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This paper summarizes dynamic analysis of the interaction of corrugated boxes in 
transport using a pressure-mapping system. The dynamic contact forces on the 
contact area between boxes in both vertical and horizontal directions were measured 
and the position of the instantaneous Centre of Force (COF) was traced from which 
the pitch motion of boxes relative to each other was studied. The level-crossing 
diagrams of the contact forces show a Rayleigh distribution for the vertical contact 
and a Gaussian distribution for horizontal contacts. The contact force and 
acceleration power spectral density from accelerometers and pressure-mapping 
system were compared.  
 
The results show that a pressure mapping system is an interesting tool for analysis of 
the dynamic performance of systems of corrugated boxes under different stacking 
and loading conditions. 
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Introduction 
 
Prediction of the dynamic loading of the packaging system has long been desirable 
by industry professionals. This cannot be easily done by traditional methods of 
mathematical modelling since the complexity of the loading environment does not 
allow realistic analysis. A series of tests should be carried out to identify the 
phenomena underlying the events. By combining the tests with analytical methods, a 
better understanding of the performance of the packaging will be achieved.  
Innventia, together with KTH, Royal Institute of Technology, has taken the initiative to 
start a series of investigations on the interaction between stacked boxes for different 
loadings in the distribution chain. In these investigations, analysis tools such as 
optical measurement methods, pressure mapping methods and mathematical 
modelling will be used. 
 
This paper presents a study focusing mainly on the dynamic performance of the 
corrugated boxes subjected to a series of tests using random and sinusoidal 
vibrations and a pressure mapping system [1].  
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Earlier studies 
 
Foley et al. [2], Ostrem and Rumerman [3,4], and Ostrem and Godshall [5] in different 
studies, carried out transportation environment surveys on packaging. The 
approaches were different; Foley et al. [2] presented transportation vibration 
environments as graphs illustrating one-standard-deviation level acceleration as 
function of frequency, while Ostrem and Rumerman [3,4] reported the shock and 
vibration environment data in continuous graphs of peak acceleration envelopes, 
whereas Hoppe and Gerok [6] concentrated on vibration of the platform of the 
vehicles used in transportation and obtained the frequency range of the signals 
encountered in the transportation and measured the levels of bumps and shocks and 
their duration for different vehicles. Also, the Swedish Packaging Research Institute 
(now Innventia) performed in the mid 1980s a series of vibration investigations on the 
four classical transport means, combined with studies of terminals handling, when 
transporting for example mixed cargo or paper reels [7-10]. 
 
Peleg and Hinga [11] did a distribution survey on fruit packages, containing apples 
and lemons, by ship, truck, air and railcar transport. Ge [12] also did detailed analysis 
on packaging of products with complex configuration like electronics.  
 
Association of American Railroads in the United States [13] conducted a study on 
intermodal freight transport – using multiple modes of transportation like ship, air, 
railway and truck for transferring goods. They collected three dimensional 
acceleration data giving the vibration energy spectra and shock severity distribution. 
Rouillard and Sek [14] did a similar study but tried to compare the results with 
existing simulations. In another work, Rouillard and Richmond [15] presented findings 
from an experimental research program aimed at determining the character of the 
shocks and vibrations that occur during rail transportation in Australia. 
 
Marcondes [16] used a random signal to vibrate regular slotted containers (RSC) to 
study their fatigue life. Batt and Marcondes [17] tried to measure the load carried by 
the bottom box in a stack of packages by force transducers and calculation of the 
standard acceleration power spectral density.  They determined the dynamic load 
response of the bottom box using the random vibration program according to ASTM 
D-4169 [18] and a dead weight on top. Afterwards, they drove the vertical vibration 
machine in random mode with a force power spectral density profile. Then they 
compared the differences between these two methods. 
 
Development of custom-made methods for packaging studies is required for 
application of random vibrations. Rouillard and Sek [14] realized that the existing 
standardized road profiles have significant loss of data for which the vibration tests 
become unrealistic. They also suggested that PSD alone would not always give a 
correct image of the road profile as it cannot give the excursions in vibration levels. 
However, using the vibration intensity probability density with PSD was claimed to 
give the required information for adequate simulations. 
 
