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Abstract 
 

It is well known that transportation means high and varying loads for products as well 
as packages. To develop corrugated boxes with optimal design and efficient use of 
raw materials is crucial. Vibrations and shocks acting on pallets during transportation 
are transferred to the corrugated boxes and considerably reduce the integrity and life 
time of the boxes. The development of experimental and analytical tools for 
measurement and prediction of the influence of dynamic loads on the box 
performance, such as stacking strength and conservation of stacking pattern would 
therefore be of large practical importance. In order to develop such tools, it is 
important to know the load distribution between different boxes. This master thesis 
presents a technique for investigating these stresses based on a pressure sensitive film, 
which gives many data points. A series of tests using random and sinusoidal vibration 
testing have been done utilising this technique and results are presented for different 
positions on the pallet and for different box filling methods. Investigations performed 
on the vibrations of the boxes also demonstrate a pitch type of motion. A level-
crossing study on the forces existing between the boxes shows a Rayleigh force 
distribution. A mathematical model is also proposed for simulation of a stacking 
system. Advantages and disadvantages with this technique and with the model are 
described. Comparison between the experimental and numerical results shows a 
proper correlation. Using the pressure sensitive film as a quantitative sensor and 
applying the recorded data for the statistical study of the contact forces existing in a 
stack of boxes gives useful and important results for further analysis of the fatigue life 
and vulnerable positions of boxes.    
 
Keywords: I-scan system, dynamic testing, corrugated box, force, center of force 
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Chapter 1: Introduction 
 
 
 
 
 
 
 
 
 
 

1.1. Background 
Corrugated packages are used for protection of goods from heat, humidity, light, 
shock, and several other external influences. Corrugated boxes are also intended to 
contain several packages as they are stored or transported. When these boxes are 
placed in warehouses or in ships for long trips to their destinations, they are subjected 
to static stacking loads, the values of which can be evaluated with relatively simple 
experiments for different environmental conditions. Corrugated boxes are also 
exposed to dynamic loads as they are transported in the supply chain. These loads 
cause defects in boxes and should therefore be controlled or at least monitored.  
 
Pressure mapping films are useful devices for monitoring the dynamic behavior of 
boxes during transportation. They can be placed between the corrugated boxes to 
show the load distribution in the contact area. The I-scan system, which was used in 
this work, is a pressure mapping system which helps to understand the pressure 
distribution between boxes. This system also gives the data in an adequate format for 
processing and analysis. In this report, several ways of analyzing the results will be 
illustrated. 
 

1.2. Objective of the Thesis 
The objective of this thesis was to investigate the applicability of the I-Scan pressure 
mapping system in dynamic tests of corrugated boxes and to perform a detailed 
analysis of the mechanical behavior of a corrugated box packaging system. The 
analysis will include the estimation of the dynamic behavior of the packaging.  During 
the investigation, analysis tools such as pressure mapping methods and mathematical 
modeling were used. 
 
During this thesis work, corrugated board boxes were tested under different loading 
conditions. The load distribution in different stacking conditions of corrugated boxes 
were investigated and visualized using the I-Scan pressure mapping system. The 
results obtained from the pressure mapping system were then used to compare the 
load level variation for different stacking and box filling methods. 
 

1.3. Outline of the thesis 
This report is organized in six chapters and seven appendices as follows: Chapter 1 is 
an introduction to this thesis and outlines the structure of the report. Chapter 2 gives a 
review of the field of dynamic testing of corrugated boxes and related investigations. 
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Chapter 3 describes the materials used in experiments as well as test set-ups and 
analysis methods. Chapter 4 presents the results of the tests described in Chapter 3. It 
also brings analysis and discussions of the test results. Chapter 5 presents a simple 
mathematical model for a vibrating corrugated box system and the results obtained 
using the Matlab software. Results obtained from this model are then compared with 
the test results. In Chapter 6 conclusions about the results are given and future studies 
in this field are proposed. Seven appendices are brought at the end of the report. 
Appendix A refers to the procedure of handling the data gathered from I-scan 
software. It also shows a method for using this information in the Matlab software. 
Appendix B describes a method that can be used for obtaining the correction factor 
for dynamic drift. Appendix C shows the method for transformation of the I-scan 
movie to a sharable movie format. Appendix D describes the Welch method that was 
used to obtain the power spectral density. Appendix E elaborates on the power 
spectral density calculation. Appendix F gives the Matlab m-files that were used for 
analyzing the I-scan data recorded during the tests. Finally Appendix G presents the 
Matlab m-files for the mathematical model that was used to model a simple stack of 
boxes. 
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Chapter 2: Earlier Studies 
 
 
 
 
 
 
 
 
 
 
Many studies have been performed concerning the dynamic environment existing in 
the transportation of packages; these include vibration testing, and modification and 
analysis of gathered data. Studies performed on packages are not only limited to the 
packages themselves, but are also carried out in the environment that these packages 
operate. There exist numerous papers describing the numerical and mathematical 
modeling of corrugated boxes. Review of these studies will help to understand the 
prevailing discussions in transportation of corrugated boxes.  
 

