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Anisotropic mechanical properties of Selective Laser Sintered 
starch-based food 

N. Jonkers, W.J. van Dijk, N.H. Vonk, J.A.W. van Dommelen *, M.G.D. Geers 
Department of Mechanical Engineering, Eindhoven University of Technology, the Netherlands   

A R T I C L E  I N F O   
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A B S T R A C T   

The characteristic layer-by-layer structure of a Selective Laser Sintered food product inherently results in 
anisotropic mechanical properties which depend on the laser sintering parameters. Tailoring these mechanical 
properties by the printing process enables food customization. The mechanical behavior and microstructure of 
printed starch-based food were characterized by means of uniaxial compression testing and Computed Tomog-
raphy. Two directions were considered: the build direction and the principal in-plane direction. By increasing the 
area energy density from 14 J/cm2 to 82 J/cm2, the stiffness in build direction was more than tripled, whereas 
the stiffness in the in-plane direction remained unaffected and the fracture stress was more than doubled. 
Moreover the ductility in the build direction decreased. These effects are a combination of the change in 
microstructure, with average relative density ranging from 42% to 50%, and a change in local mechanical 
properties. In-situ compression tests revealed heterogeneous crack propagation in the material.   

1. Introduction 

3D printing is a manufacturing technique suitable for customization 
of products. 3D printing does not only allow for designing the shape, but 
also for controlling the mechanical properties of a product. This layer- 
by-layer manufacturing method allows for additional design freedom 
compared to regular food processing and therefore enables the person-
alization of food (Lipton, 2017). Currently, 3D food printing techniques 
are mostly based on extrusion which has a disadvantage that support 
structures, i.e. pillars that prevent overhangs in the design from 
collapsing, have to be printed as well. Powder-based techniques have the 
advantage that the unsintered powder supports the product, which 
makes them suitable for creating complex geometries. Moreover, they 
provide a higher spatial resolution in designing products. In 
powder-based techniques, layers of powder are deposited in which the 
powder particles are locally bonded. Firstly, a new layer of powder is 
deposited on top of the build platform and levelled by a roller or blade. 
Secondly, the powder particles are locally bonded corresponding to the 
2D cross-section of the geometry. Finally, the build platform is lowered 
with the specified layer thickness. This procedure is repeated until the 
final product is obtained. The local binding of particles can be obtained 
by different mechanisms. A laser is used to fuse the powder particles in 
Selective Laser Sintering (SLS), frequently used for polymers, and 

Selective Laser Melting (SLM), typically used for metals, whereas small 
droplets of a liquid binding agent are used for this purpose in binder 
jetting (Godoi et al., 2016; Goodridge et al., 2012; Tan et al., 2020; Yuan 
et al., 2019). 

In SLS of polymers and SLM of metals, mechanical properties of the 
3D printed product are often optimized by changing the process pa-
rameters that influence the amount of energy provided by the laser to 
the powder, which are the laser power, scanning velocity, hatch distance 
and layer thickness. The presented work focusses on food customization 
using SLS. In food customization, it is generally not desired that products 
have maximized texture properties, such as hardness and cohesiveness 
(see e.g. Aguilera and Park (2016)). The aim is to enable the processing 
of target properties by controlling the process parameters. Two aspects 
of mechanical properties of 3D printed objects are particularly impor-
tant: the presence of anisotropy in mechanical properties and the rela-
tion of these properties to the process conditions. 

Anisotropic mechanical behavior implies that the mechanical prop-
erties, e.g. stiffness, yield stress or fracture properties, of a product 
depend on the direction of the applied load. In general, mechanical 
properties of food are anisotropic (Khan and Vincent, 1993; Ak and 
Gunasekaran, 1997; Weinrichter et al., 2000; Hutchinson et al., 1988; 
Manski et al., 2007). The mechanical properties of 3D printed products 
have a specific form of anisotropy, resulting from the inherently 
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anisotropic layer-by-layer process. This dependence of mechanical 
properties on the loading direction has been studied in detail for SLS of 
polymers (Caulfield et al., 2007; Cooke et al., 2011; Torrado and 
Roberson, 2016) and SLM of metals (Hitzler et al., 2017; Kunze et al., 
2015; Dadbakhsh et al., 2016) but not for SLS of food. The general 
conclusion is that the mechanical properties are lower when the load is 
applied in the build direction, so perpendicular to the vertically stacked 
layers, compared to loading parallel with the layers. 

The relation between the mechanical properties and the process 
parameters is, like the anisotropy, widely studied for polymers (Caul-
field et al., 2007; Starr et al., 2011; Dewulf et al., 2016) and metals 
(Tucho et al., 2018; Zhang et al., 2019). The different process parame-
ters are often combined in the energy density of the laser to study the 
relation between process parameters and mechanical properties. In 
general, the stiffness and strength of the material increase with 
increasing energy density. Moreover, an upper limit in these mechanical 
properties may be reached (Starr et al., 2011) or they may even decrease 
once an optimum energy density value is exceeded (Caulfield et al., 
2007; Dewulf et al., 2016; Zhang et al., 2019). X-ray Computed To-
mography (CT) was found to be a powerful nondestructive method to 
relate SLS or SLM parameters to the 3D microstructure, showing that an 
increase of mechanical properties is accompanied by a decrease in the 
porosity of the material (Dewulf et al., 2016; Tucho et al., 2018; Zhang 
et al., 2019). 

