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ABSTRACT
3D printing is a unique manufacturing method that enables food customization. The development of a modeling
framework to predict mechanical properties of food products is an invaluable tool in such a customization
process. To set up this framework, 3D printed samples are mechanically characterized by means of compression
testing. The observed phenomena are captured in a constitutive model that describes the large deformation
behavior and the brittle failure of the material. Due to the rough contact surface of 3D printed samples,
spatial homogeneity is lost and parameter identification is rendered not straightforward. To incorporate this
non-uniformity, the model is implemented in a finite element package. Simulations reveal the influence of
this geometrical effect, allowing to identify the model parameters by which the mechanical behavior of the
material is adequately described.

1. Introduction
Because the taste and appreciation of food is typically subjective
and personal, there is a commercial driver towards the customization
of food (Sun et al., 2015; Godoi et al., 2016). Another important
reason for food customization is health (Lipton, 2017). 3D printing is
a modern manufacturing method in which a product is built layer by
layer, which is especially suited for processing customized products.
Besides creating attractive, unique dishes, 3D food printing can be used
to tailor properties of products. A good example of this application
is the texture-modified food for elderly people that require specific
diets (Aguilera and Park, 2016).
The technique that is currently most used for food printing is based
on extrusion, as used to process, for example, chocolate (Mantihal et al.,
2017; Lanaro et al., 2017), breakfast spreads (Hamilton et al., 2018)
and cheese (Le Tohic et al., 2018). Although the presented work is
applicable to all 3D printing techniques, Selective Laser Sintering (SLS),
which is based on the sintering of powder particles (Noort et al., 2017;
Godoi et al., 2019), is chosen. This technique has the advantage that
there is no need for support structures which are not part of the design
but only needed for the process. In SLS, the unsintered powder provides
the necessary support, which makes it suitable for complex geometries.
Because the SLS process is more complicated than the extrusion based
method, SLS is not frequently used for food printing yet (Sun et al.,
2015).
Le Tohic et al. (2018) showed that the mechanical properties of the
printed material may be altered by adjusting the printing process. To

Fig. 1. Different length scales are important to understand the mechanics of food.
Effective properties at the millimeter scale originate from the micrometer scale whereas
the dimensions of the product are at the centimeter scale.

make use of the power of 3D printing to manufacture food with specific
designed or optimized properties, a modeling approach is beneficial.
This requires in-depth understanding of the mechanical behavior of
the printed material and the ability to incorporate this knowledge into
a constitutive model. The mechanics of food is an inherently multiscale problem (Liu and Scanlon, 2003b; Guessasma et al., 2011), as
schematically illustrated in Fig. 1. The mechanical properties result
from the microstructure, which is a result of the process conditions
and the incorporated ingredients. The effect of the microstructure on
mechanical properties is studied by Attenburrow et al. (1989) for
sponge cake, Afoakwa et al. (2009) for chocolate, Sozer et al. (2011)
for chocolate cake, Agbisit et al. (2007) and Warburton et al. (1990) for
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cornstarch extrudates, Robin et al. (2011) for wheat flour based foams
and Keetels et al. (1996), Scanlon and Zghal (2001) and Zghal et al.
(2002) for bread.
To test textural properties of food, the Texture Profile Analysis
(TPA) test (Friedman et al., 1963) is often used (see e.g. Rosenthal,
2010). A complication of the TPA test is that properties are extracted
from a force–displacement curve taken from an experiment with a
probe that may have different geometries and a sample with a nonstandardized geometry. The experimental results are influenced by the
chosen geometries and settings of the TPA test, while the intrinsic mechanical properties are independent of the geometry (Peleg, 2019). 3D
printing is used to print specific structures, so here geometry matters.
To be able to predict the mechanical properties of a printed product
(i.e. the effect of geometry, material, loading/contact conditions), the
starting point should be a constitutive model that captures the intrinsic
mechanical behavior of the material. Using a constitutive model in
combination with the finite element method (FEM) can result in quantitative predictions of properties for complex geometries and loading
conditions (see e.g. Wismans et al., 2009) and thereby the textural
response. This is an essential step in enabling food customization.
Only a limited amount of papers address the constitutive modeling
of food. Guessasma et al. (2011) and Vancauwenberghe et al. (2018)
used a linear elastic model in combination with FEM to predict effective
properties of food products. Del Nobile et al. (2007) focused on the
viscoelastic response and used a generalized Maxwell model to fit
stress-relaxation experiments. Shirmohammadi et al. (2015) considered
large strains with a constitutive model of pumpkin peel and flesh that
is based on an exponential strain energy function. The predictive capability of the constitutive model was limited as different parameters are
needed to describe different loading conditions, so an accurate description of complex loading conditions does not seem to be possible. Liu
and Scanlon (2003a) considered complex deformations, specifically
indentation of bread crumb, using a hyperelastic model based on the
Ogden strain energy function.
None of these models consider plastic deformation or have the
ability to describe brittle failure of food products. The aim of the
current study is to obtain a constitutive model that describes the
large-strain material behavior of 3D printed starch-based foods based
on careful experimental research. An important aspect in modeling
is the considered length scale, referring to the multi-scale problem
in Fig. 1. Here, the focus is on the millimeter length scale at which
the effective properties originate from the microstructure which depends on the process parameters. As only the effective properties are
considered, the microstructural features are not explicitly taken into
account. To quantify various aspects of the mechanical behavior, a set
of experiments is performed. The presented experimental methods are
suitable for characterizing food in general and are not restricted to the
application of 3D printing. Based on these experiments, a 3D constitutive model is formulated to describe the observed elasto-viscoplastic
and damaging behavior of the material. An important limitation, considering the layer-by-layer manufacturing process, of the presented
model is that material properties are assumed to be isotropic. The
model is implemented in a finite element framework to identify the
material parameters, considering the experimental conditions. In this
finite element study at the sample scale, the effect of geometry on the
mechanical response clearly emerges.