2.1. Testing and analysis 
Studies on packages are carried out from different perspectives including box type, 
box contents, mode of transportation of boxes, frequency analysis of the intervening 
structures, damage mechanisms etc. Some of these categories are studied here for 
understanding of the governing mechanisms and parameters.  
 
Transportation environment surveys were reported by Foley et al. [1], Ostrem and 
Rumerman [2,3], and Ostrem and Godshall [4]. Foley et al. [1] presented 
transportation vibration environments in trucks, rail cars, and turbo-jet airplanes as 
graphs illustrating one-standard-deviation level acceleration as function of frequency.  
Foley et al. [1] obtained one-standard-deviation levels after the discrete and some 
continuous single frequency excitations had been filtered out.  Ostrem and Rumerman 
[2,3] reported shock and vibration transportation environment data in continuous 
graph form of peak acceleration envelopes for trucks, rail cars, ships and turbo-jet 
aircraft. Hoppe and Gerok [5] performed a survey on the vibration of the platform of 
the vehicles used in transportation. In their study, the frequency range of the signals 
encountered in the transportation was obtained and the levels of bumps and shocks 
and their durations for different vehicles were measured. Also, Eriksson and Trost [6-
12] at the Swedish Packaging Research Institute (now STFI-Packforsk) performed 
around 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. 
 
Peleg and Hinga [13] as well as Ge [14], perfomed vibration tests on fruits. Ge [14] 
also did more detailed analysis on products with complex configuration like 
electronics. Peleg and Hinga [13] did a distribution survey on fruit packages, 
containing apples and lemons, by ship, truck, air and railcar transport. Ge [14] on the 
other hand investigated the fatigue mechanisms of fruit and other products during 
transportation. 
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Modes of transportation of packages can affect the level of vibration a box 
experiences. In a study conducted by the Association of American Railroads in the 
United States [15], the domestic intermodal freight transport (i.e. using multiple 
modes of transportation like railway, air, ship and truck) environment was studied and 
influence of vibrations affecting freight moving via commercial intermodal transport 
was evaluated. Tri-axial acceleration data profiling vibration energy spectra and shock 
severity distributions were collected from the floor of the transport vehicles. Rouillard 
and Sek [16], studied vibration data gathered from vehicles and compared them with 
existing simulations. In another work, Rouillard and Richmond [17] presented their 
preliminary findings of an experimental research program aimed at determining the 
character of the shocks and vibrations that occur during the rail transportation in 
Australia. 
 
Amongst the various vibration types of excitations boxes are exposed to during 
transportation, random vibrations are the prevailing one. Researchers usually apply 
random vibrations to investigate real transportation conditions, but they use other 
input signals for other purposes as well. Marcondes [18] applied a random signal on 
regular slotted containers, (RSC), in order to study the fatigue life of the packages. 
Batt and Marcondes [19] tried to measure the load encountered by the bottom box in a 
stack of packages by means of force transducers and the standard acceleration power 
spectral density.  They determined the dynamic load response of the bottom box using 
the random vibration program in ASTM D-4169 [20] and a dead weight of 5.9 kg. 
Then they drove a vertical vibration table in random mode with a force power spectral 
density profile. The Power Spectral Density (PSD) is defined as the Fourier transform 
of the autocorrelation of the signal. The autocorrelation function for a random process 
x(t) is defined as 
 

                        ∫ +=
∞→

T

Txx dttxtx
T

R
0

)()(1lim)( ττ ,                                                        (1.1)                               

 
where x(t) is the signal, x (t) is its complex conjugate and t is time. Rouillard and 
Richmond [17] noticed during studies of the vibration levels in Australian rail 
transport that the railway shocks and vibrations that occur in Australia vary 
significantly in nature from the spectral representations given in test standards.  
 
As the random vibration needs a special way of study (stochastic analysis), it demands 
proper development of methods to be used for special purposes. Rouillard and Sek 
[16] noticed that there is significant loss of data in the existing standardized road 
profiles, which makes the testing unrealistic. They proposed that in many cases, 
simulating vehicle vibrations from the PSD alone has significant shortcomings, as it 
fails to produce the considerable excursions in vibration levels that are an intrinsic 
part of the measured process. However, using the vibration intensity probability 
density together with PSD was claimed to give the required information for adequate 
simulations. 
 
In the study of Rouillard et al. [21] road profiles were studied and their spectral and 
statistical characteristics were considered. The deviation of the road profile 
distribution from the Gaussian distribution was revealed. It was also shown that roads 
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of different roughness retain their spectral shape. It was found that the trends in the 
road surface elevation RMS variations as a function of distance are important 
indicators of road roughness characteristics. RMS is the root mean square of the 
signal. Also, the trend in the crest factor variations should be considered during 
analyses and simulations using road profiles with large peaks or transients. The crest 
factor is a quantity equal to the peak amplitude of a waveform divided by the RMS 
value of the waveform. The displacement of the road elevation was applied as control 
measure when using vibration test tables. With this method the road profile is more 
easily simulated and by making suitable devices for this kind of testing, a wide range 
of road transport vehicles could be tested. The mean vehicle speed could easily be 
considered by shifting the PSD along the frequency axis. 
 
