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Abstract. In the recent past new experimental techniques have been
developed with the objective of linking generalized continuum theories
with technology. So-called pantographic structures, which can be char-
acterized as a meta-material, will be presented and investigated exper-
imentally: Samples of different materials and dimensions are subjected
to large deformation loading tests (tensile, shearing, and torsion) up to
rupture, while their response to loading is recorded by an optical mea-
surement system. 3D-digital image correlation is used to quantify the
deformation.

Results show that the deformation behavior is strongly non-linear and
that the structures are capable of performing large (elastic) deforma-
tions without complete failure. This extraordinary behavior makes pan-
tographic structures very attractive as engineering material in technical
applications for lightweight applications and in the medical industry.

Keywords: Experiment · Metamaterial · Digital image correlation ·
Additive manufacturing

1 Introduction

With the help of additive manufacturing fabrication of complex designed struc-
tures became cheaper over the last decades. Developments and implementations
of customized substructures in combination with specially tailored materials
became possible resulting in extraordinary macroscopic deformation behavior.
Such a man-made structure is also referred to as a meta-material. Pantographic
structures, which can be described as meta-materials with a substructure com-
posed of two orthogonal arrays of beams, connected by internal cylinders or
c© Springer Nature Switzerland AG 2020
D. A. Indeitsev and A. M. Krivtsov (Eds.): APM 2019, LNME, pp. 101–114, 2020.
https://doi.org/10.1007/978-3-030-49882-5_11

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-49882-5_11&domain=pdf
https://doi.org/10.1007/978-3-030-49882-5_11


102 G. Ganzosch et al.

joints (see Fig. 1), were manufactured by using additive manufacturing tech-
niques. Such meta-materials enable the fabrication of lightweight structures with
high degrees of complexity in combination with high stiffnesses. Effective prop-
erties are carefully designed by tailoring the so-called microscopic constituents
[3,17,18] in the substructure in order to achieve specially desired properties,
where the unit cells of the substructures are repeated periodically. Therefore
mechanical performance of meta-materials depends not only on the global struc-
ture, but also on the morphology of their subunits.

Fig. 1. Pantographic structure developed by [8]
made out of polylactide, manufactured at the Insti-
tute of Mechanics at Technische Universität Berlin
by means of fused deposition modeling technique.

Fig. 2. Two-dimensional cross-
section of an unit cell of a pan-
tographic substructure.

The design and manufacture of meta-materials for specific engineering appli-
cations requires us to predict their performance. This can be achieved by the
finite element method [5,35,39]. Normally the modeling of technical structures is
based on the equations of the traditional Cauchy-Boltzmann continuum. This
requires a very detailed mesh if details need to be analyzed, which leads to higher
computing time and associated higher costs. Alternatively, by using equations
developed from generalized continuum theories, a low-detail mesh can be used
to get the same results and, correspondingly, the computational costs are much
less. The classical first gradient Cauchy theories need to be improved by intro-
ducing either additional degrees of freedom, for example those of the Cosserat
medium [6,7], micropolar parameters [13,14,29,30], or additional higher order
gradients [1,2,9,24,25,27,31,32,36].

It is known that pantographic structures can be represented well by higher
gradient theory. In fact they were treated as a second gradient continuum [3,10].
Here, the bending stiffness of the fibers is described by a second-gradient depen-
dence (in displacement). However, new material parameters are introduced into
the constitutive laws and experiments have to be designed to calibrate and
determine these parameters [4,16]. By choosing a specially adjusted experimen-
tal setup in combination with an explicit theory it is possible to localize and
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to determine the unknown parameters [8,20–24,38]. On the one hand side one
may say that newly identified parameters gained from theory have to be mea-
sured and determined in experiments [23,24,26], and on the other hand side the
parameters obtained from theory or numerical analysis have to been validated
by experiments [8,25,37].

In this paper three types of experiments applied to meta-materials made
out of three different materials consisting of pantographic substructure will be
performed. In addition a non-invasive optical measurement technique, the so-
called Digital Image Correlation (DIC), will be used to detect and to measure
the deformation on the specimens’ surface. Pantographic metamaterials show a
highly resilient and non-linear elastic material behavior resulting in large defor-
mations.