Fig. 2. Start of the compression test: the contact area is small.

binder (maltodextrin and palm oil), which makes it suitable for SLS.
The powder is Selective Laser Sintered in an EOS P380 machine at room
temperature. A pre-conditioning step is required because the material is
sensitive to environmental changes in moisture content. The moisture
content influences the binding between particles and the flowability of
the powder. The powder is therefore conditioned in a climate chamber
at 50% RH and a temperature of 23 ◦ C for at least 16 hours. A layer
thickness of 0.3 mm, writing speed of 100 mm/s, line distance of
0.1 mm and laser power of 1.9 W are used. The scanning direction of
the laser is alternated 90◦ in every subsequent layer to obtain the same
mechanical properties in the two principal directions. The resulting
printed cylinders have an average height and standard deviation of 𝐻
= 4.32 ± 0.07 mm and diameter 𝐷 = 3.70 ± 0.05 mm. After sintering,
the samples are baked in an oven at 180 ◦ C for 10 minutes.
2.2. Mechanical testing
Compression tests are performed with a rheometer (Discovery HR-3,
TA instruments), having a flat bottom plate and flat top plate (PetiscoFerrero et al., 2019). The axial displacement is controlled, while measuring the axial force, to obtain the force–displacement curves of the
compressed samples. The printed samples are again conditioned at 50%
RH and a temperature of 23 ◦ C for at least 16 hours prior to testing.
The samples are not perfectly flat, see Fig. 2, which results in imperfect
contact between the non-flat sample and the flat compression plate. The
average height of the surface irregularities 𝑅, illustrated in Fig. 3 and
referred to as roughness, is 0.31 mm and has a standard deviation of
0.09 mm. As a consequence, the contact area varies during the initial
part of the test.
To translate the force to a true stress and the displacement to true
strain, the actual deformed cross-sectional area is required because of
the large applied strain. In this research however, the engineering stress
is used because it is not possible to correctly quantify the dynamic
contact area between sample and compression plate. Moreover, the
samples are highly compressible and there is no visible deformation of
the cross-sectional area, suggesting that the engineering stress is close
to the true stress. The initial cross-sectional area 𝐴0 is therefore taken
to calculate the engineering stress 𝜎eng , according to

2. Experimental methods

𝜎eng = 𝐹 ∕𝐴0 .
2.1. Material and processing

(1)

The true strain 𝜀 is calculated from the displacement 𝑢 and sample
height 𝐻 (see e.g. Fenner, 1999) using

The considered material is a mixture of 50% native wheat starch
(Excelsior, Avebe), 40% maltodextrin (Glucidex MD29, Roquette) and
10% palm oil powder (Admul PO 58, Kerry). This composition is similar
to the one that was used by Noort et al. (2017) and is chosen to have
a structural component (native wheat starch) in combination with a

𝜀 = ln(𝑢∕𝐻 + 1).