Marcondes [18] measured the force distribution between boxes in order to find the 
most severe box in a column of boxes. Test results showed that as the dead load 
increases, the maximum g-RMS levels sustained without box failure decreases. By 
this test, he found the force multipliers to measure the degree of sensitivity of the 
boxes to the vibration level. He also noticed that by increasing the dead weight, the 
resonance frequency decreases and also that dead load cannot simulate the effect of 
real boxes. Considering the dynamic compression also affects the performance of 
corrugated fiberboard packages. He suggested a "dynamic multiplier factor" to be 
used to complement the static equation. This factor could be ranging from 4.3 for 
smooth roads up to 10 for bumpy roads. Equations (1.2) and (1.3) are introduced for 
the static and dynamic loading conditions, respectively. 
 
For static loading, the following equation exists 
  
                        fSS uuc /=  ,                                                                                    (1.2) 
 
where Suc is the ultimate compression strength, Su is the laboratory compression 
strength and f is the strength reduction factor.  In dynamic loading a factor d is 
introduced such that 
  
                        ( )uc uS = S / df   ,                                                                                (1.3)     
 
where d is the dynamic force multiplier factor (a number between 4.3 and 10). 
 
Studies on the failure mechanisms of boxes have gained considerable attention in the 
literature. Rouillard and Sek [22] investigated the frequency response of packages in 
order to observe the changes that occur in stiffness and damping of a package when it 
undergoes progressive damage during a sine dwell vertical vibration test.  They 
claimed that tracking the resonance by feedback control of the excitation frequency 
during resonance dwell tests is essential.  By tracking the resonance, the system 
remains in the resonance condition and the effect of resonance on the system will be 
controlled.  Results showed that a substantial shift in the resonance frequency of a 
package can occur during a sine dwell test and damage is maximized when tracking of 
the resonance frequency of the packaged unit is used during a sine dwell test.  The 
trend in the changes of the resonance frequency can be used as an indication of 
damage growth.  Ge [14] in another study indicated that the mean time to failure 
(MTTF) is an important performance indicator of the vibration fragility in addition to 
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the natural frequency. After systematically introducing the accelerated vibration test 
method for fruit transportation, a Weibull theory-based MTTF curve was introduced. 
This curve can correlate with the laboratory vibration test and actual transportation in 
particular, for complicated products, such as products containing electronics in which 
failure appears less consistently than in fruit. It was suggested that an MTTF curve is 
needed before designing the packaging for the product and carrying out the vibration 
tests. 
 
In 1989, Singh and Marcondes [23] performed some characterization of the test 
methods for determination of the time needed for random vibration testing of a 
package until failure.  The fatigue S-N diagram can not be applied directly for random 
vibrations.  In this case, failure will occur as a combination of stress cycles of 
different amplitudes. So, according to the Palmgren-Miner hypothesis, if ni cycles of 
stress occur at a level of stress at which Ni constant stress cycles would cause failure, 
then the fractional damage done by the ni cycles is (ni/Ni). Failure occurs when 
 
                        ( )∑ =

i
ii Nn 1/                                                  (1.4) 

 
Then the mean life time can be approximated by 
 

                        

0

1
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In Equation (1.5), fn is the natural frequency, pp(S) is the probability that any peak of 
x(t) chosen at random, lies in the range S to S+dS for a Gaussian narrow band process. 
The parameter x(t) is the random signal of study and N(S) is number of cycles at stress 
level S. They stated that the values of T obtained by this method have some errors and 
by experiment it is known that the correct value could be from 0.3T to 3T. 
 
Instead of paying too much attention to external effects, some researchers focused on 
the box itself. Panyarjun and Burgess [24] tested various long corrugated boxes with 
different lengths, cross-sectional shapes, flute directions and board strengths in 
bending. They developed an equation to relate the box compression strength to the 
various properties of the box. The correlation coefficient for the fit to actual data was 
about 0.4. Boxes having the flutes run around the box had 20% higher compression 
strength than boxes with horizontal flutes. The most significant factor was found to be 
the board edge crush strength. The results of Panyarjun and Burgess suggest that 
failure of boxes in bending is due to localized crushing of the panel at the point of 
application of the load, rather than collapse of the whole-box.  
 