2 Materials and Methods

Different materials and different experimental setups have been taken into
account in this work. Three different additive manufacturing procedures were
used to manufacture three differently sized samples, which will be described in
Subsect. 2.1. Standardized test-setups of three different experimental methods
will be presented in detail in Subsect. 2.2.

2.1 Manufacturing

Pantographic structures, consisting of rectangular beams and cylindrical piv-
ots/joints, were 3D-printed using three different additive manufacturing meth-
ods:

i) Fused Deposition Modeling (FDM) by means of an Ultimaker 3 Extended
(Ultimaker B.V., Geldermalsen, Netherlands) available at Technische Univer-
sität Berlin, Chair of Continuum Mechanics and Constitutive Theory, Ger-
many,

ii) Selective Laser Sintering (SLS) by means of EOS Formagia P 100 (EOS
GmbH, Munich, Germany) located at University of Technology Warsaw, Insti-
tute of Mechanics and Printing, Poland,

iii) Direct Metal Laser Sintering (DMLS) by means of EOS M 400 (EOS GmbH,
Munich, Germany) located at Fraunhofer Ernst-Mach-Institute Freiburg,
Germany.

Polylactic Acid (PLA - Ultimaker B.V., Geldermalsen, Netherlands) was used as
raw material for FDM (specimen PLA). In order to increase the printing quality
of the specimen, water-soluble Polyvinyl Acetate (PVA - Ultimaker B.V., Gel-
dermalsen, Netherlands) was used additionally as support-structure during the
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Fig. 3. Speckled pantographic structures made out of PLA (left), PA (middle), and
AlSi10Mg (right).

printing process and was washed off afterwards (for further informations see [19]).
Polyamide (PA2200 - EOS GmbH, Munich, Germany) was used as raw mate-
rial in SLS (specimen PA). For further informations see [4,15]. Aluminium alloy
(AlSi10Mg - EOS GmbH, Munich, Germany) was used as raw material using
DMLS (specimens ALU, ALU-H). A special support structure and a compli-
cated elaborated laser exposure strategy was employed in order to avoid thermal
distortions due to the higher laser powers and energy input. Furthermore, a heat
treatment was performed on sample ALU-H in order to reduce internal stresses
(for further informations see [16]). Since the microscopic substructures influence
the macroscopic deformation behaviors significantly [4,33], variations of speci-
mens with different geometries were investigated as well. Figure 3 shows three
types of specimens (sample PLA, PA, and ALU). In total four different speci-
mens were investigated:

1) sample PLA in extension,

2) sample PA under shear,

3) sample ALU torsion-test,

4) sample ALU-H torsion-test.
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Details of the inner and outer dimensions of all samples can be found in
Table 1.

Table 1. Outer dimensions in mm (L = width, l = height, t = depth) of all samples
as well as inner dimensions of the substructure of all samples corresponding to the
schematic in Fig. 2 (a = width of beam, b = height of beam, ød = diameter of pivot,
h = height of pivot).

Sample L l t a b ød h

PLA (extension) 140 70 3 1 1 1 1

PA (shear) 210 70 3 1 1 0.9 1

ALU (torsion) 210 70 5 1 1 0.9 3

ALU-H (torsion) 210 70 5 1 1 0.9 3

2.2 Experimental Setup

The experiments can be classified as extension, torsion and shearing tests. Exten-
sion tests have been performed on a MTS Tytron 250 testing device at Technis-
che Universität Berlin, Chair of Continuum Mechanics and Constitutive Theoriy
(CMCT). Torsion- and shearing-tests have been performed on a Zwick Z010 at
Charité Berlin, Julius Wolff Institute (JWI) respectively. Quasi-static standard
tests have been taken into account. The experimental setup of extension tests
performed on sample PLA at CMCT is shown in Fig. 6A; the experimental setup
of shearing-test performed at JWI is presented in Fig. 4. In this work we will also
focus on torsion tests applied to ALU and ALU-H specimens. The schematic
setup of torsion-test performed at JWI is shown in Fig. 5.

