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INTRODUCTION

Manufacturing techniques based on 3D print-
ing are increasingly important in many modern 
technology sectors. As the efficiency of materials 
engineering has increased significantly in creat-
ing new materials for use in this type of technol-
ogy, and as the capabilities of the printing devices 
themselves have increased, the mechanical prop-
erties of printed components are less and less dif-
ferent from those of components manufactured 
by traditional techniques such as machining [11]. 
Particularly in the aerospace and automotive in-
dustries, the use of the latter often requires sev-
eral complex operations where raw materials are 
relatively inefficient (large amounts of waste, 
which are not directly suitable for further use). 
Moreover, this machining is only possible with 
materials of sufficiently low hardness, which of-
ten leads to additional heat treatment, for instance  
in the case of steel components.

Other manufacturing techniques also generally 
require the use of complex, multi-stage process-
es.Unlike those mentioned above, incremental 
printing techniques are usually based on closed 

one-step processes due to their nature [7, 14]. In 
the case of metal structures, using a laser offers 
the possibility to carry out proper heat treatment 
of the raw material. This results in a finished 
structural element with the required mechanical 
properties. In addition, one of the main advantag-
es of incremental techniques is that the raw mate-
rial used is practically not wasted. 

A promising prospect for the aerospace sector 
is the possibility of using printed structures made 
from special materials, such as carbon fibre-rein-
forced polymers, which could be a practical alter-
native to the fibre composites used today.

In polymeric raw material printing techniques, 
the process involves sequentially dispensing liq-
uid material through a nozzle of a certain diameter 
[19, 20]. As a result, the structure of the printed 
component is characterised by a lack of perfect 
homogeneity and cannot be considered isotropic. 
As detailed observations of one of the compressed 
layers show, its cross-sectional geometry is such 
that it can weaken the load-bearing capacity of the 
structure under some kinds of loads (Fig. 1).

Since the mechanical properties of a single 
printed layer are orthotropic, it seems appropriate 
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for numerical applications to treat this type of 
structure as a layered composite. Most printing 
devices can precisely define the orientation of in-
dividual layers so that, for example, successive 
layers can be printed at right angles to each oth-
er. The numerical model can then be based on a 
typical layered composite structure. However, to 
perform a numerical analysis, laboratory tests are 
needed to determine the physical constants of the 
printed structure.

Although incremental techniques allow the 
free formation of spatial structures, among the 
load-bearing structures used in aviation, flat or 
near-flat structures with a very low curvature with 
respect to the surface and usually with a shear 
function play an important role. These include, 
for example, wing spar walls or parts of the work-
ing wing and fuselage coverings (Fig. 2).

Therefore, it seems appropriate to conduct 
experimental research, develop numerical models 
of such printed structures, and develop new solu-
tions to increase their strength and reduce their 
susceptibility to post-critical deformations [1][3]. 
Improvements in numerical modelling methods 
are also warranted, in particular ways of mapping 
post-critical deformations [12]. 

PURPOSE AND SCOPE OF THE STUDY

The object of consideration was the plate 
made using 3D printing, subjected to pure shear 
(Fig. 3). The thickness of the model was 2 mm 
and the test area had dimensions of 172 mm × 

172 mm. For the experimental testing, a separate 
testing device was used, running on a Zwick Ro-
ell Z050 universal testing machine. The analyses 
aimed to determine the type and magnitude of the 
post-critical deformations of the object and de-
velop techniques to implement an adequate nu-
merical model whose results would satisfactorily 
match the experimental results. 

The model was made from the popular, bio-
degradable polymer PLA (polylactide acid). It is 
a material with favourable mechanical properties 
from the point of view of model testing, with a 
fairly significant elastic range. 

The process of 3D printing of the model was 
carried out using of the ULTIMAKER S5 printer, 
with closed printing space, providing the temper-
ature rigor. The used filament was produced and 
recommended by the producer of the printer. The  
printing head was equipped with the extruder 
of 0.4 mm diameter. The range of used printing 

Figure 1. Geometric form of a cross-section of a single printed layer

Figure 2. An example of a flat surface within a 
working covering of a semi-shell hull structure

Figure 3. Scheme of the structure under consideration

Figure 4. Orientation diagram for 
successive layers of spatial print
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temperatures of PLA filament was 205–225 °C. 
Air circulation inside the printing head was pro-
vided by means of fan system.

The spatial print layers of the experimental 
model were 0.1 mm thick. The print fibres were 
orientated alternately at angles of 0/90 degrees to 
the main directions (Fig. 4). The model was car-
ried out using 100% infill parameter.