In 3D printing of food, the research focus has been on changing the 
product design to influence the texture properties. Noort et al. (2017a) 
created a macroscopic design, using SLS, to specifically incorporate 
anisotropy in the product, while other researchers (Vancauwenberghe 
et al., 2018; Piovesan et al., 2020; Liu et al., 2018; Mantihal et al., 2019; 
Severini et al., 2016; Derossi et al., 2021) focussed on texture properties 
in a single direction using extrusion-based printing techniques. On the 
other hand, research on tailoring texture properties by changing process 
parameters is very limited and restricted to extrusion-based printing (Le 
Tohic et al., 2018; Theagarajan et al., 2020). Texture properties are 
strongly related to the mechanical properties of the food product 
(Jonkers et al., 2021; Di Monaco et al., 2008). Three important texture 
properties are hardness, springiness and cohesiveness. These properties 
are a result of the combination of mechanical characteristics, e.g. the 
stiffness, yield stress and fracture properties, of the material. Tailoring 
the mechanical properties therefore enables texture customization. 

In the current study, the influence of changing the SLS process pa-
rameters on a smaller length scale, which is not controllable by the 
macroscopic design, was investigated. To reach this goal, the laser 
power, scanning velocity and hatch distance in the SLS process were 
varied and related to the anisotropic mechanical properties extracted 
from uniaxial compression tests. The obtained mechanical properties 
originate from the microstructure that results from the printing condi-
tions. This microstructure was characterized by means of X-ray micro- 
CT. In addition to microstructural characterization of the undeformed 
samples, the evolution of the microstructure during mechanical testing 
was measured using the in-situ micro-CT testing device developed by 
Vonk et al. (2019). This combination of experimental techniques pro-
vides novel process-microstructure-property relations that are instru-
mental for the customization of food. 

2. Experimental methods 

2.1. Material and processing 

A mixture of 50 wt% native wheat starch powder (Excelsior, Avebe), 
which is the structural component, in combination with 40 wt% 
maltodextrin powder (Glucidex MD29, Roquette) and 10 wt% palm oil 
powder (Admul PO 58, Kerry), which are the binding components in the 
SLS process (Noort et al., 2017b), was used. The native wheat starch had 
a bimodal particle size distribution with small particles in the range of 
5–10 μm and larger particles around 40 μm. The maltodextrin consisted 

mainly of particles in the range of 10–200 μm, with 50% of the volume 
consisting of particles smaller than 79 μm. The palm oil particle size was 
primarily within 100–420 μm, with half of the volume consisting of 
particles smaller than 226 μm. The powder was Selective Laser Sintered 
in a powder bed printer, which is built by TNO (Netherlands Organi-
sation for Applied Scientific Research) and depicted in Fig. 1. The printer 
is suitable for laser sintering (Noort et al., 2017b) and for binder jetting, 
in which a liquid binder is deposited on the powder bed to locally bind 
particles (Diaz et al., 2015). The system consists of a moving build 
platform (a) on which powder is deposited from the powder dispenser 
(b) after which the powder is levelled with a counter-rotating roller (c), 
which has a diameter of 25 mm. Subsequently, the build platform is 
moved to one of the binder jetting modules (d) or to the CO2 laser (e), 
which has a beam diameter of 0.5 mm and a peak power of 12 Watt, for 
Selective Laser Sintering. After lowering the build platform, this cycle is 
repeated until the intended 3D object is obtained. 

The sintering process took place at room temperature, which was 
23 ◦C. The sinterability and flowability of the powder are influenced by 
its moisture content. Adding moisture has a positive effect on the 
sinterability as it decreases the glass transition temperature of the ma-
terial (Ghorab et al., 2014), whereas an increase in moisture content 
reduces the flowability (Emery et al., 2009). The powder was therefore 
pre-conditioned for at least 16 h in a closed environment, controlled by a 
saturated salt solution of magnesium nitrate, maintaining a relative 
humidity of 54% at room temperature (Wexler and Hasegawa, 1954). 

The scan strategy is schematically presented in Fig. 2. A build plat-
form consisting of 16 individual cubic samples was used. The distance 
between the centers of neighbouring samples equaled three times the 
sample length such that sintering a specific sample did not influence 
adjacent samples. Before printing the samples, a 1.0 mm layer of powder 
was deposited to prevent any influence of the build platform. The laser 
movement direction was reversed after sintering a single line passing 
multiple samples to ensure a constant laser velocity while sintering. The 
scanning direction was altered 90◦ in every subsequent layer to obtain 
equal mechanical properties in the two principal in-plane directions. 
The platform moved with a velocity of 500 mm/min underneath the 
counter-rotating roller, which had an angular velocity of 100 rotations 
per minute, to level the powder. A layer thickness of 0.3 mm was chosen 
to obtain a uniform layer of powder, considering the relatively large 
palm oil particles. The laser power P, writing speed v and hatch distance 
hd, i.e. the distance between the scan lines in Fig. 2, were varied to study 
the effect of the process parameters on the resulting structure and me-
chanical properties. The energy measure used to relate the process pa-
rameters to the product structure and properties is the area energy 
density ED (Nelson et al., 1995), which is calculated as 

ED =
P

vhd
. (1)  

The cubic samples had an average side length of 4.47 mm, with a 
standard deviation of 0.15 mm, and were baked in an oven at 180 ◦C for 
10 min after sintering. The 18 studied sets of process parameters are 
listed in Table 1. 