(2)

An exponentially decreasing velocity profile is prescribed such that
the applied true strain rate 𝜀̇ is constant during the test. In addition,
2
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Fig. 3. Illustration of a sample with height 𝐻, diameter 𝐷, roughness 𝑅 and a damaged
zone 𝐻𝑑 .
Fig. 5. Compression testing of cylindrical samples: each curve represents a different
sample and is horizontally shifted based on maximum stiffness.

formation is observed and from this point onwards the structure of the
sample is disintegrating. In the stress–strain response, this is manifested
as a decrease of the stress as a function of strain, also known as strain
softening. From Fig. 5, it is observed that the stiffness and fracture
stress are quite reproducible. The start-up region due to the non-flatness
of the contact surface prevents an accurate direct measurement of the
Young’s modulus. The mean tangent stiffness 𝜕𝜎∕𝜕𝜀 between a strain
of 0.025 and 0.030 for the tests with a strain rate of 10−3 s−1 is 50.5
MPa, and the standard deviation is 5.3 MPa. The differences in sample
roughness are expected to be the main cause for the variations in
stiffness. For the fracture stress, a mean value of 2.8 MPa and a standard
deviation of 0.4 MPa are obtained.
The compression tests are repeated at a true strain rate of approximately 10−4 s−1 to investigate the rate-dependence of the fracture
stress. In Fig. 5, four measurements with this smaller strain rate are
compared to the compression tests with a strain rate of 10−3 s−1 . No
clear indication that the fracture stress may depend on the applied
deformation rate is observed.
In the compression tests, the tangent stiffness is increasing as a
function of the applied strain. Image analysis of the deformation, taken
during the tests, indicates that this is not only due to flattening of the
rough surface. The increase in stiffness originates from the porosity of
the samples resulting from the laser sintering process. With increasing
applied deformation, the pores are collapsing, the material becomes
denser and thus the stiffness increases. This is confirmed in the cyclic
loading tests. The result of such a test is presented in Fig. 6a, in
which the loading curves are shown. In between cycles, the sample is
not loaded during an interval that spans a duration of 10 times the
loading time, allowing the sample to relax. The sample does not recover
its original height indicating the presence of plastic deformation. The
tangent stiffness is determined for each cycle by the tangents shown
in Fig. 6a. The measurement is performed three times resulting in the
stiffness as a function of the applied strain, depicted in Fig. 6b. The
stiffness is clearly increasing until the fracture stress is reached. After
this, both stiffness and maximum stress of the damaged sample are
decreasing.
Finally, stress relaxation experiments are performed on three samples. Fig. 7 shows the decay in stress during such a measurement,
indicating a viscoelastic material response. The response is described
using four modes (𝑀 = 4) in Eq. (3) and this prediction is included in
Fig. 7.
To describe the material behavior, a constitutive model is needed
that relates stress and strain as observed in the experiments. The constitutive model is formulated in 3D in a tensorial form. The formulation
allows for high nonlinearity and large deformations. The model is
represented by a single Maxwell element including a damage model

Fig. 4. Applied displacement in cyclic loading.

cyclic loading tests are performed. The sample is loaded and subsequently unloaded with a constant velocity of 20 μm/s, increasing the
maximum displacement for each loading–unloading cycle, see Fig. 4. In
between cycles, the sample is not loaded during an interval that spans
a duration of 10 times the loading time, allowing the sample to relax.
Finally, to measure linear viscoelastic effects, stress relaxation experiments are performed. A strain between 1% and 2% is applied and
kept constant, while measuring the stress as a function of time. The
resulting viscoelastic response is described by a series of stresses 𝜎𝑖 and
relaxation times 𝑡𝑖 , according to
𝜎eng (𝑡) =

𝑀
∑

𝜎𝑖 ⋅ exp(−𝑡∕𝑡𝑖 ),

(3)

𝑖=1

in which 𝑀 is the number of used modes.
3. Constitutive model
3.1. Material characterization
The engineering stress as a function of compressive true strain of six
compression tests is shown in Fig. 5, for a strain rate of approximately
10−3 s−1 . The effect of the non-flat surface is clearly visible in the
first part of the curves, where the sample surface is flattened and
the contact area is increasing. This causes a gradual start-up region,
which is sample geometry dependent. The different measurements are
therefore shifted based on their maximum stiffness using the correction
procedure from Pelletier et al. (2007). At the maximum stress, crack
3
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Fig. 6. (a) Loading curves of a single sample (black) revealing tangent lines (blue) in cyclic loading and (b) the apparent stiffness for three different samples, determined from
the tangents.

