpw as fluid- 
dependent constant parameters:
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3.1.3 Moist particle modeling
The moisture content of particles and agglomerates can 

significantly influence their mechanical deformation and 
breakage behavior (Iveson et al., 2001; Reynolds et al., 
2005). The amount of liquid in the porous material is de-
scribed by the degree of void saturation S, which is defined 
as the ratio of the volume of the void occupied by the liquid 
to the total volume of the void.

Schubert (1984) found that the tensile strength of wet 
agglomerates strongly depends on their hydro-textural state 
and divided the saturation degree into three ranges accord-
ing to the binding mechanisms of the particles by the liq-
uid. At low moisture content, liquid bridges are formed 
between individual particles and liquid films on their sur-
face. In the so-called pendular region, the capillary forces 
in the liquid bridges determine the tensile strength σt,ct. As 
the saturation increases (S > 0.3), some pores are filled with 
liquid, leading to the coexistence of liquid bridges and 
capillary adhesion. Pure capillary adhesion is reached at 
S ≥ 0.8. The moist agglomerates showed the highest 
strength near full saturation, S ≈ 0.9. The tensile strength in 
this region can be described by the Schubert model 
(Schubert, 1984). For the transition region (funicular 
range), the attractive force cannot be given analytically 
because of the complexity and diversity of the funicular 
clusters. Herminghaus et al. (2019) performed simulations 
for different funicular clusters.

The above works assume quasi-static loading and only 
consider the dominant capillary forces. However, the de-

formation and breakage behaviors of moist particles under 
dynamic loading are strongly influenced by the viscous ef-
fects in the liquid distributed in the porous structure. The 
viscous energy dissipation typically becomes dominant at 
high loading rates and can be significant by high-viscosity 
binders (Antonyuk et al., 2009; Crüger et al., 2016a; Davis 
et al., 2002; Pitois et al., 2000; Rossetti et al., 2003). Fu et 
al. (2004) found that at least 97 % of the impact kinetic 
energy is dissipated by viscous flow in the liquid bridge 
formed in the contact area at low impact velocities or by 
bulk viscoplastic flow at higher impact velocities.

Tardos et al. (1997) showed that the strength of wet vis-
coplastic pellets depends on the viscous forces and can be 
described by the Stokes deformation number, which is the 
ratio of the initial kinetic energy to the deformation energy. 
Iveson et al. (2002) related the strength of the wet pellets to 
the capillary number Ca, which describes the ratio of the 
viscous force to the surface tension force. An important 
finding from their compression experiments of wet pellets 
with different Ca contents was that for Ca > 10–4 the vis-
cous forces became dominant and significantly influenced 
the yield strength of the wet particles. In this range of Ca 
numbers, the adhesion criteria based on the Stokes number 
(Eqn. (21)) and the wet restitution coefficient (Eqn. (20)) 
are used.

Grohn et al. (2020) reported that the stiffness and break-
age force of microcrystalline cellulose pellets decreased 
with increasing saturation. Therefore, saturation-dependent 
mechanical properties, such as the reduced Young's modu-
lus and yield pressure, must be considered (Weis et al., 
2019). In addition, energy dissipation during collisions due 
to the presence of liquid in the particles must be consid-
ered. Similar to liquid bridge modeling, capillary and vis-
cous forces can be applied to the contact model. Weis et al. 
(2021) implemented a liquid force term that acts during 
particle loading because of the fluid being squeezed out of 
the particle. During unloading, it was assumed that a liquid 
bridge with the same volume as the amount of liquid 
squeezed out would form and act as a capillary force. The 
applied models are similar to the described lubrication and 
liquid bridge models with a modification to account for the 
geometry change due to deformation in the contact.

Moist air can also have direct effects on particle rebound 
behavior, as demonstrated by different authors (Dong et al., 
2018; Li et al., 2020b), who conducted experiments with 
μm sized particles at various humidity levels and detected a 
decrease in the coefficient of restitution with increasing 
humidity. This was explained by the adhesion resulting 
from the formation of microscopic liquid bridges during 
contact.

