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The large bending behavior of a creased paperboard is studied in the range of rotation 0 € [0°,180°] - new
results, apparently not reported previously in literature — with the aim to point out some crucial aspect
involved in an adaptive robotic manipulation of the industrial cartons.

The loading tests show a great variability of the mechanical behavior, depending dramatically on the
crease indentation depth (also for the specimens obtained from the same carton): (a) when the damage
induced during the crease formation is relatively small, the bending response is unusually complex: the
moment constitutive function, m;(0), presents (up to) two peaks followed by unstable branches; (b) for
greater indentation, the m;(6) is monotone.

In the unloading case the response my(0) is always monotone and is practically independent of the for-

mation conditions of the crease. These behaviors can be easily described analytically using (piecewise)

third degree splines.

In a companion paper, the erection of a typical carton corner with unstable constitutive behavior is
fully analyzed to detect the possible criticalities.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The mechanical characterization of the creased paperboard
(carton) has recently received great attention from both experi-
mental and theoretical point on view, with the aim to increase
the reliability of the (reconfigurable) robots, manipulating ori-
gami-type cartons in packaging industry (Dai and Rees Jones,
1999; Dubey and Dai, 2006; Yao and Dai, 2008; Cannella and Dai,
2009).

1.1. Alternative approaches

Several different and alternative research directions can be de-
vised to control the evolution of the folding process of a complex
origami carton.

The predictive modeling: the crease formation is analyzed and
simulated as a structure, with the purpose to predict the macro-
scopic mechanical behavior of the creased paperboard during
folding (Carlsson et al., 1983 - an early particular simple delamina-
tion model in very small rotation — Barbier et al. 2005; Beex and
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Peerlings, 2009; Giampieri et al., 2011), assuming that the geome-
try, the constitutive equations of each component, the technologi-
cal process and the environmental conditions are know a priori
(Ostoja-Starzewski and Stahl, 2000; Ramasubramanian and Wang,
2007; Sato et al., 2008; Suhling et al., 1985; Vannucci, 2010).

The carton simulation: the carton erection process is analyzed
to detect possible criticalities such as instabilities, vibrations, con-
tacts, face interferences (Mullineux and Matthews, 2010), configu-
ration singularities (Cannella et al., 2012), assuming that the
macroscopic mechanical behavior of the crease is known a priori
(Nygdrds et al., 2009).

The reconfigurable carton formation robot: the analysis of a
reconfigurable robot for the carton manufacturing is considered,
with real-time detection and control of both carton faces placement
and actuation forces.

The above considerations suggest to consider the predictive
model to be not sufficiently reliable, owing to the non-controllabil-
ity of the variables influencing the mechanical response, with par-
ticular attention on the crease parameters and the environmental
conditions (the crease depth and moisture content, primarily).
What is more, the most influencing quantities can be variable
not only with time from a sample to the other, but is different
for the creases belonging to the same carton, as result from the fol-
lowing tests (similar issues are addressed by Hicks et al., 2004).
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Nomenclature

denote the crease typology: cut, normal, dashed, respec-
tively

m(6, ) moment per unit length of the crease [N mm/mm]
my(6) loading constitutive equation, 6 >0
my(0)  unloading constitutive equation, 6 <0

T, B, L, R denote the top, bottom, left and right side of a carton,
respectively

crease rotation

derivative of the rotation with respect to the time
Ratischauser’s symbol of definition

0
0

In the recent years, the last approach is adopted and several
projects have been carried out (Dubey and Dai, 2006; Yao and
Dai, 2008; Cannella and Dai, 2009) towards the implementation
of a reconfigurable real-time controlled robot being able to adapt
the manufacturing process to the carton in production. Nonethe-
less, the simulation stage requires, among other factors, the con-
sideration of the functional form of the constitutive law m(0).

1.2. Experimental investigation

The pioneering experimental study by Nagasawa et al. (2003)
presented the influence of the crease depth indentation on the
response m(0) of a creased paperboard, m being the moment per
unit length of the crease and 0 the folding angle, restricted in the
range [0°,90°].

This work discusses the constitutive equation m(6) of the differ-
ent types of crease present in industrial cartons employed in food
packaging. The response is obtained for a bending rotation varying
from 0 to 180°, results not previously published, to the best knowl-
edge of the authors. Furthermore, the unloading process is also reg-
istered — a phenomenon involved in the aperture of a pre-folded
carton.

