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Cardboard tubes are commonly used for industrial plastic ﬁlm wrapping due to their low cost, high compression
strength, reliability and low sensitivity to environmental changes. In order to guarantee the high radial
compression strength during the manufacturing process, destructive testing such as manual peeling or nondestructive testing using acoustic impedance measurements are currently performed on a regular basis. In
order to achieve a continuous quality control, automatic and non-contact inspection still need to be developed. In
this paper, a method and apparatus for non-contact and rapid inspection of cardboard tubes is presented. The
principle is based on the use of capacitive air-coupled transducers at frequencies below 20 kHz for generation and
measurement of propagative ﬂexural waves in a pitch-and-catch conﬁguration. Sensitivity analysis is performed
for different modes and damage types and is validated experimentally for four ﬂaw types typically observed
during the manufacturing process. Experimental validation of detection and ﬂaw quantiﬁcation is demonstrated
using both amplitude and time-of-ﬂight of wave packets at different frequencies, allowing automatic quality
control of the manufacturing process.

1. Introduction
Cardboard tubes are commonly used for industrial plastic ﬁlm
wrapping due to their low cost, high compression strength, reliability and
low sensitivity to environmental changes. However, since the cardboard
tubes are subject to very large compression loads during the wrapping
process, a small decrease in strength may lead to dramatic consequences
such as the loss of a whole material ﬁlm roll or machinery damaging.
Typical reported damages encountered during the whole manufacturing
process include the lack of adhesive, the presence of a liner joint while
connecting successive rolls of liner, changes of liner thickness, decrease
of laminated surface due to a reduction of liner width, or improper curing
process leading to an excessive humidity within the tube.
For this purpose, a reﬁned strategy for quality control of the cardboard tubes is required. Destructive testing is classically conducted at
regular intervals, and include manual measurement of thickness, radius
and length, or manual peeling of a tube in order to detect delaminations
or voids, or radial core crush experiments. The compression limit is thus
assessed and compared to reference values in order to reject or accept the
whole tube batch. This process is extremely time consuming since a
qualiﬁed technician is required and is relatively ineffective to reject

locally damaged or improperly cured tubes.
Based on these observations, a systematic, rapid and automatic inspection procedure is required and the sensitivity to those different
damage types should be demonstrated. For this purpose, the estimation
of ﬂexural modulus has been ﬁrst proposed using three point bending
technique [1] or traction tests [2]. Acoustic measurements have also been
proposed as an attractive alternative in order to estimate the ﬂexural
modulus of a tube based on its ﬁrst ﬂexural mode resonance frequencies
[1,3]. However, since this process requires installing the tube on a
standard mounting device, it is also time consuming, such that difﬁculties
may arise for practical implementation in the manufacturing process.
Numerous Non-Destructive Testing (NDT) strategies have been proposed for inspection of paper liner and sheets. Those include contact
ultrasound transducers [4,5], photo-acoustic transducers for characterization of bulk [6,7], guided waves [8–11], air-coupled probes for
characterization of guided waves propagation [12,13] or using throughthe-thickness transmission techniques [14–17]. In all cases, those studies
use propagating waves for the mechanical characterization or thickness
measurement of paper sheets in static conﬁguration. The extension to the
translation movement has been then presented using laser-excitation and
measurement techniques [18–22]. To the best of our knowledge, no data
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in Ref. [27], for which longitudinal modes are denoted by (L), torsional
modes by (T) and ﬂexural modes by (F). Two indices are used, corresponding to the radial and thickness mode orders respectively. For the
calculation of dispersion curves, the tubes are considered inﬁnitely long
and free of external loads. Moreover, the cardboard assembly is assumed
isotropic with a mean density of 750 kg/m3, a Young modulus of 3 GPa
and a Poisson's ratio of 0.3 following previous study on similar materials [3].
Due to the large thickness and small diameter of the geometry of
interest, a large number of modes is observed in the audible bandwidth,
i.e. below 20 kHz. The longitudinal mode Lð0; 1Þ and torsional mode
Tð0; 1Þ corresponding to pure compression and torsion in the length and
radial direction, respectively, are presented but not considered in the
following study. This can be explained by the difﬁculty to generate them
using non-contact transducers in this frequency range since they are
mostly constituted of in-plane motion. Thus, classical damage detection
techniques used for pipeline inspection [28] using Lð0; 1Þ or Lð0; 2Þ
modes cannot be used here.
The ﬂexural modes are proposed instead due the ease of generation
and measurement using classical contact and non-contact transducer that
are mostly sensitive to out-of-plane motion. In the frequency range of
interest, i.e. below 20 kHz, the ﬁrst nine ﬂexural modes Fðn; 1Þ, where n
represents the number of cycles of variation around the circumference,
have approximatively the same phase velocity of 450 m/s above 2 kHz,
such that mode selectivity is difﬁcult to achieve and multi-mode propagation occurs.