3.2 Determination of fluid properties
Based on the presented models for the consideration of 

liquids in the contact modeling in DEM, the material  
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parameters of the involved fluid need to be specified. Usu-
ally, the fluid is already known; therefore, the density, vis-
cosity, and surface tension can be found in the literature or 
might be provided by the manufacturer. Otherwise, e.g., if 
a fluid mixture with unknown properties is investigated, 
these properties need to be measured. The density can be 
determined by gravimetric analysis. Various methods exist 
for the viscosity measurement; therefore, the selection of a 
suitable method will depend on the investigated fluid as 
well as the available options, e.g., a draining vessel-type, a 
falling ball, or a rotational viscosimeter. Bhattad (2023) 
presents an overview of the methods used for viscosity 
measurements.

The surface tension of a liquid can be determined using 
different types of tensiometers based on various correla-
tions. They are either based on a force balance or correlate 
the shape of a droplet or bubble with the applied pressure to 
determine the surface tension. Franses et al. (1996) summa-
rized different methods for surface-tension measurement.

The contact angle is connected to the surface tension and 
characterizes the wettability of surfaces by a fluid. A com-
mon contact angle measurement method is the analysis of 
the shape of a single sessile droplet placed on a solid sur-
face. The static contact angle is then optically determined 
as the angle between the droplet surface contour and the 
baseline of the surface at the three-phase contact point 
(Fig. 10).

If the three-phase contact line is exposed to highly dy-
namic influences, the apparent (macroscopic) contact angle 
may vary from the microscopic contact angle. To account 
for this effect, a dynamic contact angle can be used, which 
can be divided into an advancing θa and a receding contact 
angle θr. The dynamic contact angle can be measured under 
the action of forces on the contact line (Butt et al., 2022). 
Further explanation of the contact angle measurement and 
additional methods are provided by Law and Zhao (2016).

3.3	Study of liquid effects in single particle 
experiments

To measure liquid effects on particle collision, many 
methods developed for single particle experiments in air 
can be adopted. This requires modification of the test setup 
and consideration of additional parameters. In some cases, 
completely new setups have to be developed for estimating 
specific parameters, including the effects of liquids.

3.3.1 Particle collisions in liquid
The wet coefficient of restitution can be determined 

similarly to the free fall experiments under dry conditions 
(Section 2.3.2) by measuring the impact and rebound ve-
locities of a single particle dropped onto a wall surface in a 
chamber filled with the investigated liquid (Fig. 17). It is 
essential that the chamber side walls and liquid are trans-
parent to record particle movements with high-speed cam-

eras (Krull et al., 2021). The chamber should be designed 
in such a way that the wall effects do not influence particle 
sedimentation and collision. The impact velocity can be 
varied up to the terminal velocity by adjusting the drop 
height of the particle. To prevent the adhesion of gas bub-
bles to the particle surface as they pass through the inter-
face, the particle release should be positioned inside the 
liquid.

Complementing the wet restitution coefficient, this ex-
periment estimated the hydrodynamic wall effects on parti-
cle collision. Fig. 17 shows the velocity profile of a 460 μm 
zirconia particle during sedimentation toward a wall in 
water. After release, the particle is accelerated by gravity. 
At a distance of around 200 μm from the wall, the velocity 
of the particle begins to decrease because of the wall effect. 
The lubrication force exerted a notable influence, particu-
larly in the vicinity of the wall. This wall effect must be 
considered in the DEM for a correct calculation of the 
contact force.

A detailed experimental analysis in combination with 
numerical modeling of particle movement in the vicinity of 
a wall can also provide information on the influence of 
surface topography on the lubrication force (Mongruel and 
Gondret, 2020; Strohner and Antonyuk, 2023). These data 
can be used to calibrate the asperity height parameter hmin 
in the elastohydrodynamic model (Barnocky and Davis, 
1988) in Eqn. (20).

Fig. 18 shows the measured CoR of zirconia particles in 
the size range of 300–1000 μm colliding in water (St < 200) 
and air (St > 2000) with titanium substrates, which differed 
in their roughness (SRMS,polished = 33 nm; SRMS,untreated =  
370 nm).