Fig. 9. Multiplicative decomposition of the deformation gradient tensor.
Fig. 7. Stress relaxation measurement and model prediction using Eq. (3).

The trace of a tensor 𝑨 is
tr(𝑨) = 𝐴𝑖𝑖

(7)

and the deviatoric part is obtained as
𝑨d = 𝑨 −

Fig. 8. A Maxwell element represented by a spring with shear modulus 𝐺𝑖 and dashpot
with viscosity 𝜂𝑖 .

3.3. Kinematics
⃗ 0 𝑢⃗)T transforms the iniThe deformation gradient tensor 𝑭 = 𝑰 + (∇
⃗ 0 denotes the gradient
tial configuration to a deformed configuration. ∇
operator with respect to the initial configuration and 𝑢⃗ the displacement
vector. The starting point of the model is the multiplicative decomposition of the deformation gradient tensor in an elastic deformation 𝑭 e
and a plastic deformation 𝑭 p (Lee, 1969), given by

3.2. Tensor notations
In the derivation of the model, some notations are used which
are briefly described here. A second-order tensor 𝑨 in the threedimensional space is written as:

𝑭 = 𝑭 e ⋅ 𝑭 p.

(4)

−1
−1
̇
𝑳 = 𝑭̇ ⋅ 𝑭 −1 = 𝑭̇ e ⋅ 𝑭 −1
e + 𝑭e ⋅ 𝑭p ⋅ 𝑭p ⋅ 𝑭e .

(5)

(10)

The plastic part of the velocity gradient tensor is defined in the intermediate configuration as

and the double dot product in a scalar 𝑐:
𝑐 = 𝑨 ∶ 𝑩 = 𝐴𝑖𝑗 𝐵𝑗𝑖 .

(9)

This is illustrated in Fig. 9. The intermediate configuration 𝐶̂ is
obtained by deforming the initial configuration 𝐶i with 𝑭 p . The current configuration 𝐶c is reached by applying 𝑭 e to this intermediate
configuration.
The velocity gradient tensor 𝑳 is obtained as

with Cartesian vector basis {⃗
𝑒1 , 𝑒⃗2 , 𝑒⃗3 } and summation over repeated
indices. The index notation of this tensor is 𝐴𝑖𝑗 and the transpose of a
tensor 𝑨, denoted as 𝑨T , equals 𝐴𝑗𝑖 . The dot product or inner product
of two tensors 𝑨 and 𝑩 results in a second-order tensor 𝑪 which is here
defined as:
𝑪 = 𝑨 ⋅ 𝑩, with 𝐶𝑖𝑘 = 𝐴𝑖𝑗 𝐵𝑗𝑘 ,

(8)

with the unit tensor 𝑰 = 𝑒⃗𝑖 𝑒⃗𝑖 . The notation 𝑨̇ represents a differentiation
with respect to time.

to take the brittle failure into account. The mechanical analogue of
the Maxwell element consists of a spring with shear modulus 𝐺𝑖 and
a dashpot with shear viscosity 𝜂𝑖 = 𝐺𝑖 𝑡𝑖 as illustrated in Fig. 8.

𝑨 = 𝐴𝑖𝑗 𝑒⃗𝑖 𝑒⃗𝑗 ,

1
tr(𝑨)𝑰,
3

̂ p = 𝑭̇ p ⋅ 𝑭 −1 ,
𝑳
p

(6)
4

(11)
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̂ p in this intermediate
and the plastic rate of deformation tensor 𝑫
configuration is

The deviatoric stress in the intermediate configuration is expressed
d
in the elastic second Piola–Kirchhoff-like stress tensor 𝑺̂ which is
calculated from the Cauchy stress:

̂ p = 1 (𝑳
̂ +𝑳
̂ T ).
𝑫
(12)
p
2 p
Assuming that plastic deformation is isochoric, the volume change ratio
𝐽 is calculated from the determinant of 𝑭 e :
𝐽 = det(𝑭 ) = det(𝑭 e ).

d
−T d
𝑺̂ = (𝐽 𝑭 −1
e ⋅ 𝝈 ⋅ 𝑭e ) .