Sek and Kirkpatrik [25] performed some drop and compression tests on corrugated 
board to check its cushioning properties. They carried out quasi-dynamic compression 
tests to measure the rate dependency of the deflection of the corrugated board (see 
Figure 2.1). They also did some drop tests to measure the cushioning behavior of the 
corrugated board. The results of their tests could then be used for simulations and 
finite element analyses.  They noticed that due to the high stiffness of a single layer of 
corrugated fiberboard, and the related high accelerations at impacts, only multilayer 
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configurations can be considered for practical applications. In their quasi-dynamic 
tests, they did simple static tests but with different compression rates and saw a 
pattern which is shown in Figure 2.1. 
 
According to their study, cushioning will be improved when the flat and fluctuating 
part of the compression curve in Figure 2.1 is reached, but this part of the 
compression curve is corresponding to irreversible deformations that may reduce the 
capacity of the material to cushion consecutive impacts. 
 

 
Figure 2.1. Quasi-dynamic compression of corrugated board, from Sek 
and Kirkpatrik [25]. 

 

 
Figure 2.2.  A family of simulated cushioning curves (50 mm multilayer 
pad of B-flute), from Sek and Kirkpatrik [25]. Here h is the height from 
which the box drops. 
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In their drop tests they noticed that for small static loadings (see Figure 2.2), the 
shock wave will travel through the composite sandwich structure. The reflections of 
these waves, that are not dissipated easily by the mechanism of internal damping or 
permanent deformations, may appear as the fluctuations of the measured 
instantaneous acceleration. For larger static loadings and impact deformations, it may 
be expected that variations in stiffness may lead to significant fluctuations of the 
instantaneous acceleration recorded during impacts.  Some consecutive drop tests 
were carried out and it was noticed that at least five drops should be done to find out 
when the performance of the material starts to deteriorate.  The progressing damage 
reduces the capacity of the corrugated board to cushion the shocks, particularly for 
higher static loads that exhibit good cushioning properties in the first impact.  In this 
study, it was found that the cushioning behavior of corrugated board is comparable 
with polymeric materials.  
 
In 2006, Tsuda et al. [26] evaluated the effect of a gap between the contents and 
cushioning materials on the vibration of the contents. In their study, the effect of the 
transmitted vibrations on the content is considered to be non-linear.  Two phenomena 
were observed in their experiments: Firstly, a critical acceleration input exists at 
which the vibration response has a dramatic influence. Secondly, they found that there 
exists a range of resonance frequencies and not a dominating single sharp resonance 
peak.  A real experiment illustrating these two phenomena was conducted.  
 
In another piece of research conducted in 2006 by Jinkarn et al. [27], the effect of 
holes in the side walls of the corrugated board package was evaluated.  Different 
shapes, sizes and positions of carrying slots were examined. Among all the shapes, 
boxes with circular slots showed the highest compression strength. Also, the 
perforated style showed higher compression strength compared to other true cuts of 
different shape.  The slot position should be close to the center of the corrugated 
panel.  The slot should be as small as possible to maintain the strength of the board. 
 
 

2.2. Modeling and Simulations 
In the process of modeling and simulating the corrugated box performance, different 
approaches are taken. Some researchers model the whole pallet of boxes, while others 
just study a single box or even a corrugated board panel in their modeling activities.  
 
Peleg [28] developed a series of mathematical equations for experimental evaluation 
of restoring and dissipative parameters, as used in a non-linear mathematical unit load 
model. A detailed case study was described, exemplifying how these parameters may 
be evaluated by impact (shock) or vibration testing of corrugated shipping containers. 
Weigel [29] developed a computer model of a palletized bulk bin loaded with fruit, 
using finite element analysis techniques. Unit loads consisting of palletized bulk bins 
of apples and peaches were tested and the model was found to accurately predict the 
resonance frequencies of these loads. Using the model, the effects of product mass, 
container design, and pallet design on the natural frequencies were analyzed.  
 
In a recent test, Rouillard and Sek [30], tried to simulate the behavior of a column of 
packages in a stack by making a physical model. They used a system of masses and 
springs in which the springs were included the damping. There was also some 
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restraint from adjacent bars which resembled the actual stacking conditions. The 
restraints exerted frictional forces and simulated the contact between vertical panels. 
Vibrations of low level amplitude were applied to the system to avoid impact, because 
impact was not defined in the numerical model. The physical model was excited by a 
steady-state random signal and the frequency response function of the system was 
calculated. This model was also subjected to a random burst excitation in the time 
domain. The results of these tests were then used for numerical modeling of the stack 
and the correlation between numerical results and experiments was satisfactory. 
 
In the study by Biancolini and Brutti [31] the buckling behavior of corrugated paper 
packages was studied by means of an experimental and theoretical analysis. The 
mechanical behavior of paperboard was first evaluated experimentally. A FEM-
model, able to reproduce buckling loads obtained experimentally in a standard edge 
compression test with a very good accuracy, was developed. In order to investigate 
the buckling of a complete package, a corrugated board finite element was introduced 
by means of a dedicated homogenization procedure. The FEM model of the package, 
assembled with this new element, can accurately predict the experimental data of 
incipient buckling observed during the standard box compression test, despite few 
degrees of freedom and a minimal computational effort.  
 