For the collisions in air, the higher roughness of the un-
treated titanium surface resulted in a slight reduction in the 
mean CoR due to friction effects and plastic deformation of 
the asperities. However, this was accompanied by an  

0
0.04
0.08
0.12
0.16

0 1 2 3 4 5 6 7

V
el

oc
ity

 / 
m

/s

Distance to wall / mm

High-speed cameraNozzle

Fluid cell

Surface

Fig. 17  Experimental setup for investigating particle collisions in liq-
uid (top), adapted with permission from Ref. (Krull et al., 2021). Copy-
right: (2021) Elsevier B.V. Recording of a single 460 μm zirconium 
oxide particle sediment toward a wall in water with the corresponding 
velocity profile (bottom).
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increase in the standard deviation, which can be attributed 
to the fact that the surface roughness leads to greater varia-
tion in contact scenarios. In the case of collisions in water, 
a reduction in St resulted in a rapid decrease in CoR due to 
the effect of viscous forces. In contrast to the collision in 
air, at lower Stokes numbers in water, the rough surfaces 
exhibit a higher mean CoR than the polished surfaces. This 
phenomenon can be attributed to the higher minimum gap 
between the particle and the wall surface asperities, which 
reduces the effect of viscosity.

In addition to the roughness height, the topographical 
structure of the surface can also influence the collision be-
havior. Fig. 19 shows the measured CoR values of the same 
zirconia particles for collisions in water and air with tita-
nium substrates with varying surface microstructures. A 
comparative analysis was conducted between the polished 
substrate and two additional surface topologies: a truncated 
pyramidal substrate with a front face of 100 × 100 μm2 and 
an opening angle of 25° and a channel substrate comprising 
50 μm grooves and 50 μm bridges, which were produced 

using micromilling (Aurich et al., 2024). The CoR of the 
polished substrate decreased with a reduction in St and 
consequently remained nearly constant for the microstruc-
tured surfaces during collisions in water (St < 200). This 
can be attributed to the change in fluid dynamics through 
the microstructure, which results in a decrease in the vis-
cous forces (Fig. 20) (Strohner and Antonyuk, 2023). At 
higher St numbers in the absence of liquid influence, the 
CoR of the microstructured surfaces increased due to the 
reduced drag exerted on the particles. It remains below that 
observed for the polished surface, reflecting the increased 
friction and multiple contacts resulting from particles im-
pacting between two or more structural elements. The 
variability in contact scenarios on the microstructure also 
contributes to the high standard deviation of the micro-
structured surfaces.

3.3.2 Particle collision with a wet surface
The influence of the liquid layers covering the particles 

on their collision and sticking behavior can be considered 
in the DEM simulation by the wet restitution coefficient 
ewet as a function of the St number as it was described in 
Section 3.1.1. This relationship can be obtained via colli-
sion experiments of particles using the setup shown in 
Fig. 21. The particle is dropped onto a substrate covered 
with liquid. The substrate is placed inside a frame that 
limits the spreading of liquid and defines the maximum 
layer height, which corresponds to the distance parameter 
hinit by the calculation of ewet in Eqn. (20).

Since the layer thickness can decrease due to evapora-
tion, Antonyuk et al. (2009) used a precision balance to 
measure the weight of the layer and calculated the current 
liquid height by knowing the inner frame area. Crüger et al. 
(2016b) applied a confocal sensor to measure the current 
layer thickness. The method demonstrated higher accuracy 
because the layer thickness was measured locally at the 
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Fig. 18  Comparison of CoR values for zirconium oxide particles in the 
size range of 300–1000 μm with a polished and untreated titanium sub-
strates in air and water, adapted with permission from Ref. (Krull et al., 
2021). Copyright: (2021) Elsevier B.V.
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Fig. 19  Comparison of CoR for collision of zirconium particles with 
titanium substrates in air and water. SEM-images of the substrates are 
shown below (polished, channel and truncated pyramid).
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topography covered by water layers of various heights at a collision ve-
locity of 0.5 m/s, adapted with permission from Ref. (Strohner and 
Antonyuk, 2023). Copyright: (2023) Elsevier B.V.
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contact area, thereby avoiding inaccuracies due to tilting of 
the sample or height variations due to surface curvature.

Fig. 20 shows the CoR measured for zirconia particles 
(912 μm) colliding on titanium surfaces with different  
topographies covered by a water layer. While the reduction 
in CoR with increasing layer height for the polished and 
untreated surfaces was comparable, the CoR on the micro- 
milled surface decreased at a slower rate. This result is due 
to the reduced lubrication force, which is similar to that in 
the liquid-immersed experiments. The microstructure of 
the pyramid surface leads to a high standard deviation, as 
the collision behavior depends on the contact position, 
which in turn determines the contact geometry.