Rouillard et al. [19] tried to characterize and simulate transportation environment by 
analyzing the road profile distributions. They noticed that the road profile distribution 
deviate from a Gaussian distribution. They realized that trends in the road surface 
elevation RMS variations as a function of distance are crucial indicators of road 
roughness properties. RMS is the root-mean-square value of a set of data and for a 
discrete set of data is calculated by summing the squared values of the given data, 
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dividing the result by the number of data points and then taking square root of the 
obtained value. They stated that the trend in the crest factor variations when 
simulating road profiles with large peaks or transients should be considered during 
analysis. Crest factor is a measure of peakiness in a data set and is defined as the 
ratio between the peak value of data and its RMS value. They used the displacement 
of the road elevation as control measure when using the vibration test machines. 
Marcondes [16] investigated the difference between a dead weight and normal 
boxes, when put on top of another box. He also tried to find the most severely 
affected box in a column of boxes. Test results showed that as dead load increases, 
boxes tolerate less g-RMS level before failure. The g-RMS is defined as the 
acceleration-RMS value.   He then suggested some dynamic multiplier factors to 
measure the sensitivity of the boxes to the vibration level and to give a measure to 
compare static analysis with dynamic. The results also showed that the effect of a 
dead weight will not be the same as a normal stack of boxes and depending on the 
number of packages on top, the surface force will be higher or lower than the force 
produced by the dead weight.  
 
A lot of studies have been done on mechanisms of failure. Rouillard and Sek [20] 
carried out a sine dwell vertical vibration test on packages to observe the changes in 
the stiffness and damping of a package until failure. They realized that the resonance 
frequency of a package can shift substantially when experiencing a sine dwell test. 
They also found that damage will be maximized if tracking of the resonance 
frequency is done. They stated that trends in the changes of the resonance 
frequency will be a criterion for damage growth. 
 
Ge [12] tried to give another indicator for failure measurements. He suggested that 
the mean time to failure (MTTF) is an important performance indicator of the vibration 
fragility. MTTF is the mean time required until the first failure of a piece of equipment 
occurs. He suggested a Weibull theory-based MTTF curve which can correlate with 
the laboratory findings of vibration tests and actual transportation environment. He 
stated that before designing packages for the product and doing the vibration test on 
the packages, an MTTF curve is required. 
 
 
Materials and methods 
 
I-scan 
The I-scan system from Tekscan Inc. [21] is a pressure measurement system that 
records real-time static and dynamic pressure data. The I-scan system is based on a 
pressure sensitive film. The sensor material used in the tests was Model 3150, 
Matscan, with a saturation pressure of 0.862 MPa (125 psi). This model provides an 
array of 2288 (52X44) force sensitive cells called sensels. Each sensel is 70.56 mm2 
(8.4 mm X 8.4 mm) in size. The I-scan system has an upper limit for its sampling 
frequency equal to 100 frames/second in dynamic conditions. Drift is the change in 
sensor (and system) output when a constant force is applied over a period of time. 
Due to the drift in the I-scan system, the weight of the box after the test appears as 
higher than before the test. The I-scan sensor also exhibits hysteresis in loading and 
unloading. This effect should be considered in modelling of the system. The I-scan 
system is time series based, and all frequency domain data have been analysed 
using Matlab from Mathworks [22]. More about the system, static measurements and 
the filling method of boxes are described in [23]. 
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Corrugated boxes 
 

In the experiments, single wall corrugated boxes were used. The boxes were made 
by Smurfit Kappa in Sweden. In our studies a corrugated box with flute type C was 
used with outer dimensions 405X305X305 mm3. Manufacturer’s material data for the 
corrugated boxes are given in Table 1. 
 
Paper was mainly used for filling the boxes. Standard A4 copy paper packages 
containing 500 sheets of papers were used accompanied by full-size and cut 
standard A4 copy paper sheets. Cutting was done in order to fill-up the boxes 
completely. The boxes were filled with weights of different mass in order to obtain 
various methods of filling. Table 2 gives the weight properties of different filling 
methods. 
 
 
Test Machines and Auxiliaries 

 
Testing of stacking strength of the boxes was carried out in a fixed platen 
compression testing machine (Alwetron CT 100 from Lorentzen & Wettre AB) 
controlled by the Test & Motion software from DOLI Elektronik GmbH. Vibration tests 
were done with a electro-hydraulic vibrator (Schenck, bi-axial four degrees of 
freedom), which had a frequency range of 1-200 Hz and a capacity for testing a 
maximum load of 1500 kg.  
 