2.2. Mechanical testing 

Uniaxial compression tests were performed in the two distinct di-
rections, i.e. the build direction and one of the principal in-plane di-
rections. The samples were conditioned using the same procedure as 
used for processing, prior to testing. The axial displacement of a 
rheometer (Discovery HR-3, TA instruments) was controlled to compress 
the samples with a true strain rate of 10− 3 s− 1, providing the engineering 
stress σeng and true strain ϵ, according to 

σeng = F
/

A0 and ϵ = ln(u /H + 1), (2)  

in which F is the force, A0 the initial cross-sectional area, u the applied 
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displacement and H the initial sample height (Petisco-Ferrero et al., 
2019). The true strain definition is commonly used for large de-
formations as it accounts for the deformation at each instant of the 
deforming sample length (Fenner, 1999). 

An accurate determination of the Young’s modulus is complicated by 
two effects: the roughness of the initial contact surface (see Jonkers et al. 
(2020)) and small stress drops, caused by local fracture, in the experi-
mentally observed stress-strain relation. The first effect was remedied by 

applying a strain shift based on the maximum stiffness, as proposed by 
Pelletier et al. (2007). To overcome the second effect, a relevant stiffness 
measure Ẽ was defined as the maximum stiffness of the stress-strain 
response within a compressive strain of 3% after the strain correction. 
If present, a macroscopic fracture stress σf was identified as the 
maximum stress. After σf was reached, macroscopic damage was visible 
in the stress-strain response as a decrease of the compressive stress with 
increasing compressive strain, which is also known as strain softening. 
Moreover, video recordings were made to study the deformation and 
failure of the material. 

2.3. Microstructural characterization 

To characterize the microstructure and the evolution of cracks, a 3D 
characterization method is required. The microstructure of the printed 
samples was therefore characterized by means of CT scanning using a 
Nanotom 160 NF (General Electric/Phoenix). Additional to the micro-
structural characterization of the undeformed samples, in-situ 
compression tests were performed to characterize changes in micro-
structure during deformation. An in-situ micro-CT device developed by 
Vonk et al. (2019) was used, which enabled high resolution CT scanning 
up to large deformations. The sample was placed inside an X-ray 
transparant polymethyl methacrylate (PMMA) tube, having a thickness 
of 500 μm, which transferred the load across the sample. A total 
displacement of 1200 μm was applied in six steps of 200 μm with a 
velocity of 2 μm/s. After each step, the displacement was kept constant 
for 45 min prior to CT scanning, allowing for stress relaxation in the 
material, measured as a decrease in the compressive force shown in 
Fig. 3. This relaxation step was necessary to provide a steady state of the 
material. Otherwise, sample relaxation (movement) would result in 
strong deterioration of the scan quality. A beam voltage of 60 kV and 
current of 300 μA were used to make a total of 1400 images per rotation, 
each being an average of six individual images captured with an expo-
sure time of 750 ms. The obtained voxel size was 3 μm, which provided 
an accurate characterization of the microstructure. 

The 3D microstructure, reconstructed from the CT images, was 
analyzed using VGStudio MAX 2.2. A 3x3x3 Gaussian smoothening filter 
was applied to reduce noise. Macroscopic volume changes were char-
acterized by estimating the average true transverse strain ϵt. This strain 
was calculated from the overall changes in sample dimensions in the 

Fig. 1. TNO powder bed printer: (a) the moving build platform, (b) powder dispenser, (c) counter-rotating roller, (d) binder jetting modules and (e) CO2-laser for 
laser sintering. 

Fig. 2. Schematic representation (not to scale) of the scan strategy in the SLS 
process. A scan line in one of the in-plane directions sintered multiple samples 
(four samples in this representation) after which the direction was reversed to 
sinter the neighbouring particles at a hatch distance hd. The principal in-plane 
direction was altered 90◦ in every subsequent layer after lowering the build 
platform in the build direction with a displacement equal to the layer thickness. 
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transverse directions, i.e. perpendicular to the loading direction. The 
lateral dimension L, which is initially L0, was determined from the CT 
scans. In the first steps of deformation, L was almost constant over the 
height of the sample, enabling an accurate determination of the trans-
verse strain. When the applied strain was large, the deformation became 
more heterogeneous and the transverse strain was estimated from the 
lateral dimensions. The true transverse strain is defined equivalent to 
Equation (2), as 

ϵt = ln(L / L0). (3)  

It is noted that this procedure provides an estimate of the true transverse 
strain that should be interpreted only qualitatively. Because the 3D 
object has two lateral dimensions, the average true transverse strain ϵt 
was defined as the mean of the transverse strains in the two lateral di-
rections. The relative density ρ* of the internal structure was determined 
as 

ρ∗ = Vmat/V, (4)  

with Vmat the volume occupied by solid material and V the total volume. 
CT scanning with and without the sample placed in the PMMA tube 
revealed that, for the used food material, the obtained relative density 
increased with 1–2% in the presence of the tube due to an increase of 
noise. Small material volumes that were pushed out of the bulk material 
were not included in the analysis. 