A key issue in studying wet particle–particle collisions is 
the creation of a defined liquid layer on the particle surface 
before contact. Buck et al. (2018) developed a setup, in 
which the particle is wetted as it passes through a liquid 
film bounded by a ring. Bunke et al. (2024) extended the 
experimental procedure of Buck and described the liquid 
layer height formed on the particle surface after penetra-
tion.

3.3.3 Investigation of liquid bridges
The mechanisms of shape change and rupture of the liq-

uid bridge can be studied by high-speed imaging (Fig. 22) 
in free fall collision experiments, as described in the previ-
ous section. As illustrated in the models in Eqns. (27) and 
(28), the critical liquid bridge length depends on the colli-
sion velocity and differs between particle–particle and 
particle–wall collisions. The range of adjustable test veloc-
ities in the free fall collision setup (Fig. 21) was con-
strained by the particle acceleration due to gravity up to a 
terminal velocity.

For liquid bridge investigations over an extended range 
of velocities, two additional setups can be used (Grohn et 
al., 2022a). The first setup shown in Fig. 23 performs slow 
dynamic tests at velocities between 0.1 and 40 mm/s using 

a material testing machine, e.g., Texture Analyzer (TA). 
The particle is glued to the punch of the TA, while the fluid 
is applied as a droplet to the second particle or substrate 
fixed to the sample table. The droplet volume can be pre-
cisely specified using an Eppendorf pipette, which corre-
sponds to the liquid bridge volume. First, the punch moved 
the fixed particle to the wetted surface. After contact, the 
particle is separated from the wall surface as the punch 
moves upward at a defined velocity. The formed liquid 
bridge is stretched until it ruptures.

Higher velocities can be achieved using the second setup 
(Fig. 24) by moving the attached particle with a pneumatic 
cylinder. By using different cylinder sizes and varying the 
applied pressure through a pressure throttle, separation ve-
locities between 0.3 and 4 m/s can be set. The measurement 
procedure was the same as that for the low-velocity setup.

Liquid layer

Vacuum needle with particleConfocal sensor

90°

Cameras
Frame

Substrate

Liquid layer

Fig. 21  Schematic of the free fall setup for particle collision on a wall 
surface covered with a liquid layer, adapted with permission from Ref. 
(Grohn et al., 2022a). Copyright: (2022) Elsevier B.V.

Fig. 22  Formation and rupture of the liquid bridge during particle re-
bound from the wall covered by a liquid layer with a thickness of 100 μm 
(left) and approximation of the liquid bridge geometry (right).
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TA punch with a particle

Eppendorf pipette

Droplet on 
substrate

Camera

Fig. 23  Schematic of the low-speed liquid bridge experiment (0.1–
40 mm/s) using TA, adapted with permission from Ref. (Grohn et al., 
2022a). Copyright: (2022) Elsevier B.V.
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Fig. 24  Schematic of the high-speed liquid bridge experiment 
(0.3–4 m/s) using a pneumatic cylinder, adapted with permission from 
Ref. (Grohn et al., 2022a). Copyright: (2022) Elsevier B.V.
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Fig. 25 shows the maximum liquid bridge length be-
tween two particles and in particle–wall contact. The ex-
periments performed using the pneumatic cylinder setup  
at different collision velocities are compared with the  
dynamic model in Eqns. (27) and (28), with 
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 (Grohn et al., 2022a).
The collision velocity and contact surface curvature of 

the contact partners showed strong effects on the maximum 
liquid bridge length, which can be well predicted by the 
dynamic model. This model implemented in DEM could 
predict wet particle dynamics in a fluidized bed rotor gran-
ulator (Grohn et al., 2022b).

The shape of the liquid bridge that defines the curvature 
of the liquid–gas–solid interface is often approximated as 
parabolic by two principal radii (Lian et al., 1993; Mikami 
et al., 1998; Rabinovich et al., 2005). The collision dynam-
ics of particles may cause a deviation from this shape as the 
bridge is stretched due to inertia, leading to an elongation 
of the central part of the bridge before the bridge ruptures 
(Antonyuk et al., 2009). Grohn et al. (2022a) proposed an 
alternative approximation of the shape as a set of three 
trapezoids rotated around a symmetry axis representing the 
upper, lower, and central parts of the bridge (Fig. 22 right).