 
Vertical Force Measurement 

 
In the dynamic tests, the whole set-up was placed on the vibration machine.  In these 
tests, two accelerometers, one on the top box and the other on the bottom box were 
attached on the boxes according to Figure 1. These accelerometers were intended 
for measurement of the acceleration power spectrum density of each box. In Figure 
1, the box in the lower right corner is empty and is just provided for supporting the I-
scan handle. Dynamic tests were performed to understand the dynamic load 
distribution in the contact area between the two boxes, and to determine the effect of 
different excitation frequencies on the system performance. It was also intended for 
study of the data acquisition performance of the I-scan system.  
 
In the sine sweep tests, the system was excited with a sinusoidal input signal with a 
frequency that increases or decreases with respect to time. The main objective of the 
sine sweep tests was to find the resonance frequencies of the system, and also to 
study the dynamic behaviour of corrugated boxes with respect to frequency. In all 
sine sweep tests performed, the amplitude of the input acceleration was constant and 
equal to 0.5 g where g is the gravitational acceleration. Sine sweep tests were 
performed in frequency ranges 2-50 Hz and 2-200 Hz, respectively. 
 
The boxes were not attached to the vibration machine. Table 3 gives the linear sine 
sweep rates for these tests. In most of the linear sine sweep tests in the frequency 
range of 2-200 Hz, the tests were started from 200 Hz descending in frequency to 2 
Hz. 
 
On the other hand, random vibration tests were performed by exciting the vibration 
test machine with a random signal. In our study we used the ASTM D-4728 [24] truck 
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Figure 1. Photo of the test set-up used in the dynamic tests 
 
 

 
Figure 2. Test set-up for measurement  

of horizontal forces 
 
 level II standard for random vibration testing. The main objective of the random 
vibration test was to simulate real transportation conditions. The load distribution in 
the contact area was studied and a variety of statistical analyses was performed.  In 
this test, the boxes were not fixed to the machine. Table 4 gives the notation used to 
identify the different dynamic tests performed in this paper. 
 
 
 
Horizontal Force Measurement 

 
Having the values of the dynamic forces acting on different panels of the stacked 
boxes is a useful mean for comparison of the vulnerability of the boxes to damage 
during transportation. For this reason, a series of tests were done to understand the 
horizontal forces acting on the vertical panels of the boxes. In these series of tests, 
two columns of boxes, each one having two boxes on top of each other, were placed 
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on the vibration machine in such a way that their large vertical panels were touching 
each other. Figure 2 shows the set-up used for these test series. The I-scan sensor 
was placed vertically between the two touching panels of the upper boxes. The whole 
set-up (4 boxes) was then strapped according to Figure 2.  The boxes were 100% 
filled and the dynamic tests that were carried out on these boxes were 100R50, 
100R200, 100S50 and 100S200. 

 
 

 
Results and discussions 
 
Force-Frequency 

  
Diagrams of the total contact force between the boxes as a function of frequency for 
linear sine sweep vibration tests are presented in Figure 3.  The peak load in the 
force-frequency diagrams corresponds to the resonance frequency of the system. 
Changes in the position of this frequency from one test to another are small and 
could be due to the sources of uncertainty existing in the tests including friction loss 
and hysteresis.  
 
The total contact force in Figure 3 is the sum of the forces registered at all active 
sensels of the I-scan sensor at a certain time. The contact forces are scaled by the 
box weight (equal to 190 N). Some differences are observable between the diagrams 
for 2-50 Hz and 2-200 Hz.  For frequencies lower than the resonance frequency 
around 17 Hz, the difference is in the amplitude of the vibration, which is seen to be 
higher for the tests with lower sweep rate. It is also seen in the diagrams for the 
frequency range 2-200 Hz that for higher frequencies (over 50 Hz) the force levels 
decrease significantly to a constant force level.  
 

 
 

 

 

 

Figure 3. Scaled total contact force versus frequency diagrams from linear 
sine sweep test results. Results to the left and right are for test according 

to (75S50) and (75S200), respectively. Each test took two minutes to 
complete and the resonance frequency is around 17 Hz. 