3. Results 

3.1. Effect of SLS process parameters on mechanical properties 

Uniaxial compression tests were performed for the 18 different 
parameter sets of Table 1, in which the laser power P, writing speed v 

and hatch distance hd are varied. An energy density smaller than the 
lower limit ED = 13.6 J/cm2 did not provide sufficient consolidation, 
whereas higher energy densities, larger than ED = 81.9 J/cm2, resulted 
in burned material. The samples were tested in the two directions, i.e. 
the principal in-plane and the build direction, in quadruplicate. The 
compression curves corresponding to three parameter sets are presented 
in Fig. 4. For low ED, a ductile response, i.e. the absence of an effective 
fracture stress within the applied strain range, was observed in the build 
direction whereas a high ED revealed clear fracture. The two distinct 
types of behavior were also clearly visible on video recordings of the 
deformation of the sample taken during the test. For higher ED, cracks 
were visible at the outer surface of the sample, which was not the case 
for lower ED. 

The two principal directions showed a different characteristic failure 
mode under compressive loading, see Fig. 5. The vertically stacked 
layers fractured within the layers when loading in the build direction, 
while failure by delamination between layers, without any visible cracks 
in the layers, was observed for loading in the in-plane direction. 

For every stress-strain curve, the maximum stiffness was determined 
in the build direction Ẽb and the principal in-plane direction Ẽi. More-
over, a clear macroscopic fracture stress σf could be identified during the 
in-plane compression tests. The macroscopic fracture stress was not al-
ways identifiable in the build direction, and therefore not used further 
for comparing process parameters. Fig. 6a shows a strong linear corre-
lation of the stiffness in build direction and the area energy density, 
indicated by the Pearson correlation coefficient r = 0.71. Fig. 6b shows a 
moderate linear correlation (r = 0.65) between the in-plane fracture 
stress and the area energy density. The macroscopic fracture stress is 
determined by the delamination of a single weak layer bond, which 
contributes to the standard deviation. The area energy density provides 
an adequate measure to tailor these mechanical properties. There is no 
visible separate effect of the velocity v but the results suggest an influ-
ence of the hatch distance hd that is not included in the formulation of 
the area energy density, given in Equation (1). This formulation takes 
the overlap of scan lines into account which results in multiple expo-
sures of a specific location on the powder bed. The cooling time in be-
tween exposures is, however, not included (Williams and Deckard, 
1998). In processing, the effective energy density is therefore lower than 
the one calculated from Equation (1). The deviation becomes more 
significant for a smaller hatch distance due to a larger overlap of scan 
lines. Taking the cooling time into account would provide a stronger 
correlation between the process parameters and the mechanical 
properties. 

The stiffness in the principal in-plane directions, presented in Fig. 7, 
is not strongly related to the process parameters. This stiffness does not 
correlate with the area energy density (r = 0.07), while there is a weak 
linear correlation (r = 0.43) with the line energy density P/v. As a result, 
the in-plane stiffness is almost three times larger than the stiffness in 
build direction for low ED, whereas they are approximately equal for 
high ED. 

The results show that by changing the laser parameters, a wide range 
of mechanical properties was created. Not only the stiffness and fracture 
stress, but also the ductility, were tailored by the printing process. There 
are two possible contributions to these effects: topological modifications 

Table 1 
Overview of used process parameter sets.  

ED [J/cm2] 13.6 16.5 19.8 20.5 23.1 24.8 27.3 29.8 33.1 
P [W] 4.09 4.96 2.98 4.09 3.46 4.96 4.09 2.98 4.96 
v [mm/s] 100 100 50 100 50 100 50 50 50 
hd [mm] 0.30 0.30 0.30 0.20 0.30 0.20 0.30 0.20 0.30 

ED [J/cm2] 34.4 34.6 40.9 40.9 49.6 49.6 59.6 69.2 81.8 
P [W] 1.72 3.46 4.09 4.09 4.96 4.96 2.98 3.46 4.09 
v [mm/s] 50 50 50 100 50 100 50 50 50 
hd [mm] 0.10 0.20 0.20 0.10 0.20 0.10 0.10 0.10 0.10  

Fig. 3. In-situ compression testing method: loading the sample in six steps, 
allowing for stress relaxation prior to starting a CT scan. 
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in the microstructure and quantitative changes in the local mechanical 
properties of the material. 

3.2. Microstructural characterization 

To understand the relations between the process parameters and the 
mechanical properties, the microstructure was characterized. The rela-
tive density ρ* of all parameter sets was determined in triplicate for 

samples that were not deformed, see Fig. 8. Globally, the relative density 
increases with increasing energy density. A strong linear correlation (r 
= 0.72) between relative density and energy density was found by 
neglecting the two highest energy densities. The relative density was 
lower for the latter two because of local burning of the material during 
the sintering process. 