3.3.4 Direct measurement of fluid-induced forces
For the experimental validation of models that describe 

the forces acting on the interacting particles from the liq-
uid, it is possible to measure these forces directly.

Pitois et al. (2001) developed an apparatus specifically 
designed to measure the dynamic forces in a liquid bridge 
stretched between two particles. The dependence of the 
liquid bridge force on the separation velocity was described 
by a model that considers the capillary and lubrication 
forces.

The so-called “colloidal probe technique” uses an 
atomic force microscope with a particle attached to the 
cantilever for measuring the capillary forces in liquid 
bridges (Kappl and Butt, 2002; Rabinovich et al., 2005). 
These experiments are static measurements because no 
velocity variation is applied or the velocity is low enough 

to be neglected. Consequently, the static nature of the ex-
periment also prevents the measurement of the lubrication 
force during the particle approach. This problem can be 
solved by the extended nanoindentation setup shown in 
Fig. 26.

The examined substrate sample was covered with liquid 
in a container placed on the linear microstage. A linear unit 
(maximum velocity of 1.6 mm/s) was used to move the 
sample toward a particle attached to the indenter tip. The 
lubrication force and the distance between the particle and 
surface were measured directly during the approach. 
Fig. 27 shows the results of lubrication force measure-
ments between a zirconia particle and a polished titanium 
surface completely immersed in glycerol at different veloc-
ities. The good agreement between the measured force- 
distance relationships and the model in Eqn. (22) validates 
the proposed method (Strohner and Antonyuk, 2023).

The load cell of the nanoindenter device can measure 
forces in the normal and tangential directions. The influ-
ence of the liquid layer on the friction coefficients of single 
particles can be measured by moving the substrate on the 
linear unit in the tangential direction at a constant normal 
force. Fig. 28 compares the friction forces in dry and wet 
contacts for zirconia particles on a microstructured tita-
nium surface at a normal force of 1 N. For wet friction, a 
100 μm layer of silicon oil was applied to the surface.
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3.3.5	 Investigation of moisture-dependent particle 
properties

The determination of the mechanical material parame-
ters of moist particles or agglomerates requires a controlled 
experimental environment to ensure consistent climatic 
conditions because these can influence the saturation de-
gree and thus the mechanical behavior of the particles 
(Antonyuk et al., 2015; Mueller et al., 2011). Therefore, 
mechanical tests of moist particles are usually performed in 
a climatic chamber to prevent drying (Grohn et al., 2020; 
Weis et al., 2019).

The compression tests can be used to investigate how 
Young’s modulus, stiffness, yield, and compression strength 
are affected by the moisture content of the particles. Fig. 29 
shows the typical loading–unloading curves measured in 
compression tests of wet and dry pharmaceutical spherical 
particles in the size range of 1.0–1.2 mm. The pellets were 
produced via an extrusion–spheronization process from 
20 wt% microcrystalline cellulose and 80 wt% of α-lactose 
monohydrate with the addition of conserved water (Weis et 
al., 2019). The moisture content (weight of water related to 
the total mass) was measured using a moisture analyzer 
(MA100, Sartorius) for the wet particles at 0.287 ± 5 ×  
10–3 g/g and at 9.690 × 10–3 ± 4 × 10–4 g/g after drying. 
The compression tests of the wet particles were performed 
using a Texture Analyzer inside a climatic chamber at a 
relative humidity of 90–95 %. The linear slope of the load 
curve indicates the dominant plastic behavior of wet and 
dry particles according to the model in Eqn. (13), which is 
confirmed by the large plastic deformation after unloading. 
The model for the unloading force in Eqn. (15) and the re-
sulting plastic deformation in Eqn. (18) can accurately 
predict the experimental results. During unloading, the 
curve of the wet particles shows adhesion due to the liquid 
bridge formed by the squeezed liquid. This adhesion force 
can be considered in the DEM as an additional capillary 
force in the contact model (Weis et al., 2021). The differ-
ence in the slope of the loading curves shows that the wet 
particles exhibit a significantly lower plastic stiffness and a 

correspondingly higher deformation than the dry particles, 
despite being exposed to much lower forces. According to 
the model in Eqn. (13), the obtained yield pressure of wet 
particles is py,wet = 0.31 ± 0.05 MPa, which is much lower 
than the dry state (py,dry = 52.6 ± 14.1 MPa).