A study of the effects of continual shock loads were performed by Xiang and Eschke 
in 2004 [32] on test specimens in the laboratory. The findings of this study were used 
to deduce the relationship between the acceleration amplitude and the number of 
continual shocks to failure, and a corresponding mathematical model was developed. 
On the basis of the individual mathematical models for the products tested, two 
further models were proposed for all products. This makes it possible to arrive at a 
better assessment of the fragility of different types of products when exposed to 
continual shock loads. These models are capable of producing substantial cost 
reductions in the design of packages, as they allow the cushioning to be tailored more 
precisely to the fragility of the products. 
  
Nordstrand [33], Lee and Park [34], Biancolini [35] and Zangani et al. [36], 
investigated the different parameters affecting the buckling behavior of corrugated 
board panels. Nordstrand [33] constructed a panel compression test rig, similar to a 
test frame for metal plates to achieve accurately defined load and boundary 
conditions.  In order to describe the buckling behavior, a non-linear buckling analysis 
of orthotropic plates, derived by Rhodes and Harvey [37], was modified to include 
initial imperfections. The critical buckling load of the panels was evaluated by fitting 
the analytical expression to experimentally measured load–displacement curves by 
non-linear regression.  The results showed a difference in the order of 15–20% 
between the experimentally estimated critical buckling load and the analytically 
predicted critical buckling load for orthotropic plates. This was mainly attributed to 
transverse shear deformation.  A corresponding difference was observed between 
analytically predicted and experimentally measured load–displacement curves at large 
out-of-plane deformation, i.e. displacements of magnitude two or three times the 
board thickness. This was probably caused by the non-linear response of paper at high 
stresses and local buckling of the panel facings, i.e. the liners. A predicted failure load 
of the corrugated board panel was determined when the stresses in the facings 
fulfilled the Tsai–Wu failure criterion. The predicted failure load and the measured 
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average experimental failure load were close; indicating that collapse of the panel is 
triggered by material failure in one of the liners. 
 
In the study by Lee and Park [34], they analyzed the flexural stiffness, to measure the 
force and bending deflection by a four-point bending test for various corrugated 
boards, and to provide the major design factors that play a role when trying to 
improve the compression strength of the box. The difference in the compression 
strengths of boxes that have identical dimensions and are fabricated with identical 
components but different flute types is primarily caused by the flexural stiffness of the 
box panels. 
 
A numerical approach to evaluate the stiffness parameters for corrugated board was 
presented by Biancolini [35]. The method was based on a detailed micromechanical 
representation of a region of corrugated board modeled by means of finite elements. 
In his model, he replaced the complete FE-model with a condensed plate which had 
just the boundary nodes. In order to define the stiffness properties, energy equivalency 
was imposed between the discrete model (complete FE-model) and the equivalent 
plate (reduced FE-model).  Exploiting a transformation matrix, capable to map a 
constant strain/curvature vector for the equivalent plate in a displacement field of the 
FEM boundary nodes, it was possible to express an equivalent ABD matrix (overall 
stiffness matrix for the laminate) as a function of the boundary condensed stiffness 
matrix of the FEM model. A model for the stiffness terms of a composite sandwich 
panels with structured cores (referred to as z-core panels) was presented by Zangani et 
al. [36] in 2007. Truss-cores, corrugated-cores and double-corrugated cores 
containing polymeric foam were considered. The model was validated; both through 
finite element simulations and through comparison with the results of experimental 
three-point bending tests on panels. Also, a parametric study was performed to assess 
the performance of the different reinforced panel configurations. 
 
In the study by Han and Park [38], they investigated the principal design parameters 
of ventilation holes and hand holes in the facings of corrugated fiberboard boxes 
using finite element analysis (FEA). Various designs of ventilation holes were studied 
with respect to stress distribution and stress level. It was found that the most 
appropriate pattern and location of the ventilation holes was vertical oblong-shaped 
and symmetrically positioned within a certain distance to the right and left from the 
centre of the front and rear facings of the box. On the other hand, the appropriate 
location and pattern of the hand holes were a short distance from the centre of the top 
of the box on both side facings. The pattern and location of both the ventilation holes 
and the hand holes determined by the FEA analysis in general agreed well with 
laboratory experimental results. The decrease in compression strength of the box can 
be minimized with identical area of the ventilation holes if the length of the major 
axis of the ventilation hole is less than 1/4 of the depth of the box and the ratio of the 
minor axis to the major axis is 1/3.5–1/2.5, provided that even-numbered holes are 
located symmetrically. 
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Chapter 3: Materials and Methods 
 
 
 
 
 
 
 
 
 
 

3.1. I-scan 
The I-scan system from Tekscan Inc. [40] 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 main components of the system are sensor, software and 
data acquisition electronics ("handles"). 