Next to the overall relative density of the samples, local differences in 
the microstructure were studied. A material volume of 3x3x2 mm3 was 
extracted from the center of a sample for seven different process 
parameter sets. As function of the height, i.e. the position in the sample 
in build direction, the relative density has a characteristic profile, pre-
sented in Fig. 9a, which is determined by the used layer thickness of 0.3 
mm. The local maxima correspond to the middle of the sintered layers, 
whereas the local minima correspond to the interface between the 
layers. The relative density increases from the interface towards the 
center of the layer in an approximately linear manner. Analyzing these 
local minima and maxima provided additional information about the 
influence of the process parameters on the microstructure. For every 
sample, the average layer density and interface density were obtained. 
This procedure was repeated for three samples per process set, of which 
the average and standard deviation were calculated. Fig. 9b shows that 
the overall increase in relative density is the result of an increase in both 
the layer and the interface density. This is an important observation in 
understanding the mechanical response of the material. Fig. 6 may 
suggest a separate influence of the hatch distance hd, but this was not 
confirmed in the microstructure. 

The relations between the relative density and mechanical properties 
are presented in Fig. 10. An increase in energy density resulted in a 
higher relative density, which contributes to an increase in mechanical 
properties. The in-plane stiffness was not considered as it did not change 
with the area energy density. The stiffness in build direction globally 
increased with relative density but this is only a weak relation (r = 0.48) 
compared to the correlation with energy density (r = 0.71). The linear 
relation between in-plane fracture stress and relative density (r = 0.68) 

Fig. 4. Uniaxial compression tests of different parameter sets from low to high energy density. Each curve represents a different sample.  

Fig. 5. Video images (top) and schematic representation (bottom) of the two 
failure modes: layer fracture for loading in the build direction (image of a 
sample printed with ED = 59.5 J/cm2) and delamination for loading in the 
principal in-plane direction (image of a sample printed with ED = 33.1 J/cm2). 
The initial sample length was 4.5 mm. 

Fig. 6. Effect of area energy density on (a) maximum stiffness in build direction and (b) in-plane fracture stress. The error bars represent the standard deviation.  
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is comparable to the relation with energy density (r = 0.65). The in- 
plane fracture stress indicates failure by delamination. The interface 
density is therefore an important property that determines the initiation 
of delamination. 

A rule of mixtures, 

Ẽb = Ẽsρ∗ (5)  

with Ẽs the stiffness of a 100% solid material and ρ∗ the average relative 
density, is included in Fig. 10a. Here, ̃Es is determined such that a best fit 

is obtained. It is concluded that the average relative density of the 
microstructure is not the most determining factor in the process- 
microstructure-mechanical property relation. The difference in relative 
density is too small to explain the obtained effect on the mechanical 
properties. This is in agreement with the observation that mechanical 
properties correlate better with the energy density than with the relative 
density. Additional aspects that determine the mechanical properties 
could be the specific topology of the microstructure and physical 
changes in the solid material, resulting in stronger bonds between par-
ticles for a higher energy density. 

3.3. Microstructural evolution 

The initially undeformed microstructure does not provide sufficient 
information to understand the complex deformation behavior of the 
material. In particular, the anisotropy and ductility of the material are 
not yet explained. In-situ compression tests were therefore performed to 
characterize the evolution of the microstructure with increasing defor-
mation. Fig. 11 shows a reconstruction of a porous, undeformed 
microstructure and a deformed (ϵ = − 0.25 in the build direction) 
microstructure, in which the cracks have propagated through the prin-
ted layers. 

Crack propagation was studied from cross-sections of the material 
volume at different stages of deformation. Figs. 12 and 13 show the 
results for the in-plane and build directions, respectively. In-situ testing 
in the principal in-plane direction confirmed the macroscopically visible 
delamination of Fig. 5. The inter-layer bond is visible as connected re-
gions of air voids in Fig. 12 in the vertical direction. For larger de-
formations, the delamination of layers became more pronounced 
because the regions of air become wider. In contrast, the microstructure 
inside a layer was hardly deforming, indicating that there was limited 
crack propagation inside an individual layer. 

In the build direction, the failure mode was not the delamination of 

Fig. 7. Effect of (a) area energy density and (b) line energy density on the in-plane stiffness. The error bars represent the standard deviation.  

Fig. 8. Relative density as function of energy density. The error bars represent 
the standard deviation. 

Fig. 9. Local minimum and maximum relative density as a measure of the interface and layer density: (a) local density of a material printed with ED = 34.6 J/cm2 

and (b) comparison for different process parameters. The error bars represent the standard deviation of three different samples. 
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layers because the weak inter-layer bond was loaded in compression. 
The cross-sections in the top view in Fig. 13 reveal the crack propagation 
inside a layer, whereas the cross-sections in the front view show crack 
propagation through the layers. Clearly, there was no preferred prin-
cipal direction for crack propagation. The vertically stacked layers 
broke, whereby cracks also propagated through the layer bonds. 

The anisotropic mechanical properties of Fig. 4 can be explained 
from these microstructural observations. The stiffness in the in-plane 
direction was higher because the stiff layers were loaded in compres-
sion. Moreover, crack growth in the inter-layer bond was preferred. 
Once the stress became sufficiently high, the already weak bond was 
fully broken due to this preferred crack propagation. The macroscopic 
strain softening was therefore very pronounced. The stiffness in the 
build direction was lower because it is determined by the combination of 
the stiffness of the layers and the weak inter-layer stiffness. Due to the 
compressive loading of the inter-layer bond, the preferred failure mode 
was not triggered, which explains the more ductile response in com-
parison to the in-plane compression. 