are available for cardboard assemblies and multilayer tubes, except using
a modal approach that is only sensitive to large scale damages, such as
large cracks, holes or excessive humidity [23,24].
In this paper, a method and apparatus for non-contact and rapid inspection of cardboard tubes is presented. The principle is based on the
use of capacitive air-coupled transducers at frequencies below 20 kHz for
generation and measurement of propagative ﬂexural waves in a pitchand-catch conﬁguration. The novelty resides in the non-contact generation and measurement of multiple ﬂexural modes for damage detection in
small and thick cardboard tubes. Sensitivity analysis is performed for
different modes and damage types and is validated experimentally for
four ﬂaw types typically observed during the manufacturing process.
Experimental validation of detection and ﬂaw quantiﬁcation is demonstrated using both amplitude and Time-of-Flight (ToF) of wave packets at
different frequencies, allowing automatic quality control of the
manufacturing process.
Section 2 presents the structure under study and the sensitivity
analysis of the ﬂexural waves with respect to geometrical and material
changes. Section 3 presents the experimental setup, signal processing
steps and results obtained on 50 different tubes subject to various
typical ﬂaws.
2. Non-destructive testing using guided waves
2.1. Structure of interest
The structure under study is a cardboard tube of 460 mm length,
81 mm outer diameter and 3.55 mm wall thickness. This structure is
composed of an assembly of 10 plies of recycled paper liners of 130 mm
width and 0.35 mm thickness that are bonded together using water-based
glue, and wrapped using a speciﬁc orientation in order to increase the
core crush resistance of the assembly [25], as presented in Fig. 1. The
assembly is then cut before curing in a controlled environmental chamber
during 24 h.

2.3. Damage sensitivity of ﬂexural modes
In order to determine the effect of a potential damage on wave
propagation of ﬂexural modes, the variations of phase and group velocities with respect to a reduction of thickness or ﬂexural modulus are
described in Fig. 3. In order to be representative, typical decreases of 10%
are applied to both parameters as suggested in Ref. [29]. Only the ﬂexural modes Fðn; 1Þ with n < 9 are presented for clarity and the results are
expressed in terms of relative changes with respect to the undamaged
case. A reduction of 10% of the thickness corresponds to the case of a
missing liner that may occur during the manufacturing process. The other
damage scenario corresponds to a decrease of Young's modulus that may
be due to excessive humidity or a reduction of laminated area.
In the case of thickness reduction, a decrease of 5% of both phase and
group velocities is observed above 10 kHz for the Fð1; 1Þ mode. In the
case of a reduction of Young's modulus, the same overall reduction of
phase velocity is observed with a peak around 8 kHz corresponding to a
maximal reduction of 12%. The group velocity for this mode exhibits a
strong variation in the frequency range of interest with a decrease up to
20% below 8 kHz and an increase of group velocity up to 10% above
8 kHz. In the case of a wall thickness reduction, only a decrease of group
velocity up to 10% is observed for this mode. For the higher order modes,

2.2. Guided wave propagation in cardboard tubes
Since all the tubes are to be inspected without slowing down the
production line, a rapid and global inspection method has to be proposed.
For this purpose, local ultrasound methods for pipes and tubes such as
through transmission ultrasound, pulse-echo or phased-array offer local
inspection and cannot be retained [26]. Due to their relatively small
wavelength, sensitivity to various damage types and ability to travel over
large distances, guided waves are proposed here, allowing global inspection of the tube over its whole surface by the use of ﬂexural modes.
Fig. 2 presents the dispersion curves for guided waves propagating in
the cardboard tube, i.e. the phase and group velocity of the ﬁrst modes as
a function of frequency. The nomenclature and method used for the
calculation of phase and group velocity curves follow the ones proposed

Fig. 1. Description of the cardboard tube geometry used in this study (left). Presentation of the ﬁnal product wrapped with cellophane (right).
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Fig. 2. Phase (top) and group (bottom) velocities for an undamaged tube.