Because of the way it is made, the analysed 
structure cannot be regarded as an isotropic ma-
terial. The manner in which the individual lay-
ers are applied allows an assumption to be made 
about their orthotropic characteristics. Thus, the 
structure under study can be considered as a kind 
of sandwich composite, and its numerical model 
should be based on this assumption [8, 9]. 

Although the chemical composition of PLA 
filaments is theoretically the same regardless of 
the manufacturer, their specific production condi-
tions and the addition of impurities such as dyes 
cause significant differences in their mechanical 
properties. In addition, the physical characteris-
tics of the printed structure itself are also greatly 
influenced by the printing process and its param-
eters. Therefore, the correct determination of the 
physical constants of the structure material re-
quires an appropriate experiment.

The derivation of the numerical model was 
preceded by a series of tests on samples prepared 
in stages using the same printing parameters as in 
the experimental plate model. The tests were per-
formed on a Zwick Roell Z030 testing machine 

equipped with an extensometer to accurately 
measure the longitudinal and transverse growth 
of the sample (Fig. 5).

Numerical analyses were performed using the 
MSC PATRAN/MARC software, which is char-
acterised by a considerable capability for user-
defined parameters of nonlinear procedures and a 
wide range of these procedures, allowing efficient 
reproduction of geometric nonlinearities. 

Due to the two-dimensional nature of the load 
system, transitions had to be started perpendicu-
lar to the plane of the model in order to correctly 
represent the post-critical deformations. A meth-
od extensively described in an earlier publication 
by one of the authors [10] was used. 

EXPERIMENTAL RESEARCH

The main test was carried out with a specific 
load system, which is a mechanism to fix and ap-
ply a load to the structure under test (Fig. 6). The 
model was fixed using bolted connections.

The loading system worked with a universal 
testing machine, with which the load value was 
controlled. Deformation measurements of the 
model were carried out using a GOM ARAMIS 
optical scanner.

The experiment resulted in a visualisation of 
the model displacements and representative equilib-
rium paths showing the relationship between load 
and displacements at selected points (Fig. 7–8). 

Figure 5. Testing machine equipped with biaxial extensometer
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The load was applied in several successive 
cycles to eliminate the natural clearances created 
by the bolted connections. This was the reason 
for the discrepancy between the characteristics 
presented. The first relationship (Fig. 8a) , corre-
sponding to displacement of the point in the geo-
metrical centre of the plate, shows considerable 
nonlinearity due to the buckling nature of the de-
formation. The second relationship (Fig. 8b), on 
the other hand, has a much smoother, near-linear 
character, which is due to the relatively small ef-
fect of the model’s cratered post-critical deforma-
tion on its in-plane displacements.

Precise measurements of the displacement dis-
tributions of the model cross-sections, correspond-
ing to the main diagonals, were also made (Fig. 9). 

The experimental results provided a reference 
basis for the numerical solution. To obtain the 
physical constants needed for the FEA analysis, 
it was necessary to perform a series of experi-
ments on samples prepared by the incremental 
technique. Some had a longitudinal and some had 
a transverse fibre arrangement (Fig. 10). A se-
ries of samples with alternate layer orientations, 
at angles of 45/135 degrees with respect to the 
sample axis, were also made. The specimen ge-
ometry and test conditions were in accordance 
with ASTM D-638.

Figure 6. Dimensions and working principle of the loading system

Figure 7. Visualisation of the distribution of 
displacements in the direction normal to the model 
plane, for the maximum load value

Figure 8. Representative equilibrium paths: (a) the 
displacement of the centre of the model with respect to 
its plane in the normal direction, (b) the displacement 
of the upper joint of the load system in the direction of 
the load vector
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Experiments have shown that there is a signif-
icant difference between the mechanical proper-
ties of samples loaded in the direction of the fibre 
orientation and perpendicular to the fibre orien-
tation, although this difference is much smaller 
than, for example, in typical fibre composites 
(Fig. 11–12).

From the properties presented, it can be ob-
served that the reproducibility of the specimen 
properties was very good when the loads were ap-
plied in the printing direction. In contrast, speci-
mens in which the orientation of the strands was 
perpendicular to the direction of the load vector 
were characterised by a strong deterioration of the 

relationship between normal stress and longitudinal 
deformation, especially in the higher range of load 
values. This is because, in the latter case, the cross-
sectional weaknesses in the form of fine notches 
between the paths do not have a perfectly homo-
geneous character. The geometric form and dimen-
sions of these cavities are the result of the limited 
accuracy of the space printing process itself. The 
nonlinearity of the properties at higher stress values 
is due to the formation of local cohesion loss focal 
points in the material. It should be noticed that in 
the lower load areas, which are functionally more 
important, the reproducibility of the relationships 
obtained can be considered satisfactory. 