The in-situ compression test results were used to investigate micro-
structural changes during deformation. This analysis focussed mainly on 
the build direction. The delaminated samples exhibited heterogeneous 
deformation that limited the analysis possibilities: material moved out 
of the scanned region and it was not possible to estimate the transverse 
strain or overall relative density. The analysis of these quantities was 
therefore limited to a maximum deformation of 600 μm in the in-plane 
direction. In-situ compression tests of samples corresponding to the 
three parameter sets of Fig. 4 were performed in duplicate. The in-plane 
direction was considered for a single process parameter set. 

Fig. 14a shows the transverse strain as function of the applied true 
strain. In the elastic regime, the transverse strain was equal to zero, 
which means that the material did not expand in the lateral direction 
although it was compressed in the axial direction. It was expected that a 
transverse strain of zero is accompanied by an increase in relative 
density, i.e. material starts to occupy the air fractions inside the volume. 
The corresponding relative density is depicted in Fig. 14b. Except for the 
more ductile case (ED = 20.5 J/cm2), which shows an increase in rela-
tive density, the relative density was not changing noticeably in the 
elastic regime. The explanation for this is that the bulk of the sample was 
not deforming at all, which caused no lateral expansion and no change in 
relative density. In this case, the deformation was controlled by local-
ized deformation of the layers close to the compression plates. This 
behavior under compressive loading is well known for foams (Wismans 
et al., 2010; S. Wang et al., 2018; N. Wang et al., 2019), but cannot be 
confirmed in the limited volumes in the CT scans. The presence of the 
compression plates prevented a meaningful characterization close to the 
contact between material and plate. The transverse strain increased 
when the bulk was deforming, which was in most cases in the presence 
of macroscopic damage. The relative density was decreasing at the same 
time, because initiated cracks grew while the solid material fractions 
were pushed out in lateral direction. This was less the case for the 
samples with ED = 20.5 J/cm2, which is in agreement with the increased 
macroscopic ductility of the material. 

The total volume was divided into eight, approximately equally 
sized, regions of interest (ROIs) to characterize the heterogeneity of the 
material, which was quantified from the local relative densities. The 
relative density ρ* was determined for the eight ROIs, resulting in a 

Fig. 10. Process-mechanical property relations showing the relation between (a) average relative density and stiffness in build direction and (b) average relative 
density and fracture stress in the in-plane direction. 

Fig. 11. 3D reconstruction of a 1x1x1 mm3 microstructure of a sample printed with ED = 34.6 J/cm2: undeformed and after applying a compressive load in the 
build direction. 
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Fig. 12. Cross sections of undeformed and deformed (applied displacement of 0.6 mm and 0.8 mm) microstructure showing delamination of layers (e.g. in the red 
ellips) during in-situ compression testing in the in-plane directions of a material printed with ED = 34.6 J/cm2. White voxels represent solid material and black voxels 
represent air. Schematic pictures on the left indicate the particular orientation and cross section. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 

Fig. 13. Cross sections of undeformed and deformed (applied displacement of 0.8 mm and 1.2 mm) microstructure showing crack growth (e.g. in the red ellips) 
during in-situ compression testing in the build direction of a material printed with ED = 69.2 J/cm2. White voxels represent solid material and black voxels represent 
air. Schematic pictures on the left indicate the particular orientation and cross section. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the Web version of this article.) 
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standard deviation (SD) of this relative density for every single scan, 
presented in Fig. 15a. It was concluded that the deviation in ρ* of the 
undamaged printed material was low, such that the structure may be 
considered homogeneous. The deviation increased when damage was 
initiated and cracks propagated through the identified ROIs. In Fig. 14b 
it was already observed that the increased ductility for lower energy 
density was mainly due to the fact that there was less damage evolution. 
Because of that, the material deformation remained more homogeneous 
for samples printed with a lower energy density. 

A standard deviation of 1.6% relative density was identified as the 
threshold above which damage triggered substantial heterogenous 
deformation. This criterion explains 75% of the macroscopic softening, 
present in the force-displacement curves, see Fig. 15b. The regime in 
which the standard deviation is below 1.6% and accompanied with 
macroscopic softening corresponds to the early stages of damage. To 
recognize these, the total volume should be divided into more ROIs, 
which would improve the resolution of this method. 

4. Conclusion 

The effect of process parameters on the microstructure and the 
anisotropic mechanical properties of Selective Laser Sintered food was 
experimentally characterized. The printed material exhibited strongly 
anisotropic stress-strain relations that depended on the energy density of 
the sintering laser. To characterize this behavior, uniaxial compression 
tests were performed along two orientations of the printed samples. 
Loading in the build direction implies that the loading is perpendicular 
to the vertically stacked layers. In the principal in-plane directions, the 
printed layers were horizontally stacked which means the applied load 
was parallel with the orientation of the printed layers. 