The viscosity is calculated as
𝜂(𝜏)
̄ =

(13)

The assumption is made that the plastic part of the deformation does
not have a rigid body rotation, i.e. 𝑹p = 𝑰, with 𝑹p the plastic rotation
tensor. The plastic deformation gradient tensor is therefore given by
𝑭 p = 𝑹p ⋅ 𝑼 p = 𝑼 p ,

(14)

and the equivalent shear stress is calculated as
√
1 ̂d ̂d
𝜏̄ =
𝑺 ∶𝑺 .
2

3.4. Stress calculation

(15)

𝜏c = 𝜏0 (1 − 𝜉) and 𝑔𝑖 = 𝑔0,𝑖 (1 − 𝜉)

3.6. Time integration
The constitutive equations are integrated from time 𝑡𝑛 to 𝑡𝑛+1 using
an implicit integration scheme (Amiri-Rad et al., 2019). The applied
deformation is given by 𝑭 and the elastic part of this deformation
gradient tensor is used to calculate the total stress. One determines
the amount of plasticity, starting from the plastic right Cauchy–Green
deformation tensor 𝑪 p = 𝑭 Tp ⋅ 𝑭 p , and then looks to the remaining part
of 𝑭 , which gives 𝑭 e . To this purpose, a Newton–Raphson scheme is
used, in which first an initial guess for 𝑪 p,𝑛+1 is taken. From 𝑪 p,𝑛+1 the
plastic right stretch tensor 𝑼 p,𝑛+1 is determined:
√
𝑼 p,𝑛+1 = 𝑪 p,𝑛+1 .
(28)

(17)

The pair of parameters (𝑔𝑖 , 𝑎𝑖 ) may also have negative values to influence the mechanical response in compression, while positive values are
determining the response in tension. By having multiple terms, it is
possible to address both tension and compression with a single set of
model parameters. The left elastic stretch tensor 𝑽 e is determined from
𝑭 e,
√
(18)
𝑽 e = 𝑭 e ⋅ 𝑭 Te ,

Using the polar decomposition of the deformation gradient, Eq. (14),
the elastic deformation gradient tensor is recovered as

and the isochoric elastic left stretch tensor to the power 𝑎𝑖 using
𝑽̃

𝑎𝑖
e

=𝐽

𝑎
− 3𝑖

𝑽

𝑎𝑖
e .

𝑭 e,𝑛+1 = 𝑭 𝑛+1 ⋅ 𝑼 −1
.
p,𝑛+1
(19)

𝑁
∑
−𝑎𝑖
𝐾𝑔𝑖 2𝑎𝑖 −1
(𝐽 3
− 𝐽 3 −1 )𝑰,
2𝐺
𝑖=1

T
𝑪̇ p,𝑛+1 = 𝑭̇ p,𝑛+1 ⋅ 𝑭 p,𝑛+1 + 𝑭 Tp,𝑛+1 ⋅ 𝑭̇ p,𝑛+1

Using 𝑪̇ p,𝑛+1 , the tensor 𝑪 p,𝑛+1 is recomputed using the backward Euler
method:

(20)

𝑪 p,𝑛+1 = 𝑪 p,𝑛 + 𝛥𝑡𝑪̇ p,𝑛+1 ,

(31)

in which 𝛥𝑡 is the time step size. The new value of 𝐶p,𝑛+1 enters the
Newton–Raphson scheme again, until convergence in the backward
Euler scheme is obtained. The Frobenius norm of the residue (difference
between initial guess and recomputed tensor) is used as convergence
criteria, repeating the time integration until a norm smaller than 10−10
is obtained. The damage parameter 𝜉 is updated at the end of each
increment by the explicit time integration of Eq. (26).

3.5. Plasticity and damage
̂ p is calculated from the
The plastic rate of deformation tensor 𝑫
stress-dependent viscosity function 𝜂(𝜏)
̄ and the deviatoric stress using
1 ̂d
𝑺 .
2𝜂(𝜏)
̄

(30)

̂ p,𝑛+1 ⋅ 𝑼 p,𝑛+1 .
= 2𝑼 Tp,𝑛+1 ⋅ 𝑫

with 𝐾 the bulk modulus.