The heart of the I-scan pressure measurement system is a thin, 0.1 mm, flexible tactile 
sensor. Sensors are available in a wide range of shapes, sizes and spatial resolutions 
(sensor spacings). These sensors are capable of measuring pressure intervals ranging 
from 0-15 kPa to 0-175 MPa.  Each application requires a matching between the 
dimensional characteristics of the object to be tested, the spatial resolution and 
expected pressures. In use, the sensor is installed between two contacting surfaces. 
Figure 3.1 shows the main components of the I-scan system. 

 
The matrix-based system of the I-scan equipment provides an array of force sensitive 
cells called sensels that enables measurement of the pressure distribution between the 
two surfaces. 
 
 
 

 

 
Figure 3.1. I-scan sensor and data acquisition electronics, taken from Meng et. al 

[39] 
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Because of the nature of the pressure sensitive layer, it is possible to produce sensors 
of varying sensitivity. The sensitivity (also referred to as ‘adjustable gain’) adjusts the 
data output range from the computer (0 to 255 raw) to the actual force range output 
from the system handle. Adjusting the system sensitivity can alter the effective force 
range of the sensor. The sensitivity should be adjusted whenever necessary to keep the 
real-time display in a usable range (i.e. both the high and low pressures are visible), or 
if the sensor saturates at a lower pressure than desired. The saturation value is directly 
affected by the sensitivity setting; as the sensitivity is increased, the data output range 
decreases. The saturation pressure is the maximum pressure sensels can show in the 
calibration range. Lower sensitivity will mean that more force/pressure must be 
applied to the sensor to give a reading. Higher sensitivity at the sensor film means that 
less force/pressure must be applied to the sensor to give a reading.  This fine-tunes the 
sensor, as it can become less sensitive over the life span of the sensor. 
 
The sensor model used in the tests was Model 3150, Matscan, with a saturation 
pressure of 0.862 MPa (125 psi). This sensor is also used by Meng et al. [39]. Figure 
3.2 shows the properties of this type of sensor. 
 
The I-scan system has an upper limit for its sampling frequency equal to 100 
frames/second equal to 100 Hz when used in dynamic conditions. It means that 
according to the Nyquist sampling theorem, the I-scan sensor can capture a frequency 
content of maximum 50 Hz. Nyquist sampling theory states that if a function f(t) does 
not contain any frequencies greater than  f  then it can be completely determined by 
sampling it with a frequency not smaller than 2f [42]. This expression means that, if a 
signal with the maximum frequency content equal to f is sampled by a frequency 
smaller than 2f it cannot be reconstructed and in its reconstruction, aliasing will take 
place. Aliasing refers to an effect that causes different continuous signals to become 
indistinguishable when sampled by introducing false peaks in the frequency domain.  
 
With the I-scan system it is possible to save the location of the center of the applied 
force (COF) of the I-scan sensor into a file. By having COF data it is possible to 
estimate the amount of rotation of boxes in different planes.  By the I-scan movie it is 
also possible to see the trajectory of the COF. A Matlab [43] routine (see Appendix F) 
was written to calculate the distance of the COF with respect to time from its initial 
static position.  
 
For accurate measurement of the forces exerted on the I-scan sensor in dynamic tests, 
the system needs to be calibrated according to the manufacturer’s instructions. Two 
methods for calibration exist: linear (single-load calibration) and two-point power 
law. The linear method is suitable for a limited range of force measurements and is 
applicable for the present purposes. Single-load calibration assumes that the sensor 
has zero output with zero applied load. The user applies a known force to get a single 
calibration point, and the I-scan software draws a straight line between the two points 
(zero applied load and calibration load). 
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Figure 3.2.  Schematic picture and table of properties of I-scan sensor model 3150 
 
 
For experimental loads in the vicinity of the calibration load, single point calibration 
gives accurate results. If the experimentally determined loads are small or large 
compared to the calibration load, errors will grow. Typically, the graph of the output 
from the digital sensor for varying load is a smooth curved line following a power law 
curve. A straight line from the origin is close to the curve near the calibration point, 
but increasingly divergent at the extremes.  
 
It is also seen that the weight of the box which is recorded by I-scan system at the end 
of a test is not equal to the value in the beginning of the test. This effect is called drift 
and it occurs in the I-scan sensor. This effect should be considered when precise 
registration of the force levels is needed. In Appendix B, a linear approximation of 
drift is applied and a correction factor is proposed which can be applied to the 
recorded forces to give more accurate results.  The I-scan sensor also exhibits 
hysteresis in loading and unloading. This effect should be considered in modeling of 
the system. 
 

3.2. Corrugated boxes 
In the experiments, single wall corrugated boxes were used. Single wall corrugated 
board is an orthotropic sandwich construction that is composed of two liners separated 
by a fluting (Figure 3.3)  

 
 

 
 

Figure 3.3. Single wall corrugated board, taken from Meng et. al [39] 

General Dimensions Sensing Region Dimensions 
Overall 
length 

L (mm) 

Overal 
width 

W (mm) 

Matrix 
width 

MW(mm) 

Matrix 
height 

MH(mm) 

Sensel spatial 
resolution 

 (sensel per cm2) 
508.0 499.1 435.9 368.8 1.4 
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The material properties for the single wall corrugated board are given in Table 3.1 
according to the manufacturer's data. The boxes were made by Smurfit Kappa in 
Sweden. 