For low energy density, the stiffness in the principal in-plane direc-
tion was almost three times larger than the stiffness in the build direc-
tion, whereas both were approximately equal for a high energy density. 

This was caused by a linear increase of the stiffness in build direction as a 
function of the energy density, in contrast to the constant in-plane 
stiffness. 

The failure modes in these two directions were distinct as well. In the 
in-plane direction, delamination of the layers occurred: the inter-layer 
bonds were broken and there was no visible damage inside the layers. 
The stress at which delamination initiated correlates with the energy 
density in a linear fashion. The large-strain behavior that was observed 
in the build direction depended on the energy density. For a high energy 
density, there was visible crack formation in the material, while the 
ductility increased with decreasing energy density. Mechanical testing 
inside a micro-CT scanner revealed that the macroscopic damage in the 
build direction increased through inter-layer damage and intra-layer 
damage. The in-situ tests showed that the evolution of damage was a 
heterogeneous process, i.e. the damage was not growing equally in all 
parts of the total material volume. 

The increase of mechanical properties with increasing energy density 
is partly explained by the increase of the relative density of the material, 
i.e. the volume fraction of solid material. Additional contributions of the 
energy density to mechanical properties may originate from specific 
changes in the microstructure or from an increase of local mechanical 
properties with increasing energy density. 

All these observations contribute to the understanding of the me-
chanical behavior of Selective Laser Sintered food. This is essential in 
using 3D printing to create customized food with a specific desired 
texture. Printing a product is not restricted to the use of a single set of 
process parameters. By varying process parameters locally within a 
product, different local textures can be manufactured which enables the 
creation of unique food products. 
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Kunze, K., Etter, T., Grässlin, J., Shklover, V., 2015. Texture, anisotropy in 
microstructure and mechanical properties of IN738LC alloy processed by selective 
laser melting (SLM). Mater. Sci. Eng. 620, 213–222. 

Le Tohic, C., O’Sullivan, J.J., Drapala, K.P., Chartrin, V., Chan, T., Morrison, A.P., 
Kerry, J.P., Kelly, A.L., 2018. Effect of 3D printing on the structure and textural 
properties of processed cheese. J. Food Eng. 220, 56–64. 

Lipton, J.I., 2017. Printable food: the technology and its application in human health. 
Curr. Opin. Biotechnol. 44, 198–201. 

Liu, Z., Bhandari, B., Prakash, S., Zhang, M., 2018. Creation of internal structure of 
mashed potato construct by 3D printing and its textural properties. Food Res. Int. 
111, 534–543. 

Manski, J.M., van der Goot, A.J., Boom, R.M., 2007. Advances in structure formation of 
anisotropic protein-rich foods through novel processing concepts. Trends Food Sci. 
Technol. 18, 546–557. 

Mantihal, S., Prakash, S., Bhandari, B., 2019. Texture-modified 3D printed dark 
chocolate: sensory evaluation and consumer perception study. J. Texture Stud. 50, 
386–399. 

Nelson, C.J., Vail, N.K., Barlow, J.W., Beaman, J.J., Bourell, D.L., Marcus, H.L., 1995. 
Selective laser sintering of polymer-coated silicon carbide powders. Ind. Eng. Chem. 
Res. 34, 1641–1651. 

Noort, M.W.J., Diaz, J.V., van Bommel, K.J.C., Renzetti, S., Henket, J., Hoppenbrouwers, 
M.B., 2017b. Method for the Production of an Edible Object Using SLS. 0266881 A1 
US2017. United States Patent. 

Noort, M.W.J., Van Bommel, K.J.C., Renzetti, S., 2017a. 3D-printed cereal foods. Cereal 
Foods World 62, 272–277. 

Pelletier, C.G.N., Dekkers, E.C.A., Govaert, L.E., den Toonder, J.M.J., Meijer, H.E.H., 
2007. The influence of indenter-surface misalignment on the results of instrumented 
indentation tests. Polym. Test. 26, 949–959. 

Petisco-Ferrero, S., Cardinaels, R., van Breemen, L.C.A., 2019. Miniaturized 
characterization of polymers: from synthesis to rheological and mechanical 
properties in 30 mg. Polymer 185, 121918. 

Piovesan, A., Vancauwenberghe, V., Aregawi, W., Delele, M.A., Bongaers, E., de 
Schipper, M., van Bommel, K., Noort, M., Verboven, P., Nicolai, B., 2020. Designing 
mechanical properties of 3D printed cookies through computer aided engineering. 
Foods 9, 1804. 

Severini, C., Derossi, A., Azzollini, D., 2016. Variables affecting the printability of foods: 
preliminary tests on cereal-based products. Innovat. Food Sci. Emerg. Technol. 38, 
281–291. 

Starr, T.L., Gornet, T.J., Usher, J.S., 2011. The effect of process conditions on mechanical 
properties of laser-sintered nylon. Rapid Prototyp. J. 17, 418–423. 

Tan, L.J., Zhu, W., Zhou, K., 2020. Recent progress on polymer materials for additive 
manufacturing. Adv. Funct. Mater. 30, 2003062. 

Theagarajan, R., Moses, J.A., Anandharamakrishnan, C., 2020. 3D extrusion printability 
of rice starch and optimization of process variables. Food Bioprocess Technol. 13, 
1048–1062. 