Fig. 3. Phase (top) and group (bottom) velocity changes (in percent) for the various ﬂexural modes in the case of a 10% change of Young modulus (left) or thickness (right).

contact solutions for generation of guided waves, air-coupled probes or
optical solutions are available for both generation and measurement of
ﬂexural waves. However, in the frequency range of interest (below
20 kHz), pulsed excitation using Nd:Yag laser would be inefﬁcient, and
only air-coupled solutions can be envisioned for a practical implementation [30,31].
Fig. 4 presents the experimental setup in the laboratory environment.
Two capacitive broadband air-coupled transducers manufactured at
Universit!e de Bordeaux - I2M are located at both ends of the tube with an
incidence angle of 38# , corresponding to a phase velocity of 430 m/s.
This allows selective generation of all ﬂexural modes Fðn; 1Þ in the frequency range of interest, i.e. between 2 and 20 kHz. In order to avoid
direct propagation through air, a 50 mm thick porous melamine panel is
placed between the two probes.
Measurement of the transfer function between the actuator and the
sensor is performed using sub-band excitation [32]. The principle resides

an overall reduction of phase velocity and increase of group velocity is
observed up to 20% close to the cut-off frequencies.
Thus, depending on the damage scenario and severity, changes of
group velocity, and thus ToF of the propagating wave-packets are expected. Moreover, the decrease of phase velocity is responsible for a
change of acoustic coupling i.e. a change of refraction angle between
acoustic and mechanical waves, such that a change of amplitude is expected using air-coupled transducers as described in Ref. [13].
3. Experimental validation
3.1. Strategy for generation and measurement
In order to guarantee rapid inspection of each tube in the production
line, non-contact solutions are preferred over classical contact systems
such as piezoceramics mounted on angle wedges. Among existing non20
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3.2. Extracted metrics
In order to extract metrics related to the ﬂaw type and severity,
narrow-band (burst) reconstruction of the measured signal is performed
from the measured transfer functions using inverse Fourier transform as
presented in Ref. [33]. This allows interrogation at different frequencies
and easy measurement of group velocity through ToF and amplitude of
the measured response that is related to material damping but also to
changes of phase velocity through a modiﬁcation of refraction angle
between the acoustic and mechanical waves as described in section 2.3
and pointed out in Ref. [13].
For this purpose, 3.5 cycles Hanning bursts at 5 and 10 and 15 kHz are
used is order to cover different frequency ranges, and thus different
wavelengths from 10.0 mm to 3.3 mm. Fig. 6 presents the reconstructed
signals for the undamaged batch of ten different tubes in order to
demonstrate the repeatability and complexity of measured signals. The
mean group velocities and wavelengths for the propagating ﬂexural
modes are also indicated in Fig. 6. At 5 kHz and 10 kHz, multiple mode
and dispersive propagation are observed with a distortion of the wavepacket from 3.5 cycles to almost 7 cycles at 10 kHz. Above 15 kHz, the
wave dispersion is limited in accordance with the predicted constant
group velocity for all the ﬂexural modes as observed in Fig. 2. The
extraction of ToF and amplitude at the maximal peak value are then
performed using the signal envelope computed using the magnitude of
the analytic signal (Hilbert transform).

Fig. 4. Experimental setup using air-coupled transducers.

in the use of a sequence of multiple burst signals of limited bandwidth as
input in conjunction with appropriate reconstruction ﬁlters in order to
extract the transfer function of a given system with a high Signal to Noise
Ratio (SNR) over a given bandwidth. For this purpose, ﬁve sub-bands are
used from 5 kHz to 45 kHz by steps of 10 kHz. The input signals are then
ampliﬁed using a high voltage ampliﬁer (NOVO UA-8200) and measurement is performed by a high impedance acquisition board (National
Instrument NI 5105) controlled via a custom LabVIEW interface.
Fig. 5 presents the reconstructed transfer function between the
emitter signal and the measured response at the other air-coupled probe
in terms of magnitude and phase for ten different undamaged cardboard
tubes up to 50 kHz. This transfer function takes into account the propagation in the air gaps between the probes and the tube and the propagation of the guided wave in the tube itself. Since a guide rail is used for
positioning, the air gap is assumed constant for all the test, such that the
discrepancies between the measured transfer function can be attributed
to changes in the propagation of guided waves in the tube. Due to small
local variations in the liner material, width or thickness, the repeatability
of the measured transfer function is not guaranteed for all the undamaged samples above 25 kHz. Moreover, due to the high material damping, low SNR is observed above 20 kHz. This justiﬁes the choice of the
frequency range of interest between 2 and 20 kHz, for which repeatability is ensured within an undamaged batch and SNR above 40 dB
is observed.