 
 
It is seen in all the diagrams in Figure 3 that in the vicinity of the resonance frequency 
of the system, the maximum and minimum force diagrams do not present symmetry 
in loading and unloading.  A possible explanation for this observation is hysteresis in 
the I-scan sensor, i.e. I-scan system does not react to loading and unloading in the 
same way and with the same rate. 
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By comparing the force values obtained from I-scan software, it is observed that the 
initial value (equal to 1) of the total force from the I-scan software scaled by the 
weight of the box differs from the value at the end of the test. This difference is 
because of drift in the I-scan sensor. This type of drift is named "dynamic drift" in the 
present study.  Although the boxes were excited with relatively high frequencies (up 
to 200 Hz), it is seen in Figure 3 that there only exists one observable resonance 
frequency in this range.  As our linear sine sweep tests were carried out with a 
constant acceleration of 0.5g, the amplitude of the vibrations decreases with 
frequency. Hence, the second resonance frequency of the system could probably be 
buried in the parts with low amplitude. The sampling frequency of the system was 
100 Hz, which due to Nyquist’s sampling theorem limits the information from the 
higher frequency domain. 
 
The maximum force transmissibility is here defined as the ratio of the maximum force 
experienced by the I-scan system and the initial static force.  
 

                        ( ) rs
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,                                                                   (1)  

 
In Equation (1), (Tf)max is the maximum force transmissibility, Fresonance is the value of 
the force at resonance and Frs is the scaled value of the force at resonance. Values 
of the maximum transmissibility for the linear sine sweep tests are given in Table 5. 
              
As the linear sine sweep tests in the frequency range of 2-200 Hz were performed 
from 200 Hz down to 2 Hz, a linear sine sweep test from 2 Hz to 200 Hz was carried 
out for comparison and the result is shown in the Figure 4. 
 
Both curves show the result of a (75S200) test, which is a linear sine sweep in the 
range of 2-200 Hz.  The red curve is the result of the test from 200 to 2 Hz (inverted) 
while the blue curve is the result of the test from 2 Hz to 200 Hz (not inverted). One 
indication for the direction of the test is that the first value of force in the blue diagram 
is equal to the last value of force in the red diagram (equal to 190 N). One important 
observation in this diagram is the amount of drift.  From our experience in static 
conditions, we expected a positive drift in the dynamic test results, i.e. the value of 
the force in the end of the test should be larger than its initial value. However, this 
was not true in the downward sweep test where the overall drift is negative. The 
reason behind this strange phenomenon is not clear yet, but there are some possible 
explanations. 
 
An explanation for this effect could be the release of the sensor after each cycle at 
low frequencies. As can be seen at low frequencies, there exists more loadings and 
unloading, and therefore the I-scan sensor is subjected to more release of force. 
According to the manual of the I-scan system [21], after each release of the sensor, 
all effects of the drift disappear.  The problem in this case is that the sensor is not 
completely released and therefore that condition is not completely fulfilled in order to 
justify our reasoning. Also, to complicate, is the anticipated viscoelastic properties of 
the film and the fact the rapid load changes either occur early after little drift or late 
after more drift. 
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Figure 4. Comparison of drift with different sweep directions, Diagrams 

show the total contact force between boxes versus frequency during sine 
sweep vibration. 

 
 
 
 
Pitch Motion 

 
In transportation of goods, it may happen that boxes start to bounce so that a kind of 
pitch motion occurs. Considering the boxes in a Cartesian coordinates as in Figure 5, 
this motion occurs both around the x-axis and z-axis.  This motion has severe effects 
on the boxes as it causes concentrated shocks onto the edges. 
 
The scattered contact forces between boxes can be replaced by a single resultant 
contact force. By tracing the location of the centre of this contact force (COF) during 
a dynamic test, we can figure out if there exists any pitch type of motion. 
 
With the I-scan system, it is possible to save the location of the COF in a file. Having 
an I-scan movie, it is also possible to see the trajectory of the COF during a dynamic 
test and estimate the amount of rotation of the boxes in a quantitative manner. Figure 
6 shows a trajectory of the location of COF during dynamic tests.  
 