̂p=
𝑫

(29)

̂ p,𝑛+1 is
The stress 𝝈 d𝑛+1 is obtained with this 𝑭 e,𝑛+1 and subsequently 𝑫
found from the flow rule. The time derivative of 𝑪 p,𝑛+1 can now be
calculated using

The increase in shear modulus, due to the decreasing porosity during compression, is accompanied with an increase in bulk modulus. The
factor 𝑎𝑖 , which is numerically taking care for this stiffness increase,
is therefore included in the hydrostatic stress (Nedjar, 2016). The
hydrostatic part of the stress is given by
𝝈h =

(27)

in which 𝜏0 and 𝑔0,𝑖 are the initial, undamaged variables.

(16)

in which 𝑔𝑖 and 𝑎𝑖 are the shear modulus and the exponent of Ogden
term 𝑖. The total shear modulus 𝐺 is calculated from these parameters
as
𝑁
∑
𝑔 𝑖 𝑎𝑖
.
2
𝑖=1

(25)

in which 𝑑 and 𝜉∞ are parameters describing the rate at which the
damage develops and the limit value for the damage, respectively.
The damage parameter 𝜉 affects the current shear moduli 𝑔𝑖 and the
characteristic stress 𝜏c , such that

The deviatoric part is obtained using a hyperelastic Ogden model
(Ogden, 1972, 1984). This model is chosen for its ability to model
strongly nonlinear elastic behavior, in this case an increase in stiffness
in compression, see Fig. 6b. The deviatoric stress is calculated from the
isochoric elastic left stretch tensor 𝑽̃ e :

𝐺=

(23)

The softening part of the stress–strain curve is described by a damage
law. The evolution of the damage parameter 𝜉, which is initially zero,
is calculated from the plastic strain rate by
)
(
𝜉
𝑑 𝛾̇ p ,
(26)
𝜉̇ = 1 −
𝜉∞

The Cauchy stress 𝝈 is the stress in the current configuration 𝐶c . The
total stress is split into two parts, a hydrostatic part 𝝈 h and a deviatoric
part 𝝈 d , according to

𝑁
1∑
𝑎
𝝈d =
𝑔 (𝑽̃ 𝑖 )d ,
𝐽 𝑖=1 𝑖 e

𝜏̄
.
𝛾̇ p

The plastic strain rate 𝛾̇ p , parameterized by the reference shear rate 𝛾̇ 0 ,
the power 𝑚 and the characteristic stress 𝜏c , is given by
( )𝑚
𝜏̄
,
(24)
𝛾̇ p = 𝛾̇ 0
𝜏c

in which 𝑼 p is the plastic right stretch tensor.

𝝈 = 𝝈h + 𝝈d.

(22)

(21)
5

Journal of Food Engineering 278 (2020) 109941

N. Jonkers et al.
Table 1
Model parameters.
𝐺 [MPa]
17.4

𝐾 [MPa]
19.0

𝑔0,1 [MPa]
1.0

𝑎1 [–]
2.0

𝑔0,2 [MPa]
−0.73

𝛾̇ 0 [s−1 ]
1.0 ⋅ 10−3

𝜏0 [MPa]
2.6

𝑚 [–]
15

𝑑 [–]
5.0

𝜉∞ [–]
0.85

𝑎2 [–]
−45

be equal to the Young’s modulus 𝐸. The flattening makes it hard to
determine a Poisson’s ratio 𝜈, which is estimated as 0.15. From these
values, the shear modulus and bulk modulus are calculated using
𝐺=

𝐸
𝐸
, and 𝐾 =
, respectively.
2(1 + 𝜈)
3(1 − 2𝜈)

(32)