The MTS Tytron 250 testing-device controlled by the software Stationsman-
ager V 3.14 was used during extension tests on sample PLA. The applied force
was measured by a load cell attached to the device, which is able to record
axial forces in a range of F = ±250 N. The displacement, x, was imposed hor-
izontally on the right of the specimen with a loading rate of v = 15 mm/min
(displacement-controlled). It was measured and monitored by the device’s own
encoder unit. Almost frictionless movement was achieved by using an air-film-
bearing. External vibration was avoided by using a massive substructure and by
arranging the system horizontally. Additionally to force-displacement (stress-
strain) recording, pictures were taken (0.25 pictures/second) by means of a
commercial Canon EOS 1000D camera with a resolution of 4272× 2848 pixels.
Triggered pictures and force/displacement were synchronized with the help of a
TTL signal. 2D-DIC evaluation was performed in GOM Correlate 2017 software
(GOM GmbH, Braunschweig, Germany).

For investigating specimens made out of aluminum (samples ALU and ALU-
H), which need higher loads to generate measurable results, the Zwick Z010
testing-device, controlled by the software TestExpert was used. The shearing-
tests on the PA sample were also performed with this device. The resultant
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Fig. 4. Set-up of shear experiment of
sample PA performed on the Zwick
Z010 device at JWI (for further infor-
mations of experimental setup see [16]).

Fig. 5. Schematic set-up of extension and
torsion experiments performed on the
Zwick Z010 device.

applied axial force was measured by a device-own load cell (Zwick-Serie Xforce).
The force transducer is able to record axial forces in the range of about F =
±10000 N, where the accuracy at 20 N is about 0.1%. The displacement x was
controlled vertically. The upper traverse-part of the tensile-to-shear adaption
device is fixed horizontally and vertically, while the lower part can be linearly
moved in the vertical direction (see Fig. 5). The velocity of the shearing-test
was set to v = 15 mm/min, which is quite slow for such tests (displacement-
controlled and quasi-static). The displacement itself was recorded and monitored
by a device-own encoder unit with an accuracy of ±0.002 mm. For the torsion
tests a device-own torque sensor (Zwick-Serie M) was applied on the very fixed
bottom of the lower traverse, while the torsion was induced on the top of the
mounting with 1 degree/min on the upper traverse-part of the torque adaption-
device (see Fig. 5). The torsion transducer is able to record moments up to M =
20 Nm and resists maximal axial forces up to ±5 kN. Furthermore a non-invasive
optical measurement device Q-400 (Dantec Dynamics GmbH, Ulm, Germany)
was installed to record the state of three dimensional deformation of the surface
of a sheet by the help of two cameras. A more-than-one camera system is able to
recognize the 3D-motion within overlapping regions of the image sections. For
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enable the software of image correlation to separate small surface areas (so-called
facets) and due to lack of contrast, the surfaces of all specimens had to be sprayed
with a speckled pattern (see Fig. 3). During the deformation process, pictures
were taken via direct TTL-signal every 2 s by means of the afore mentioned
commercial camera system with a resolution of about 1600× 1200 pixels. This
way we were able to synchronize each picture to the related force-value in real
time. By means of a calibration procedure of the camera setup, the commercial
software Istra4D is able to re-calculate a three dimensional surface deformation.

3 Results

In order to obtain scalar results for an out-of-plane displacement of a sheet in
DIC, a reference point in a single facet (a sub-area of image correlation) was
selected for each sample. This point is located in the place where maximal out
of-plane movement could be assumed. Due to the large deformations some facets
moved out of the optical focus, which caused the image correlation to abort. Fur-
thermore, image correlation may also be aborted when a sudden rupture occurs
in between the shutter releases of the camera, so that the facets to be corre-
lated are displaced too much. For further informations see [16,19]. Torsion tests
applied to the aluminum specimens were performed on the same experimental
setup with identical loading conditions.