The influence of dynamic effects, such as viscous forces, 
on the deformation mechanisms of wet particles can be 
studied using collision tests. The use of a climatic chamber 
in such experiments is also often necessary to maintain a 
constant moisture content in the particles. In some studies, 
impact tests have shown that ambient humidity affects the 
capillary forces in contact (see humidity-dependent CoR 
(Li et al., 2019)).

The coefficients of restitution for wet and dry pharma-
ceutical particles described in previous compression tests 
are shown in Fig. 30. The measurements were performed in 
a climatic chamber designed for a free fall collision setup 
(Weis et al., 2019). The CoR of dry particles decreased with 
increasing velocity because of the increased plastic defor-
mation. The moisture of particles significantly reduces 
CoR owing to viscous and capillary effects. At impact ve-
locities lower than the sticking velocity (v < vs = 0.36 m/s), 
the wet particles adhere to the surface because of the for-
mation of a liquid bridge in the contact. As the impact ve-
locity increases, the adhesive force is overcome by higher 
impact energy and the particle rebounds. Although the CoR 
increased, its maximum value at v = 0.86 m/s was still 
much smaller than the CoR of dry particles. A further  
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Fig. 28  Friction measurement of zirconium oxide particles 
(d = 912 μm) on a microstructured titanium surface, dry, and covered by 
a 100 μm layer of silicon oil.
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Fig. 29  Force–displacement curves of dry and wet pharmaceutical 
particles were measured and described using Eqns. (13) and (15), 
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Elsevier B.V.
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increase in impact velocity decreases CoR. In addition to 
plastic deformation, various effects can contribute to this 
increase in energy dissipation, e.g., liquid squeezing out of 
the porous particles leads to viscous deformation behavior 
and the formation of larger capillary bridges in the contact.

3.4	Bulk experiments for DEM validation of 
wetted and immersed systems

Similar to the validation of DEM models for dry particle 
systems (Section 2.2.3), bulk measurement methods can be 
developed that are suitable for wetted and immersed parti-
cles. Tests with small amounts of particles are advanta-
geous for quickly calibrating parameters before the 
simulation of the entire process is performed.

The measurement of the AoR, which is realized for dry 
bulk materials using a hopper, should be performed for 
wetted particles with a lifting cylinder setup because the 
flow through a hopper can become difficult due to strong 
capillary forces between the particles, resulting in high co-
hesion and poor flowability. However, instead of a particle 
pile, a cylindrical shape can remain, depending on the liq-
uid content, as shown in Fig. 31 (top) for the spherical 
1-mm glass beads. The comparison of the shape and the
diameter-to-height ratio was used to validate the DEM
model. In addition, the dynamic AoR can be measured us-
ing a rotating drum, as shown in Fig. 31 (bottom). By
adding a liquid at a low concentration (1 wt%), the dy-
namic AoR increased compared with the dry experiments
(compare with Fig. 14) due to the capillary force of the
wetted particles.

The influence of the liquid content on the friction and 
cohesion can be investigated using shear cells and a pow-
der rheometer, as in the dry case (Wittel et al., 2019). In 
addition, the shear box test and draw-down test can be 
performed using wetted particles (Carr et al., 2023).

The dynamic spreading behavior of wetted particle sys-
tems can be investigated using vibration experiments. By 
creating a pile on a vibration shaker (Fig. 32 top), the col-
lapse of the pile as a function of amplitude and frequency 
can be recorded by a camera and used to validate the DEM 
model by comparing the change in height and spreading 
diameter over time. Fig. 32 shows the spreading behavior 
of glass beads (diameter of 1.1 mm) with a water content of 
15 wt% at different amplitudes at 69 Hz. The liquid bridge 
model described in Section 3.1.2 was implemented in the 
DEM. The simulations showed good agreement with the 
experiments over the investigated period. With increasing 
amplitude, the pile collapsed faster, and at an amplitude of 
156 μm, a constant height was achieved after 20 s.

Wetted and sticky particle systems, e.g., pastes, can be 
studied using an extrusion setup to validate the DEM simu-
lation with the flow behavior of the material under different 
compression and shear stresses. During vertical movement, 
the punch presses the material out of the mold. The normal 
force needed to extrude the wet particle system and the 
displacement of the punch were measured. The resulting 
force–displacement curve of the extrusion process can be 
used to calibrate the friction and adhesion parameters in the 
DEM model.