The main outcome is the great dependence of m(6) on the
process of formation of the individual crease: it varies from a
monotone trend with an always positive stiffness (when the inden-
tation depth is great) to a function presenting many unstable
branches (for small indentation depth). It is important to empha-
size that this behavior, so qualitatively different, is coexistent on
the set of specimens obtained from nominally identical creases of
the same carton.

1.3. Theoretical structural analysis

The kinematic and structural analysis of the erection of a typical
carton is presented in a companion paper (Mentrasti et al., 2013),

(b)

Left

Fig. 2.1. An industrial carton (placed in the manipulator robot).

with the aim to show the possible criticalities due to the complex
bending behavior. It is worth reaffirming here that a general proce-
dure applicable to predict the structural behavior of an actual man-
ufacturing carton is hardly reliable.

2. Experimental results

Several large rotation bending tests have been carried out on
industrial carton employed in food packaging (Figs. 2.1 and
2.2(a)) with two average thickness: 0.40 mm, for two different car-
tons identified as Th1 and Th2, and 0.44 mm for a carton identified
as Th3.

The samples are obtained as follows:

e 3 or4samples are considered for each type of the crease as
shown in Fig. 2.2:

Top
T1iT2:iT3
L1 R1
L2 r2 | Rigth
L3 R3
L4 R4
B1iB2iB3
Bottom

Fig. 2.2. (a) A typical carton (left side) with the crease types nomenclature; (b) Samples nomenclature within the a carton.
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- (m) normal (standard) crease;

- (c) continuous cut crease (the cut traverses partially, but
continuously, the paperboard thickness);

- (d) dashed cut crease (the cut traverses the paperboard
thickness and is discontinuous). Creases cut discontinuously
(cd) are not tested.

e a set of samples is obtained from the different side of the
same carton: Left (L), Right (R), Top (T) and Bottom (B),
according to Fig. 2.2;

¢ the bending is inward the crease, with rotation in the range
0-180°;

e each sample has been inflected in a monotone quasi-static
loading (and unloading) in approximately 3 s, at 22-26 °C
and 40-55% of relative humidity.

o the elastic bending of the very small portion of the paper-
board adjacent to the crease is ignored.

e unloading has been immediately recorded without delay,
after obtaining 180 degree rotation (cf. Allaoui et al., 2009).

The experimental setup is composed as follows: (1) the fix end
of each sample is secured to a vertical plate support with a dou-
ble side sticking tape; (2) the paperboard specimen is pushed at
its free end by an L shaped aluminum beam, parallel to the
crease; (3) it is supported by a load cell and rotates around the
vertical axis of the rig, with an effective arm of 19.0 mm; (4)
the rotation is detected by a high resolution encoder, coaxial with
the crease. The load cell (Burster, Model 8511 EN, Bending Beam)
has the following characteristics: 5.0 N Full Scale, 0.5% total accu-
racy (high linearity up to 0.1%) and maximum deflection of
0.15 mm (FS).
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The moment per unit length m(0) is finally computed taking
into account the width of each specimen (between 45 and
50 mm). For each curve (load + unload) more than 1000 couple of
values are detected.

It is perhaps appropriate to pointed out that the adopted testing
methodology (the number of the samples per type of crease, the
environmental condition, the conditioning of the samples, etc.)
does not suggest either a new calibration or certification method,
or an alternative protocol to identify the paperboard quality. More
simply, our purpose is to draw attention to the never previously
signaled facts presented below: the existence of multiple unstable
branch in the bending response up to 180° and the unpredictability
of the mechanical response of the creases of the same type belong-
ing to the same carton (or of the “same” crease in different cartons
of the same stock). Therefore, only a (statistically reasonable) min-
imum number of samples are considered. On the other hand, the
actual dimensions the sides of the carton hardly permit a greater
number of samples (3 for each short side, 4 for each long one,
namely 6 or 8 samples per type of crease in each carton).

Besides, the tests are carried out under condition that can be
considered very similar to a possible manufacturing environmental
state. Several further results for different temperature and mois-
ture conditions (stabilization of the cartons in a conditioned cell
with humidity control; tests under heating conditions, with a
real-time detection of the temperature; scattering analysis; etc.)
are reported in “Mechanical Properties of Carton Creases” by Can-
nella et al., 2013.

In summary, a single cartoon (named c00X_ThY, where X is the
carton number and Y identifies the above mentioned thickness
code) provide the samples identified as (cf. Fig. 2.2(b)):
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Fig. 2.3. Some typical diagram for the cut creases (c) located at the top (b,c) or bottom (a,d) position, in cartons of different thickness.
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CT1, cT2, cT3, (continuous cut)
nL1, nL2, nL3, nR1, nR2, nR3, (normal cut)
dL1, dL2, dL3, dR1, dR2, dR3, (dashed cut)
cB1, cB2, cB3, (continuous cut).