3.1 Extension

The extension test with the PLA sample was performed on a MTS Tytron
250 device located at Institute of Mechanics at Technische Universität Berlin,
Germany. Figure 7 shows the stress-strain relation of sample PLA in a biaxial
tension test. The marked points A, B, and C correspond to the sequence pictures
in Fig. 6, respectively. After linear elastic deformation (between points A - B),
plastic deformation occurs resulting in a first rupture shortly after an elongation
of about ε = 6%, which is a quite low elongation for pantographics (see [16,34]).
The pivot in the lower right corner breaks (Fig. 7C), but surprisingly total failure
can be avoided. The structure is even able to resist higher loads after a second
rupture. Necking, calculated by means of 2D-DIC in vertical direction, results in
a shortening in vertical direction of about Δy = 5 mm and is shown in the right
lower corner in Fig. 6. Obviously, high elastic performance as seen in previously
investigated experimental studies [4,8,11,15,16,34] has not been experienced
with this specimen because of the small height of the cylindric pivot/joint (see
[34]).

3.2 Shearing

Shearing tests with the PA sample were performed on a Zwick Z010 testing
device at the Julius Wolff Institute at Charité Berlin, Germany (see Fig. 4).
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Fig. 6. Image sequence of specimen PLA during extension load. Picture A - C cor-
respond to the marked points in Fig. 7. The picture in the lower right corner shows
exemplary the calculated necking in y-direction by means of 2D-DIC shortly before
first rupture occurs.

Fig. 7. Stress-strain curve of biaxial extension test of specimen PLA performed on
MTS Tytron 250 device at CMCT. Arrows pointing to points A, B, and C correspond
to pictures A, B, and C in Fig. 6, respectively.
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Fig. 8. 3D-DIC evaluation of specimen
PA during shearing test with posi-
tive (red, point P1) and negative (blue,
point P2) out-of-plane-movements.

Fig. 9. Shear-force-displacement relation
of specimen PA including asymmet-
ric out-of-plane-movements of points P1
(positive) and P2 (negative), respectively.

Figure 8 shows the out-of-plane movement of the surface of sample PA dur-
ing the shearing test. Because of the stiffness of pivots/cylinders (see [4,34]),
which connect the arrays of beams of the different planes, out-of-plane buck-
ling occurs, being in good agreement with previous investigations reported in
[4,15,16]. In Fig. 9 out-of-plane movements of the points P1 and P2 correspond-
ing to Fig. 8 and the force-displacement curve are shown. An almost linear elastic
deformation behavior can be observed until about y = 50 mm (shear elongation
of Δeyy = 71%). Surprisingly, strongly non-linear and non-symmetric out-of-
plane movements start at about y = 10 mm while being still in the linear elastic
deformation range (Δy < 50 mm). After reaching a maximal shear-displacement
at about ymax = 70 mm the out-of-plane buckling decreases. This is because of
the high plastic deformation in the structure. One may say that the “shearing
test becomes an elongation test” at this very point.

Furthermore, the first rupture occurs at about y = 127 mm of shear-
deformation (shear elongation of Δeyy = 181%) at almost 21N. The whole
metamaterial is able to resist even further loading without leading to total
failure resulting in a high resilient-kind deformation behavior. Even after the
fourth rupture at about y = 155 mm shear-displacement (shear elongation of
Δeyy = 221%), the whole structure does not fail and is able to resist higher
loads up to 5N before total failure.

3.3 Torsion

Torsion tests applied to sample ALU and sample ALU-H were performed on a
Zwick Z010 testing device at Julius Wolff Institute at Charité Berlin, Germany.
Figure 10 shows the heat-treated specimen sample ALU-H after one total rota-
tion (360◦). Figure 11 shows the out-of-plane buckling of the same specimen
right after first torque was applied at the upper mounting part. The points P1
and P2 show about ±14 mm out-of-plane movement before the facets got lost
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and DIC-evaluation was aborted. In Fig. 12 moment-, angle-, and out-of-plane
movement-time relations are shown. Linear elastic as well as linear plastic defor-
mation behavior was observed. In order to investigate the plastic deformation of
both specimens, rotations with load cycles of 10◦ steps were imposed up to 60◦

(0◦ − 10◦ − 0◦ − 20◦ − 0◦ − ...− 60◦ − 0◦ − 2000◦). By reaching the negative area
(F < 0 Nm) after the 20◦ step plastic deformation clearly occurs. Furthermore,
non-linear deformation behavior can be recognized after 60◦ (at about 480 s).