Torrado, A.R., Roberson, D.A., 2016. Failure analysis and anisotropy evaluation of 3D- 
printed tensile test specimens of different geometries and print raster patterns. 
J. Fail. Anal. Prev. 16, 154–164. 

Tucho, W.M., Lysne, V.H., Austbø, H., Sjolyst-Kverneland, A., Hansen, V., 2018. 
Investigation of effects of process parameters on microstructure and hardness of SLM 
manufactured SS316L. J. Alloys Compd. 740, 910–925. 

Vancauwenberghe, V., Delele, M.A., Vanbiervliet, J., Aregawi, W., Verboven, P., 
Lammertyn, J., Nicolaï, B., 2018. Model-based design and validation of food texture 
of 3D printed pectin-based food simulants. J. Food Eng. 231, 72–82. 

Vonk, N.H., Dekkers, E.C.A., van Maris, M.P.F.H.L., Hoefnagels, J.P.M., 2019. A multi- 
loading, climate-controlled, stationary ROI device for in-situ X-ray CT hygro-thermo- 
mechanical testing. Exp. Mech. 59, 295–308. 

Wang, S., Zheng, Z., Zhu, C., Ding, Y., Yu, J., 2018. Crushing and densification of rapid 
prototyping polylactide foam: meso-structural effect and a statistical constitutive 
model. Mech. Mater. 127, 65–76. 

Wang, N., Maire, E., Chen, X., Adrien, J., Li, Y., Amani, Y., Hu, L., Cheng, Y., 2019. 
Compressive performance and deformation mechanism of the dynamic gas injection 
aluminum foams. Mater. Char. 147, 11–20. 

Weinrichter, B., Rohm, H., Jaros, D., 2000. Mechanical properties of unpressed semi- 
hard cheeses by uniaxial compression. J. Texture Stud. 31, 141–152. 

Wexler, A., Hasegawa, S., 1954. Relative humidity-temperature relationships of some 
saturated salt solutions in the temperature range 0 degree to 50 degrees C. J. Res. 
Natl. Bur. Stand. 53, 19–26. 

Williams, J.D., Deckard, C.R., 1998. Advances in modeling the effects of selected 
parameters on the SLS process. Rapid Prototyp. J. 4, 90–100. 

Wismans, J.G.F., Govaert, L.E., van Dommelen, J.A.W., 2010. X-ray computed 
tomography-based modeling of polymeric foams: the effect of finite element model 
size on the large strain response. J. Polym. Sci. B Polym. Phys. 48, 1526–1534. 

Yuan, S., Shen, F., Chua, C.K., Zhou, K., 2019. Polymeric composites for powder-based 
additive manufacturing: materials and applications. Prog. Polym. Sci. 91, 141–168. 

Zhang, S., Rauniyar, S., Shrestha, S., Ward, A., Chou, K., 2019. An experimental study of 
tensile property variability in selective laser melting. J. Manuf. Process. 43, 26–35. 

N. Jonkers et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S0260-8774(21)00416-7/sref1
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref1
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref2
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref2
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref3
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref3
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref3
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref4
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref4
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref5
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref5
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref5
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref6
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref6
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref6
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref7
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref7
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref7
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref8
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref8
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref8
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref9
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref9
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref9
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref10
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref10
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref11
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref12
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref12
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref12
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref13
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref13
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref14
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref14
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref15
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref15
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref15
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref16
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref16
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref17
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref17
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref17
https://link.springer.com/article/10.1007%2Fs11043-021-09490-4
https://link.springer.com/article/10.1007%2Fs11043-021-09490-4
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref19
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref19
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref20
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref20
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref20
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref21
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref21
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref21
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref22
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref22
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref23
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref23
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref23
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref24
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref24
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref24
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref25
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref25
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref25
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref26
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref26
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref26
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref27
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref27
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref29
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref29
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref29
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref30
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref30
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref30
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref31
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref31
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref31
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref31
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref32
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref32
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref32
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref33
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref33
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref34
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref34
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref35
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref35
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref35
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref36
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref36
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref36
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref37
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref37
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref37
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref38
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref38
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref38
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref39
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref39
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref39
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref40
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref40
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref40
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref41
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref41
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref41
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref42
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref42
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref43
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref43
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref43
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref44
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref44
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref45
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref45
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref45
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref46
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref46
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref47
http://refhub.elsevier.com/S0260-8774(21)00416-7/sref47

	Anisotropic mechanical properties of Selective Laser Sintered starch-based food
	1 Introduction
	2 Experimental methods
	2.1 Material and processing
	2.2 Mechanical testing
	2.3 Microstructural characterization

	3 Results
	3.1 Effect of SLS process parameters on mechanical properties
	3.2 Microstructural characterization
	3.3 Microstructural evolution

	4 Conclusion
	Author statement
	Declaration of competing interest
	Acknowledgements
	References