It is seen in Figure 6 that the COF moves during the dynamic tests. It also shows that 
the COF mostly moves towards the two shorter sides of the contact area. When the 
COF moves towards the shorter sides, the forces acting on these sides get larger in 
amplitude compared to the forces acting on the longer sides. During vibrations, the 
amplitudes of the forces vary. 
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Figure 5. Illustration of the pitch motion that may occur in transportation 

 
 

 
Figure 6. Traces of the Centre of Force (COF) from dynamic tests on 

boxes, the inner point shows the COF at the beginning of the test. 
 
 
 

  
 

Figure 7. Presentation of the contact regions during the pitch motion, 
these figures are consecutive frames of data from the (+100S200) test 
around the resonance frequency of the system. The time step between 

frames is 0.01 s. The legend's unit is in kPa. The total force of the active 
sensels is shown in the upper corner of each frame. 
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Figure 7 illustrates a typical pitch kind of motion that occurred in dynamic tests.  It 
shows four consecutive frames of a linear sine sweep test done on overfilled box.  In 
Frame 1 the left part of the contact area is carrying lower load than the right part; 
meaning that the COF is in the right part. In the Frame 2, the left part of the contact 
area takes more loads compared to the previous frame, while the right part of the 
contact area has still roughly the same amount of load. This means that the COF has 
moved to a place near to the static COF. Now in Frame 3, it is seen that while both 
parts of the contact area are getting unloaded, the left part carries more load. It 
means that the centre of force has moved to the left. In Frame 4, both parts of the 
contact area are less loaded; meaning that COF is again is close to the static COF. 
This presentation again shows the movement of the COF during dynamic conditions.  

 
The statistical quantities obtained for the different vibration tests are given in Table 6.  
The average resonance frequency (first resonance), the mean and the maximum 
distance of the COF from its initial static position are chosen as statistical quantities 
for presentation of the dynamic characteristics of the system. 
 
 
 
 

  

 
 

 

  

  
 

Figure 8. Level crossing diagrams of the force levels for the random 
vibration tests.  
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Level-Crossing 
 
When doing a random vibration test, it is desirable to know the number of times a 
force level has been crossed. This information is beneficial as it can be used for 
evaluation of the fatigue life of boxes.  This is planned to be further evaluated.  Figure 
8 shows the distribution of the force cycles. Most of the load cycles are of low load 
levels. The diagram is a probability distribution plot.  The form of this diagram 
resembles the Rayleigh distribution, i.e. it is like a right-skewed Gaussian distribution. 

 
 
Power Spectral Density 

 
The Power Spectral Density (PSD) gives information about the energy content at 
different frequencies. From the random vibration tests carried out the PSD diagrams 
according to Figure 9 have been obtained.  It is also desirable to calculate the force-
PSD from the total contact forces obtained by the I-scan system during the vibration 
tests. By having both spectra, a comparison can be done to show the differences 
between the results and to recognize the strength of the I-scan system. Both 
diagrams show the approximate position of the first resonance frequency of the 
system. The diagram of the force-PSD for the (75R200) test shows frequencies up to 
50 Hz only due to the limited sampling frequency of 100 Hz. The force-power spectral 
densities are obtained by Welch method (depicted in Matlab from Mathworks [22]) 
using an FFT block size of 512 samples.  The unit of the force-PSD is N2/Hz. The 
bandwidth was chosen to be 50 Hz. 
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Figure 9. Power Spectral Density (PSD) for force and acceleration; subfigures a) and b) show 
the acceleration-PSD for the top box obtained by means of an accelerometer, while 
subfigures c) and d) present the PSD of the force between the two boxes calculated from I-
scan data with Welch method. 
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Figure 10. Normalized force versus time diagrams for the case of 4-box 

tests. The tests for the range 2-200 Hz were carried out from 200 Hz down to 
2 Hz. In both diagrams, forces are normalized by the box weight (25.7 kg)  

 
Side Contact Test Results 
 
Results of the dynamic (linear sine sweep and random vibration) tests for the 4-box 
tests carried out are presented in this section. Figure 10 shows the normalized total 
contact force acting on the vertical surfaces as a function of time. It is seen that the 
horizontal contact force in general is small compared to the vertical static loading. No 
specific behaviour can be observed in these force-time diagrams. Diagrams of the 
level-crossings are presented in Figure 11. In this figure, RawSum is the unit used by 
I-scan and is only approximately equal to 0.025 N. The distribution of the force levels 
resembles a Gaussian distribution. The results obtained here for distribution can be 
compared with the ones from vertical contact results; the distribution of force levels 
has not the same patterns and different statistical information can be drawn.  
 