Fig. 10. Sample ALU-H after one full
rotation during torsion test performed
on Zwick Z010 at JWI, Charité in
Berlin, Germany.

Fig. 11. Example of 3D-DIC evaluation of
specimen ALU-H during torsion test with
negative out-of-plane-movement (blue, point
P1) and positive out-of-plane-movement
(red, point P2).

By comparing the moment-time dependencies of the heat-treated specimen,
ALU-H, with the untreated one, ALU, in Fig. 13, considerable differences in
the deformation behavior can be observed. The specimen ALU reaches about
16% higher loads than the heat-threated one, ALU-H. But sample ALU-H
is able to resist further loads without leading to a single failure because of its
ductility. This is in contrast to sample ALU, in which local ruptures of beams
and pivots result in total failure. But still, ALU was able to resist even higher
torque-loads before total failure of the whole structure occurred. This resilient
deformation behavior was also observed in the aforementioned extension test
applied to specimen PLA and in the shearing test applied to specimen PA.
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Fig. 12. Diagram of moment-, angle-,
and out-of-plane movement over time
of torqued specimen ALU-H.

Fig. 13. Comparison of moment-time
dependences of specimens ALU-H and
ALU during a torsion test.

A reverse Poynting effect was observed and is further discussed in [28] and
[12]. It should also be mentioned that total failure of the heat-threated specimen
ALU-H did not occur during the whole experiment ending after 5.7 total rota-
tions (about 2000◦). This extraordinary deformation behavior is comparable to
investigations with cylindrical structures reported in [12].

4 Conclusion and Outlook

Pantographic structures made out of three different materials were additively
manufactured using three differently types of additive manufacturing techniques.
Polylactide was used as a raw material for 3D-printing of specimen PLA by
means of fused deposition modeling at Technical University Berlin, Germany.
Polyamide was used as a raw material for 3D-printing of specimen PA by means
of selective laser sintering at Polytechnica Warsaw, Poland. An Aluminum alloy
was used as raw material for 3D-printing of specimens ALU and ALU-H by
means of direct metal laser sintering at Fraunhofer Ernst Mach Institute in
Freiburg, Germany.

An extension test was performed on specimen PLA, a shearing test on spec-
imen PA, and torsion tests with specimens ALU and ALU-H. In parallel, an
image correlation procedure was performed. We were able to observe and to
measure out-of-plane movements for specimens PA, ALU, and ALU-H quali-
tatively as well as quantitatively.

Specimen PLA deformed in a linear elastic way, until a first local plastic
rupture occurred without resulting in total failure. This resilient deformation
behavior may be used in failure-safe systems in the future to secure stability
of mechanical systems, e.g., in aircraft or automobile applications. In contrast
to investigations that can be found in [34], out-of-plane buckling was observed
during shearing tests applied to specimen PLA, due to the non-perfect piv-
ots/joints. Independently, the aforementioned resilient deformation behavior was
also observed for this shearing test. The untreated specimen, ALU, was able to
carry 16% higher rotational loads during torsion tests then the heat-treated
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one, ALU-H. Nevertheless, specimen ALU failed after about one total rota-
tion in contrast to specimen ALU-H, which was able to resist total failure
during the whole experiment ending after 5.7 total rotations. Furthermore, a
reverse Poynting effect and extraordinary nonlinear deformation behavior was
observed and is further discussed in [28] and [12].

One may say that because this structure stays in the elastic range, even at
large deformations, it will play a crucial role in the future in different kind of
industrial applications. Its light weight in combination with its high resilient
deformation behavior makes this kind of meta-material very attractive to appli-
cations in industry (e.g., for protection shields in civil or defense industries,
damping or mounting device for aircraft or automobile industries).
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