Figure 9. Results of displacement measurements of selected cross-
sections of the model at the maximum load value

Figure 10. Example visualisation of 3D printed samples for measuring 
physical constants, using ULTIMAKER CURA software
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To determine the physical constants of the 
samples from the measured results, one of the typi-
cal methods for this type of material was used [6].

The final averaged values of the determined 
constants were used as the basis for the numerical 
calculations:
 • E11 = 3520GPa – longitudinal modulus of elas-

ticity in the direction consistent with the orien-
tation of the print paths,

 • E22 = 3100GPa – longitudinal modulus of elas-
ticity in the direction perpendicular to the print 
path orientation,

 • G12 =1730GPa – shear modulus,
 • ν = 0.33 – Poisson’s ratio.

Numerical analyses

In non-linear numerical analyses, a model 
with a hybrid structure was used. The structure 
under test was represented by bilinear thin-shell 
elements, while the kinematic fixation system 
was represented by octahedral solid elements. 

This created the possibility of a relatively simple 
mapping of the frame’s articulated joints. Since 
there were no active rotational degrees of free-
dom in the solid elements, the kinematic proper-
ties of the system (hinges) were mapped using the 
connections between the contact line nodes of the 
sharp angles (Fig. 13).

The main problem with numerical analyses 
of plane-loaded plane models is the inability to 
represent post-critical deformations. In the real 
structure, deformations in the direction perpen-
dicular to the plate’s plane are due to natural 
small geometric and material imperfections. On 
the other hand, in a numerical model, the geo-
metric structure is idealised, which means that 
numerical analysis only leads to transitions in the 
plane of the model. To find a solution that is con-
sistent with the experimental results, it is, there-
fore, necessary to introduce a forcing that triggers 
the formation of post-critical deformations or use 
of the perturbation of linear buckling modes as 
initial state for analysis [17]. 

Figure 11. Tensile diagrams of specimens with fibre orientation in the direction of loading

Figure 12. Tensile diagrams of specimens with fibre orientation perpendicular to the direction of loading
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For the task at hand, a previously developed 
method [10] was used to apply additional lateral 
loads at the corners of the model frame (Fig. 14). 
As a result, the model deflects very little, which 
does not significantly affect the magnitude of the 
post-critical deformations, but only allows the 
equilibrium path of the structure to start branching. 

The finite element mesh was created using eight-
node solid elements and four-node bilinear thin-
walled shell elements. It consisted of a total of 26,279 
elements and 39,983 nodes (Fig. 15). However, it 
should be noted that the majority, 22,608, were solid 
elements, so the corresponding nodes each had three 
active degrees of freedom, which had a positive ef-
fect on the overall size of the numerical task.

The numerical representation of the structure 
of the incrementally fabricated structure was based 
on a model corresponding to a fibre composite 
(classical lamination theory). Each printed layer 
corresponds to a model layer whose directional 
properties are described by the physical constants 
determined in the experiment. In total, therefore, 
the model had 20 layers, each 0.1 mm thick.

By using a method in which imperfections 
were highlighted by small lateral loads, perform-
ing a linearised stability analysis was avoided, 
which is usually used in similar cases to deter-
mine the first mode of critical deformation.

In the present case, a nonlinear analysis was 
used, aiming to determine the equilibrium path of 
the structure. In the general case, the relationship is a 
hypersurface in an n-dimensional state space, where 
n corresponds to the number of degrees of freedom 
of the structure. At each step of the analysis, which 
corresponds to a load increment, the system satisfies 
the matrix residual force equation [2, 5]:

r(u, λ) = 0 (1)

where: u is a state vector containing the displace-
ments of the structure’s nodes correspond-
ing to its current geometric configuration,  
λ is a control parameter related to the cur-
rent load level, while r is a residual vector 
containing the unbalanced force compo-
nents corresponding to the current defor-
mation state of the structure [4, 13, 15].