2.1. Experimental results for loading and unloading conditions

The paperboard sample is folded around the crease under quasi-
static monotone loading condition, in the range 0 € [0, 180°] with
0> 0, 0 being the time derivative of the rotation; the obtained re-
sponse is denoted m;(0). The unloading condition occurs when
6 € [0y, 180°] with 0 < 0; the response is denoted my(9).

The results of the most significant assays are reported as coarse
data without averaging or regularization, collected according to the
crease type and the side of the carton. For some curve, the origin of
the 0 axis is slightly shifted for a better reading of the graph: how-
ever, the actual end of each loading diagram can be unambiguously
identified by the vertical asymptote, necessarily located at 180°. On
the other hand, the starting point is not well definite because often
the moment becomes significant when 0 > ~10-20°, owing to an
initial natural curvature of the paperboard.

2.1.1. Continuous cut crease () results

This is the less significant response, due to the heavy damage
caused by the continuous partial cut across the cross section of
the paperboard: the diagram mL(0) is practically linear in the whole
range, with very low stiffness, independently of both the sides (T or
B) and the carton sample tested (Fig. 2.3). Dispersion of the re-
sponses, also within the same side of the carton, is significant.
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Unloading curve is coarsely parabolic without correlation with
the loading curve, leading rapidly to m =0 (in an interval of 30-
60°).

2.1.2. Dashed cut crease (d) results

For this type of crease m;(0) attains highest values (Fig. 2.4). The
curve can be compared to the elastic-perfectly plastic behavior of a
traditional material, with relatively small dispersion (even if sides
L and R can have different responses). It is very interesting to no-
tice a modest, but well identifiable, S-shaped part of the diagram
after the peak around 40-50°. It is a characteristic of the light in-
dented normal creases (as widely discussed below) and, in the
dashed creases, the moderate amount of the phenomenon can be
attributed to the undamaged (not pre-indented!) integral part of
paperboard between the cuts.

The unloading curves are roughly parabolic, but in this case the
stiffness of my at 6 = 180° is very close to the stiffness of m; at the
initial loading path. The value m = 0 is attained in 60-80°.

2.1.3. Normal crease (n) results

The standard normal crease (n), bent according to its indenta-
tion, shows the more interesting behavior, never observed in a
structural materials of comparably simple composition. Our exper-
imental investigation shows (Fig. 2.5):

e a second peak of m; exists around 90°; it is usually markedly
greater than the maximum detected by Nagasaawa et al. around
35¢;

e a second more pronounced unstable branch follows this
maximum;
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Fig. 2.4. Some typical diagram for the dashed cut creases (d).
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Fig. 2.5. Some typical diagram for the normal creases (n).

e the curve my(0) is monotone increasing up to 180°, where an
absolute maximum can be eventually attained.

In this circumstance the markedly different response of the L

and R sides of the same carton is detected.

The unloading behavior is nearly parabolic with the unloading
starting stiffness close to the initial loading stiffness, as in the pre-
vious case. The non-trivial unloading range has now a proportion-

ally greater extent (m =0, when 6 ~ 90°).

2.2. Peculiar crease-dependence of the bending behavior

A remarkable issue of the experimental tests, hitherto never
pointed out, is the possible greatly dissimilar mechanical behavior
of apparently identical crease (n) on different side or position in
the same carton, as can be seen comparing the results shown in

Figs. 2.6 and 2.5.

The explanation of this strange outcome is attributed to the dif-
ferent indentation during the crease formation. The conjecture is

supported by the macrographs (30x)
board obtained from the different

of unbent slices of paper-
side of the same carton.

Fig. 2.7 clearly show the different crease depths (together with a

consequently different damage).

Fig. 2.8 shows several micrographs: two unbent samples,
obtained from the left and right side of the same carton, with small
(a) and large (b) amount of delamination; (c) large indented sam-
ple after a bending of ~45°. The standard histological preparation

emphasizes the damaged layers in the

3. Bending constitutive equations

different cases.

The experimental curves m(6), obtained for the different crease
types subject to one loading + unloading cycle, are idealized in four
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Fig. 2.6. Anomalous behavior of some normal creases (n) imputable to a large indentation.