 

  
Figure 11. Level-crossing diagrams for the 4-box tests. 

 
 
 
 
 
 
 
 



14 
 

Conclusions 
 
In the use of the I-scan system for load distribution analysis, care should be taken as 
the sampling frequency has a maximum value of 100 Hz (data frames per second). 
The results from tests conducted with frequencies higher than approximately 40-50 
Hz, should be used with care due to the sampling theorem. 
 
Hysteresis and drift effects in the I-scan sensor produce some errors in the values of 
the pressure distributions obtained. These errors could be easily accounted for in 
static conditions, but are not straight-forward to analyze in dynamic testing. A 
possibility of improving the system performance in dynamic applications would be to 
consider statistical measures to estimate the error. However, using static calibration 
still gives applicable results. 
 
The results obtained from sine sweep tests show resonance in the system. The 
results in Figure 3 show that the responses for different sweep rates are somewhat 
different. One possible reason for this is a rate dependent material behaviour, but this 
has not been further elaborated here. By the I-scan system the pitch motion of the 
boxes relative to each other can easily be detected. 
 
The force distributions obtained using I-scan helps to statistically analyze the 
performance of future samples and products. They also can be used for studies 
related to fatigue and failure behaviour of materials and systems. 
 
The information amount that is obtained using the I-Scan system is very significant. 
The information could be used for different type of data mining exercises. As an 
example, random vibration analysis combined with level crossing techniques is an 
interesting way of describing the load exhibited by the box during transport. This type 
of data would be valuable for studying the fatigue behaviour of boxes and estimate 
the box life time. 
 
Based on the present results it can be concluded that a pressure mapping system is 
an interesting tool for analysis of the dynamic performance of systems of corrugated 
boxes under different stacking and loading conditions. 
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Table 1. Material properties for the corrugated board box (FEFCO code 0201) 

Corrugated Board Properties Fluting Outer 
Liner 

Inner 
Liner 

Grammage (g/m2) 134 142 167 
SCT (CD) (kN/m) 2.99 3.00 2.98 
Density (kg/m3) 643 717 647 
Tensile stiffness (MN/m) 1.05 1.47 1.21 
Tensile Strength (kN/m) 9.24 15.4 10.2 

 
 

Table 2. Filling methods for boxes  
Filling type 100 % filled 90 % filled 75 % filled 
Weight (kg) 25.7 23.1 19 

 
 

Table 3. Sine sweep test specifications 

Test 
Sweep Rate 
for 2-50 Hz 

(Hz/min) 

Sweep Rate 
for 2-200 Hz 

(Hz/min) 

75% filled 24 99 
90% filled 24 99 

100% filled 24 99 
 
 
 

Table 4. Notation for the different dynamic tests 

Box Filling 
Method 

Sine 
Sweep 
2-50 Hz 

Sine 
Sweep 

200-2 Hz 

Random 
Vibration 
2-50 Hz 

Random 
Vibration 
2-200 Hz 

Overfilled boxes --- +100S200 --- +100R200 
100% filled boxes 100S50 100S200 100R50 100R200 
90% filled boxes 90S50 90S200 90R50 90R200 
75% filled boxes 75S50 75S200 75R50 75R200 

 
 
 

Table 5. Values of maximum force transmissibility 
in linear sine sweep tests 

Sine Sweep Test (Tf)max, (%) 
75S50 187 
90S50 169 

75S200 159 
90S200 174 
100S50 110 
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Table 6. Statistical measurements from the I-scan data 

Test 
Resonance 
Frequency 

(Hz) 

Mean 
Distance 

(mm) 

Maximum 
Distance 

(mm) 
75S50 15.7 13.5 104.1 

75S200 15.7 4.60 93.0 
90S50 13.2 24.7 118.0 

90S200 15.0 8.90 149.3 
100S50 14.0 10.5 85.2 
75R50 12.0 24.2 147.3 
75R200 12.1 22.2 96.0 
90R50 11.9 22.7 116.7 

 
 
 
 