The hyperelastic part of the model consists of two Ogden terms
each with a shear modulus 𝑔0,𝑖 and exponent 𝑎𝑖 . One term is dominant
in tension (positive values) and the other is dominant in compression
(negative values). Because of the brittleness of the samples, it is not
possible to perform tensile tests on this particular material. A standard
value corresponding to 𝑎1 = 2 is therefore adopted, which makes
the term equal to a Neo-Hookean model and 𝑔0,1 = 1, which has an
arbitrary small value for the product 𝑎1 𝑔0,1 as a result.
To uniquely determine the three parameters that describe the plastic
strain rate as given in the specific form in Eq. (24), the value of one
parameter can be chosen arbitrary. The reference shear rate 𝛾̇ 0 is therefore taken equal to the experimentally applied strain rate. An effect of
the damage is that it may localize, which can have mesh-dependent
results as a consequence. This is regularized by introducing a ratedependent material behavior (Needleman, 1988). The rate-dependence
of the material is captured by the model parameter 𝑚. Fig. 11a shows
the macroscopic response of a uniaxial compression test on the cube
with sides of 62.5 μm and Fig. 11b depicts the damage parameter after
applying a compressive strain of 0.13, for different values of 𝑚. For
this simple test case, choosing 𝑚 = 30 is sufficient to regularize the
damage. However, it is found that for a more complex geometry, a
value of 𝑚 = 15 is necessary to provide a unique solution which is
independent of the mesh size and time step size. The introduced ratedependent behavior may be in contradiction with the rate-independent
behavior observed in the experiments, as shown in Fig. 5. The chosen
value 𝑚 = 15 is sufficiently small to regularize the damage without
introducing a significant effect of the deformation rate on the fracture
stress.
The five remaining parameters are 𝑔0,2 , 𝑎2 , 𝜏0 , 𝑑 and 𝜉∞ . Considering
Eq. (17), only 𝑎2 has to be determined to also recover 𝑔0,2 , knowing the
parameters of the first Ogden (𝑖=1) term and the total shear modulus.
The number of parameters to determine is therefore reduced to four.
The effect of these parameters on the intrinsic material response, in
terms of true stress (deformed area), is presented in Fig. 12. As a
reference, the parameter set given in Table 1 is used. Parameter 𝑎2
affects the stiffness increase as a function of the applied compressive
strain, and 𝜏0 defines the fracture stress. The parameter 𝑑 is identified
from the rate of damage, i.e. the slope of the stress–strain curve in
the damaged region, and 𝜉∞ determines the fully damaged state and
corresponds to the ratio between the maximum stress and the plateau
level at large strains.
The main issue in identifying the model parameters is the local
damage that is resulting from the non-flat top surface. Fig. 13 shows
the damage parameter in a cross section of the sample after applying a
strain equal to 0.05. Locally, the material is already severely damaged,
while a flat sample would be still undamaged. The consequences are
shown in Fig. 14 for different surface topologies. The roughness 𝑅 is
varied and different surface profiles are considered. In comparison with
a flat sample, the stiffness and fracture stress decrease and softening
becomes more severe. Moreover, it is concluded that the influence of
𝑅 is more important than the surface topology. This confirms the choice
for the definition of 𝑅 and the representative geometry.

Fig. 10. Finite element model: (a) boundary conditions in homogeneous deformation
and (b) representative geometry. Red arrows indicate fixed boundary condition and
black arrows represent the applied compression.

3.7. Implementation
The constitutive model is implemented in the finite element package
MSC.Marc using the user subroutine HYPELA2.
4. Results
4.1. Finite element model
The model performance is first assessed through the homogeneous
deformation of a cube with sides of 1 mm. The element size is varied
from a single element up to cubic elements with sides of 62.5 μm
to investigate mesh-sensitivity of the model. 3D linear hexahedral
elements are used. The boundary conditions are schematically presented in Fig. 10a. Uniaxial compression simulations are performed by
prescribing the displacement at the top surface and fixing the bottom in
𝑧-direction. Moreover, the nodes on the left face are fixed in 𝑥-direction
and in the front face in 𝑦-direction, corresponding to symmetry conditions. An initial time step size of 1.0 s is taken, which turned out
to be sufficiently small (i.e. the final solution is not dependent on it
anymore), and is decreased during softening as a result of the high
nonlinearity of Eq. (24).
Fig. 2 reveals that the sample is not flat resulting in a small tangent
stiffness at the start of the compression test. To identify the effect of
the geometry, resulting in inhomogeneous deformation, on the effective
macroscopic response, finite element simulations are performed with
a simplified geometry that represents the actual samples, depicted in
Fig. 10b. The average height 𝐻=4.32 mm, diameter 𝐷=3.70 mm and
roughness 𝑅=0.31 mm, illustrated in Fig. 3, of the samples are taken
to model the geometry with 3040 3D linear hexahedral elements. The
bottom nodes are fixed in 𝑧-direction and the rotation of the geometry
is constrained. The compression is applied in the 𝑧-direction by contact
with a plate with a prescribed velocity such that the true strain rate is
constant. The initial time step size is equal to 0.2 s. The effect of contact
friction was tested with a Coulomb friction model, which turned out to
be small compared to the sample roughness and is therefore further
neglected.
4.2. Parameter identification
The model parameters and their identified values are listed in
Table 1. From the experiments, a stiffness of 40 MPa is estimated at
the moment the top surface was flattened. This value is assumed to
6
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Fig. 11. Regularization of damage localization by decreasing 𝑚 in a uniaxial compression test on a cube, showing (a) the macroscopic response and (b) the local damage after
applying a strain of 0.13.