(b)

Fig. 2.7. Macrographs of unbent creased samples obtained from the left side (a) and the right side (b) of the same carton (Green L1 and R2) showing the very different

indentation of nominal identical creases.

classes of simplified constitutive law, in order to grasp their very
distinctive behavior:

e Pseudo-linear loading response. A monotone very regular trend,
until the ultimate moment m; is attained at 180°. Applicable
to a cut crease or to a heavy punched and damaged paperboard
(e.g. crease c, Fig. 2.3).

e Pseudo-elasto-plastic loading response. After the initial linear
phase, ending at 0; where the moment is m;, this maximum
value remains constant up to 180°. Applicable to dashed creases
(d, Fig. 2.4).

e S-shaped response. The behavior is subdivided into several
stages (cf. Fig. 2.5):

- the initial phase is pseudo-parabolic, with a quasi-linear
starting phase and a maximum moment mjattained at 0,
where the stiffness is zero;

- then two pairs of unstable-stable branches link the (analyti-
cal) maxima and minima; the characteristic points are listed
in the sequence [(my,0), (M5, 02), (M3,03), (My,04), (Ms,180)],
as shown in Fig. 3.1. In each interval (6;,0;) the constitutive
function is locally invertible. Applicable to normal creases
(m) with moderate indentation (damage).

e Monotonic unloading response: monotone, pseudo-parabolic,
very regular trend from the ultimate moment until the zero
moment attained at 0y. The possible very small negative
moment for 0<0<0y is ignored. Applicable to every crease
under unloading.

An effective analytical description of the constitutive law m(0)
can be obtained employing the following elementary cubic splines,
in the appropriate interval (for the sake of simplicity, each spline is
defined in the normalized interval [0,1]).

3.1. Elementary splines

The non-linear piece of the constitutive equations is built using
the following elementary splines (¢:= % is a normalized
abscissa):

Starting Spline

S0(8) 1= —m 5 (&~ 3), M

in which the second derivative is imposed to be zero at the origin. In
such a way the function is governed by the parameter m; alone and
the initial slope is equal to 3/2 m;.

Current Spline

S1(8) := mg + 3(my — mg)&(1 — 2¢/3), 2)

with zero derivative at the extremes and control parameters 1mg and
my.
Final Spline

$3(0) 1= my — 5 (my —m)(E - 3) G)

for which the second derivative at the right end is zero.
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(c)

Fig. 2.8. Micrographs of histologically treated samples: (a) and (b) unbent creased paperboard with different degree of damage; (c) a sample with severe indentation, after a

bending of ~45°.

A

m

A\

Fig. 3.1. The general constitutive equation my(0): loading and unloading laws.

Unloading spline function is simply

$(0) 1= ~tm (iii)z <§ziill - 3)7 @

similar to the previous one, with m; =0 and a rescaling of ¢&.

3.2. The general constitutive equation

The general constitutive equation (for a normal crease) m;(0) is
built as a piecewise spline. The whole range is divided in sub-inter-
vals where the appropriate splines above defined elementary func-
tions are employed: Starting spline (pseudo-elasto-plastic loading),
Current splines (S-shaped response), Ending spline and Unloading
spline, as shown in Fig. 3.1.

For the more simple behavior, the number of the intervals can
be reduced accordingly.

4. Conclusion

The requirement of increasing reliability of the reconfigurable
robots, manipulating origami-type cartons in packaging industry,

demands an accurate characterization of mechanical behavior of
the creased paperboard.

The paper presents an experimental investigation of the large
bending behavior of several type of creased paperboard: normal
(standard) crease, continuous cut crease and dashed cut crease.
The response is obtained for a bending rotation varying from 0°
to 180°.

The loading tests show a great variability of the mechanical
behavior, which depends dramatically on the crease indentation
depth, also for the specimens obtained from different sides of the
same carton (a thesis supported by several micrographs).

A very interesting new result is that, when the damage in-
duced by the crease formation is relatively small, the loading
bending response is unusually complex: the moment function,
my(0), presents (up to) two peaks followed by wunstable
branches.

For greater indentation, the m;(0) is monotone.

In the unloading case, the response my(6) is always monotone
and is practically independent of the formation of the crease. These
behaviors are described analytically using (piecewise) third degree
splines.

Our tests show that the most influencing quantities (e.g. the
crease depth) can be variable not only with time from a sample
to the other, but is significantly different within the same
carton. These results suggest that the theoretical predictive
models could be not sufficiently reliable, owing to the non-
controllability of the variables influencing the mechanical
response.

In a companion paper, a general finite rotation kinematics and
an efficient static analysis is formulated for a paradigmatic exam-
ple of carton corner with 5 creases, using the constitutive relation-
ship exhibiting unstable branches and unloading.
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