 
 
 

Table 3.1.  Material properties for the Corrugated board box (FEFCO code 0201) 
 

Corrugated Board Properties Fluting Outer Liner Inner Liner 

Grammage (g/m2) 134.2 142.2 167.5 
Burst Strength (kPa)  356 611 355 
SCT (CD) (kN/m) 2.99 3.00 2.98 
Density (kg/m3) 643 717 647 
Tensile stiffness (MN/m) 1.053 1.468 1.213 
Tensile Strength (kN/m) 9.24 15.42 10.19 

 
 
In our studies a corrugated box with flute type C was used with outer dimensions 

)(305305405 HWL ×××× mm3 and inner dimensions 300300400 ×× mm3. 
 
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. In 
overfilled boxes, compressible polyethylene foam was used in combination with the 
A4 copy paper packages. 
 
a) 75% filled boxes 
Boxes were filled so that compared to the completely filled boxes, each box weighs 
25% less, having a total weight of 19 kg. Seven packages of standard A4 copy paper 
were used together with extra paper sheets for filling of the box to provide the 
required weight. 
 
 
 
 
 

a) b) 

               
Figure3.2. a) Photo of the box contents used to fill the 100% filled, 90% 
filled and 75% filled boxes, b) Cushions used for additional filling the 
overfilled box 
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Between the top of the contents and the closing flaps, there was a gap that allows the 
contents to move vertically when imposed to vertical vibrations. For 75% filled boxes, 
the contents in the lower box do not carry any load from the top box. 
 
b) 90% filled boxes 
Here, the boxes were filled so that compared to the completely filled boxes; each box 
weighs 10% less, having a total weight of 23.1 kg. Seven packages of standard A4 
copy paper were used together with extra paper sheets for filling each box to provide 
the required weight. Between the top of the contents and closing flaps, there was a 
gap that allows the contents to move vertically when imposed to vertical vibrations. 
The contents in the lower box do not carry any load from the top box. 
 
c) 100% filled boxes 
These boxes were filled so that there was no free gap between the box contents and 
the flaps, when they were closed. It was especially important that closing of the boxes 
was not accompanied by any additional force. Seven packages of standard A4 copy 
paper were used together with extra paper sheets to fill it up. Each box had a total 
weight of 25.7 kg. 
  
d) Overfilled boxes 
These boxes were filled so that there was no free gap between the box contents and 
the flaps, when they were closed. It was especially important that closing the box was 
accompanied by an additional force. Compared to the case of 100% filled boxes, these 
boxes are lighter because they are filled with paper and polyethylene foam and not 
only paper. Seven packages of standard A4 copy paper were used together with three 
layers of polyethylene foam. The total weight of each box was 19 kg. The boxes were 
considered to be load carrying. 
 

3.3. Test Machines and Auxiliaries 
Testing of the stacking strength of the boxes were carried out in a fixed platen 
compression testing machine (Alwetron CT 100 from Lorentzen & Wettre AB) 
controlled by computer. The compression testing apparatus consists of two flat 
parallel platens, one of which is driven to compress the box, and the other is 
stationary. The box was placed at the center of the plates of the machine.  Typically a 
displacement velocity of 10 mm/min was used. 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. 
This vibration table was driven and controlled by a computer software. 
 

3.4. Test Methods 
Static and dynamic tests were conducted on the corrugated board boxes to 
characterize their behavior in different static and dynamic loading conditions. In all 
tests involving two boxes, two boxes with the same filling method (overfilled, 100% 
filled, 90% filled or 75% filled) were placed on top of each other while the I-scan 
sensor was placed in-between them. In the case of dynamic tests, the boxes were 
strapped by two textile plastic straps to hold them together.  
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3.4.1. Static Tests 
The static tests were mainly intended to observe the pressure distribution on the 
contact area between the boxes. For this purpose, two boxes of the same filling 
method were placed on top of each other while having the I-scan sensor in-between 
them. Then static pressure distribution from the I-scan sensor was observed. These 
tests were done for empty boxes, 100% filled boxes and overfilled boxes. For the case 
of empty boxes some load on top of the top box was needed in order to observe the 
pressure distribution. For this purpose, four boxes with a total weight of 100 kg were 
placed on the top box.  
 

3.4.2. Dynamic Tests 

3.4.2.1. Vertical Force Measurement 
In the dynamic tests, the whole set-up was placed on the vibration table.  In these 
tests, two accelerometers, one on the top box and the other on the bottom box were 
attached by wax in the preferred locations on the boxes according to Figure 3.3. These 
accelerometers were intended for measurement of the acceleration power spectrum 
density of each box. In Figure 3.3, the box in the 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 behavior 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. The sine sweep tests were performed at 
frequency ranges 2-50 Hz and 2-200 Hz, respectively. 
 