Fig. 12. Main characteristics of the model, showing the influence of 𝑎2 , 𝜏0 , 𝑑 and 𝜉∞ on the intrinsic mechanical behavior for a constant strain rate 𝜀̇ = 10−3 s−1 . Note that for
different values of 𝑑 all curves will eventually reach the same plateau stress.

Fig. 14. Comparison of the response (𝜀̇ = 10−3 s−1 ) of samples with different roughness
values. For each 𝑅 value, three different surface profiles are simulated.

Fig. 13. Simulated damage in a cross section of the sample after applying a strain of
0.05.

7
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Fig. 15. Influence of model parameters on the macroscopic stress–strain response (𝜀̇ = 10−3 s−1 ) of the representative geometry.

To complete the identification, the influence of the different parameters on the stress–strain response of the representative geometry
is shown in Fig. 15 and assessed through their influence on the intrinsic response, depicted in Fig. 12. The main difference is that the
intrinsic response reveals a clear distinction between elastic and plastic
deformation. The parameters that correspond to plasticity do not affect
the elastic part. Adding roughness has the result that local plasticity
is influencing the macroscopic stress–strain response, including the
deformation before the fracture stress is reached. Compared to Fig. 12,
the effect of 𝑎2 is similar, but 𝜏0 and 𝑑 are clearly affecting the stiffness
with increasing strain. Moreover, the fracture stress decreases with
increasing 𝑑 and the effect of 𝑑 on the softening slope is fading.
The softening is dominated by geometrical effects and the material
softening becomes less prominent. A new effect emerges, which are the
oscillations of the curve for larger values of 𝑑, induced by the many
geometrical imperfections.
The finally identified parameters are given in Table 1 and determined using the following characterization procedure. First, 𝜉∞ is
determined because it is the only parameter that determines the ratio
between the fracture stress and the plateau stress after fracture. Moreover, 𝜉∞ is determining the depth of damage, 𝐻d in Fig. 3. Next, 𝑑
is chosen to approximate the jaggedness of the experimental results.
Finally, 𝜏0 is defined to match the fracture stress, whereas 𝑎2 covers
the necessary stiffness increase. Given the experimental scatter, the
obtained set of parameters adequately describes the overall experimentally obtained mechanical behavior, as seen in Fig. 16. Comparing the
damaged zones in the experiments and simulation, Fig. 17, it is obvious
that the simulation is also predicting this zone well. In comparison with
the experiment, the predicted damaged is more smooth. This difference
is due to the fact that local heterogeneities and defects, which may
cause localization of damage, are not taken into account.

Fig. 16. Comparison between experiments and model prediction for 𝜀̇ = 10−3 s−1 .

Fig. 17. Damaged zone at the surface in simulation and experiment after applying a
strain of 0.2.

in a 3D constitutive model that allows for high nonlinearity, inelastic
deformation and damaging behavior. First, the stiffness increases as a
function of the applied strain caused by densification due to the porous
microstructure. This is followed by the initiation of brittle failure at
the macroscopic fracture stress. During failure, softening is observed
in which both stiffness and stress decrease. After characterizing some
of the model parameters, a representative sample geometry, taking the

5. Conclusion
An experimental procedure, based on compression testing, is presented and provides a solid basis for characterizing the intrinsic mechanical properties and failure of 3D printed food. For the samples that
are used in this research, the following observations are incorporated
8
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