Figure 13. The hinged joint at the corner of the frame: a) model solution, b) actual solution

a) b)

Figure 14. Geometric model with 
constrains and loads Figure 15. Finite elements mesh
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A feature of all nonlinear procedures is the 
presence of an incremental phase. During each 
load increment, there is a transition from the n 
state to the n+1 state. The undefined quantities 
here are increments:

Δun = un+1 − un, Δλn = λn+1 − λn, (2)

Their determination requires the formulation 
of an additional equation, called the incremental 
control equation, or constrains equation:

c(Δun, Δλn) = 0 (3)

It represents a user-defined state resulting 
from an approved correction strategy.

The different types of commercial software 
allow the user to choose different degrees of in-
cremental methods and correction strategies. In 
the case of MSC MARC, it is possible that the pa-
rameters driving the nonlinear procedures are sub-
ject to a relatively large amount of interference. 

In the case described here, the Newton-Raph-
son incremental method was used, combined with 
a load control (state correction) strategy [15].

The analysis resulted in the deformation dis-
tribution of the model (Fig. 16).

To compare the deformations obtained by 
nonlinear numerical analysis with the results of 
experiment, the components of the deformed 
mesh were isolated from regions corresponding 
to the main diagonals of the structure, i.e. the 
cross-sections indicated in Fig. 9. After appropri-
ate scaling of the resulting outlines, a comparison 
was made with the experimental results (Fig. 17).

The comparison presented here shows that 
the deformations are remarkably similar both 
qualitatively and quantitatively. 

The overall shape of the numerically obtained 
transition field and its minor deviations from 
the experimentally determined distribution are 
largely due to the finite element mesh concept. Its 
regular shape resulted from the desire to precisely 
target the physical properties of the individual 
composite layers. These properties are defined by 
the software user relative to the global reference 
coordinates. It is therefore important to achieve 

Figure 17. Summary of the distribution of displacements in the direction perpendicular to the plane 
of the model for selected cross-sections corresponding to the main diagonals of the structure

Figure 16. Distribution of displacements in the 
direction normal to the model plane, compared with 
the undeformed mesh
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consistency in the orientation of the global sys-
tem axes and the local system axes of the indi-
vidual elements. 

The differences between the deformation dis-
tributions corresponding to the selected charac-
teristic sections are due to the simplified boundary 
conditions used in the numerical model. The con-
nection between the nodes of the shell elements 
and the nodes of the solid elements is articulated 
because, as already noted, the rotational degrees 
of freedom are not active in the solids. This af-
fects the value of the tangent angles to the distri-
butions shown above at the points corresponding 
to the zero displacement values.

During the study, numerical testing of the 
model was also carried out, in which an addition-
al layer of shell elements was mapped between 
two layers of solid elements, corresponding to 
the fixing of the edges of the model under study 
between the frame elements. However, this so-
lution led to excessive structure stiffness due to 
incorrect numerical considerations [16, 17, 18]. 
In addition, in a real structure, the stiffness of the 
model is affected by bolted connections, which 
do not seem appropriate to be represented in a 
model based partly on solid elements. This would 
require a very high-density mesh grid or elements 
of very different sizes. 

CONCLUSIONS

The presented variant of the numerical repre-
sentation of the structure that is the subject of the 
experiment is one of a number of possible solu-
tions. From the point of view of its purpose for 
nonlinear analysis, its relatively simple structure 
seems to be an advantage, allowing a satisfactori-
ly correct solution to be obtained without the need 
for contact functions and multi-point constraint 
connections. Although the lateral deformations 
obtained by the numerical and experimental meth-
ods do not fully match, from a technical point of 
view, the correct representation of the stiffness 
of the shell model, which allows the maximum 
values of the post-critical displacements to be de-
termined, seems to be the most important. Given 
that these discrepancies are relatively small, the 
result of the nonlinear numerical analysis can be 
considered satisfactory. Therefore, the use of the 
described hybrid model, based on solid and sur-
face elements, allows for results that are useful in 
design processes.

From this it can be concluded that the me-
chanical properties of the structure are correctly 
represented using the concept of a layered fibre 
composite model. The method used to determine 
the physical constants of the incremental com-
pression structure by experimentally testing sam-
ples with a two-way extensometer also appears to 
be effective. It seems necessary to determine the 
above constants for a given filament since there 
can be considerable differences in the mechanical 
properties of different filament types.

The considerations presented allow further 
research directions to be identified. The versa-
tile nature of the test bench and the considerable 
scope for modifying structures using incremental 
techniques allow experiments to be carried out 
on geometrically diverse models. The concept of 
analysing models with integral reinforcements 
seems particularly interesting. 

At the same time, the experimental results can 
provide reference material for the development of 
new solutions for the numerical representation of 
the above structures. 
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