The validation of the DEM model for a particle system 
suspended in liquid is more difficult to realize because the 
fluid flow–particle interactions complicate the simulations. 
The AoR in liquid can be determined by immersing the 
whole experimental setup to prevent the influence of air 
and excessive fluid flow through particle sedimentation.

The initial step involves positioning the cylinder (7 mm 
inner diameter with an outlet of 2 mm) and bottom plate 
inside a container filled with water. Subsequently, the parti-
cles were suspended inside the cylinder using a funnel with 
an opening situated close to the bottom plate to reduce the 
classification effect during sedimentation. Once the parti-
cles had settled to the base of the cylinder, the cylinder was 
slowly elevated in order to minimize the impact of the flow 
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effects on the AoR within the fluid. Fig. 33 shows a com-
parison of the AoR measured in air and water for glass 
beads with a constant sample mass of 1 g and varying par-
ticle size distribution, where the mixture (M) is a 27:73 w% 
combination of fine (F) and coarse (C) fractions. The re-
duction in friction and cohesion in water was evident in the 
fine and mixed samples, as indicated by the decrease in pile 
height and AoR. In water, gravitation had a more dominant 
effect on these fractions than cohesion. Consequently, in 
contrast to air, the impact of the studied particle sizes in 
water on the pile shape and AoR is not significant.

4. Conclusion
The Discrete Element Method represents a significant 

advancement in the field of particulate processes, offering a 
comprehensive and accurate numerical description. The 
application of more accurate measurements or calibrations 
of the model parameters will result in more precise predic-
tions of the interactions within a real particle system using 
the DEM. This paper presents a review of the methods used 
to measure contact model parameters.

Single-particle tests, such as nanoindentation, can be 
employed to determine the mechanical properties and vali-
date contact models. As particles within a bulk material 
often exhibit complex multi-contact loading scenarios, it is 
sometimes necessary to calibrate parameters measured by 
single particle tests using bulk methods.

While some methods have been established for measur-
ing dry particles, only a few are currently available for wet 
particles, particles with liquid layers, and particles im-
mersed in liquid. Liquid bridges and layers can be investi-
gated by impact and shear tests in the presence of liquid 
layers. The influence of the impact velocity on the restitu-
tion and friction coefficients, as well as the geometry and 
rupture length of liquid bridges, must often be considered 
because of dominant dynamic forces. The deformation and 
breakage behaviors of moist particles are strongly influ-
enced by moisture content and stress rate.

Impact tests and nanoindentation with particles fixed on 
the indenter tip can be used to investigate the contact be-
havior in the liquid. The measured parameters, such as 
CoR, AoR, and friction coefficient, frequently exhibit a 
significant deviation from the dry case. Consequently, these 
parameters must be modified in contact models to account 
for deviations.

The suitability of individual measurement methods is 
determined by the range of forces, deformations, and ve-
locities, and the methods must be adapted to the specific 
conditions of the investigated process.

Nomenclature
AFM	 Atomic force microscopy
AoR	 Angle of repose
CFD	 Computational fluid dynamics
CoR	 Coefficient of restitution
DEM	 Discrete element method
PSD	 Particle size distribution
SPM	 Scanning probe microscopy
pp	 particle–particle
pw	 particle–wall
Cpp, Cpw	 constant parameters of liquid bridge (s·m–1)
dp	 particle diameter (m)
e	 coefficient of restitution (-)
Ekin	 kinetic energy (J)
E*	 equivalent modulus of elasticity (Pa)
F	 force (N)
Fy	 yield force (N)
h	 wall distance (m)
hinit	 initial lubrication height (m)
hmin	 limiting height of lubrication (m)
J	 moment of inertia (kg·m2)
lmax	 maximum liquid bridge length (m)
mp	 particle mass (kg)
M	 torque (Nm)
p	 pressure (Pa)
py	 yield pressure (Pa)
R	 radius (m)
R*	 equivalent radius (m)
rc	 contact radius (m)
sr	 roughness parameter for lubrication force (m)
smax	 maximum deformation (m)
sy	 yield deformation (m)
St	 Stokes number (-)
v	 velocity (m·s–1)
V	 volume (m3)
γ	 surface tension (mN/m)
ηf	 viscosity (Pa·s)
θ	 contact angle (°)
φ	 moisture content (-)
ρ	 density (kg·m–3)
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