3.3. Results for typical ﬂaws
In order to demonstrate the repeatability and robustness of the proposed metrics, measurements have been performed on ﬁve speciﬁcally
manufactured batches of ten cardboard tubes each, in order to represent
the four typical ﬂaws encountered during the manufacturing process, as
described in Table 1. The relative values of radial compression strengths
measured over ten different tubes are presented in order to classify the
inﬂuence on product quality with respect to the ﬂaw type.
The results obtained over the ﬁve batches at 5 and 10 kHz are presented in Fig. 7 using the two metrics proposed in the previous section
(amplitude and ToF). The results obtained at 15 kHz are not presented
here since the sensitivity to the different ﬂaw types is maximal between 5
and 10 kHz as presented in Fig. 3. The frequencies used for damage
detection and identiﬁcation are thus chosen in the audible range (i.e.
below 20 kHz). Thus, the process will be audible and also affected by
speech and surrounding noise. For this purpose, a conﬁnement area with
anechoic conditions should be ensured for practical implantation of
the process.
A simple statistical analysis is performed in order to determine the
thresholds for ﬂaw detection. In each case, a box plot representation is
used, for which the central mark indicates the median, the bottom and
top edges of the box indicate the 25th and 75th percentiles respectively.
The whiskers extend to the most extreme data points not considered
outliers, plotted individually using the þ symbol. A color chart is also
added based on the metrics obtained for all the tubes in a batch with
respect to the extreme values of the undamaged batch (U). For instance, if
all the tubes from a batch are identiﬁed as ﬂawed, the color chart associated to the metrics of interest is red, while a yellow or green color
denote a metrics for which the tubes are partially or not at all identiﬁed
as ﬂawed.
In Fig. 7, it appears that all the four damage types can be accurately
identiﬁed by comparing to the undamaged (U) case. For this, a reference
group is required in order to deﬁne boundary values for the metrics of
interest. The liner joint (J) can be detected by looking at the ToF at 5 kHz,
while no inﬂuence at 10 kHz (and above) is observed. Since this ﬂaw is
very local (the liner joint is about 50 mm long and may be localized
anywhere in the tube), not all the ﬂexural modes may be sensitive to it.
This could explain why the joint can only be detected at 5 kHz.
The change of liner width (W) or humidity (H) are responsible for a

Fig. 5. Transfer functions magnitude (top) and phase (bottom) for ten different undamaged tubes in order to demonstrate the in-group variability.
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Fig. 6. Reconstructed time-domain signals at the sensor for a 3.5 cycles burst at 5 kHz (top), 10 kHz (middle) and 15 kHz (top). The ten signals obtained on different undamaged tubes are
superimposed in order to demonstrate the variability of the measurements.

Thus, with this simple measurement at two different frequencies, it is
possible to discriminate between the four ﬂaw types. This relies on the
proper deﬁnition of thresholds for the undamaged tubes, such that a
baseline measurement protocol is required. Since the air and guided
wave propagation are sensitive to ambient temperature and humidity,
this baseline measurement is required at periodic intervals in order to
compensate for environmental changes. However, since the evaluation
process can easily be automated, a sliding average process might also be
acceptable.

Table 1
Presentation of the typical ﬂaws and inﬂuence on the radial compression.
Name

Description

Relative
compression

U
J
W
T
H

Undamaged - Reference measurements
Liner Joint - Presence of an adhesive joint in a liner
Liner width - Reduction of 1 mm width for 5 liners
Wall thickness - Decrease of 15% of thickness
Humidity - Increase of moisture content

100%
97%
95%
93%
47%

4. Conclusion

decrease in both amplitude and ToF at 10 kHz, such that those two ﬂaw
types may have a similar cause. Indeed, the decrease of ToF, meaning an
increase of group velocity at 10 kHz may be attributed to a decrease of
Young's modulus as suggested in Fig. 3 for the Fð1; 1Þ mode. Moreover,
the sensitivity can also be predicted by the numerical model and the
discrepancies at 5 kHz allows for a discrimination between those two
ﬂaw types, since a decrease of ToF at 5 kHz is observed for the (H) batch
while a decrease of amplitude is observed for the (W) batch. This might
be attributed to the sensitivity of the two ﬂaw types to different ﬂexural modes.
Concerning the thickness decrease (T), an inverse effect is observed
with an increase of amplitude and ToF at 10 kHz. The increase of ToF
attributed to a decrease of group velocity and the insensitivity at 5 kHz
are coherent with the numerical predictions of Fig. 3 for Fð1; 1Þ mode.

This article presents a method and apparatus for non-contact and
rapid inspection of cardboard tubes. The principle is based on the use of
capacitive air-coupled transducers at frequencies below 20 kHz for
generation and measurement of propagative ﬂexural waves. Sensitivity
analysis is performed for different modes and damage types and is validated experimentally for four ﬂaw types typically observed during the
manufacturing process. Detection of all the damage types is demonstrated using both amplitude and ToF of wave packets at two different
frequencies, allowing quality control of the process. Future work include
the compensation of environmental changes, the validation of the
robustness to acoustic perturbations and automated implementation in
the production line.

Fig. 7. Results of amplitude (top) and Time-of-Flight (bottom) at 5 kHz (left) and 10 kHz (right) for all the damage types.
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