 
 
  

 
 

Figure3.3. Photo of the test set-up used in the dynamic tests 
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Table3.2. 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 

 
 
The boxes were not attached to the vibration table, thus, being they were allowed to 
have actual transportation loading conditions. Table 3.2 gives the linear sine sweep 
rates for these tests. It should be noted that due to some technical limitations, linear 
sine sweep tests done in the frequency range of 2-200 Hz were started from 200 Hz 
descending in frequency to 2 Hz. The vibration table is controlled by controllers that 
have some technical limitations. These controllers are not always able to produce fast 
sine sweeps (linear sweep rate of 99 Hz/min in our case) beginning from low 
frequencies as the vibration amplitude is very large for the low frequencies. Instead, 
they can start to vibrate the table at high frequencies (say 200 Hz) and sweep the 
frequency down to 2 Hz. 

Table 3.3. ASTM truck level II profile for random vibration [44] 
 

Truck 
Frequency  

(Hz) 
Level 
g2/Hz 

1 0.00005
4 0.01 
16 0.01 
40 0.001 
80 0.001 
200 0.00001

Overall Level, 
g rms 0.52 

 
On the other hand, random vibration tests were performed by exciting the vibration 
test table with a random signal. In our study we used the ASTM D-4728 [44] truck 
level II standard for random vibration testing (Table 3.3). The main objective of the 
random vibration test was to simulate the real transportation conditions to see its 
effect on the product. 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 table, allowing them to have real transportation conditions. 
 
Table 3.4 shows the tests which were carried out in this thesis work. The coding 
system used here will be referred to in the sequel.  For example test (+100S200) is a 
linear sine sweep test in the frequency range of 2-200 Hz using overfilled boxes.  All 
sine sweep tests were done with a constant excitation acceleration of 0.5g. 
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Table3.4. Coding of dynamic tests performed during the thesis work 

Box Filling Method 
Sine 

Sweep 
2-50 Hz 

Sine 
Sweep 

2-200 Hz 

Random 
Vibration 
2-50 Hz 

Random 
Vibration 
2-200 Hz 

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

 
 

3.4.2.2. 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 others, were placed 
on the vibration table in such a way that their large vertical panels were touching each 
other. Figure 3.4 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 3.4.  The boxes were 100% filled 
and the dynamic tests that were carried out on these boxes were 100R50, 100R200, 
100S50 and 100S200 (see Table 3.4). 

 
 
 
 

 
 

Figure 3.4. Test set-up for measurement of horizontal forces 
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Chapter 4: Results and Discussions 
 
 
 
 
 
 
 
 
 
 

4.1. Introduction 
In this chapter, the results of the tests described in Chapter 3 are presented. Analysis 
of the tests are accomplished here and some characteristics are evaluated, including 
"Static Pressure Distribution", "Force-Frequency", "Pitch Motion", "Level-crossing" 
and "Power Spectral Density". The static pressure distribution part is a brief 
consideration of the static load distribution between boxes when placed on top of each 
other. The force-frequency” part shows the dynamic force exerted on the I-scan 
sensor when it is placed horizontally between two boxes, and the sample boxes are 
subjected to a linear sine sweep or random vibration tests.  Graphs of the total force 
versus frequency are presented.  In the pitch motion part, different graphs are 
presented to show the pitch motion of the boxes when subjected to a random 
vibration. Some statistical characteristics, which are used for comparison of the 
severity of this motion, are also presented. A level-crossing analysis was done to 
relate the random vibration test results to fatigue life estimations.  Diagrams of the 
force power spectral density obtained from I-scan sensor are given for the random 
vibrations and they are compared to the acceleration power spectral density obtained 
from the accelerometers attached to the boxes. In the end, results for the horizontal 
forces when four strapped boxes are subjected to a vertical vibration are presented. 
 
It should be noted that the I-scan system is a "time-series based" software and it does 
not provide any tools for frequency analysis.  Hence, all the diagrams given here are 
obtained by calculations using the Matlab software, unless otherwise is stated. 

 

4.2. Static Pressure Distribution 
The static test results are shown in Figure 4.1.  Initially, the load is distributed along 
the edges of the surface.  As the load increases, the pressure distribution spreads also 
to the interior of the surface and not only the edges. It seems to be due to the buckling 
of the side wall panels at increasing load.  When boxes are empty, the peak pressures 
are located at the corners and the sides carry less load (smaller amplitude) compared 
to the corners.  For filled boxes (100% filled), the corners carry less load compared to 
the case for empty boxes. In principle they carry the same load (same amplitude) as 
the sides. For overfilled boxes, bending of the contacting panels results in that they 
carry most of the load and less load is carried by sides. Footprints of the edges of the 
flaps are clearly observable in the Figure 4.1.c as positions with concentration of load. 
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a) empty boxes b)100% filled boxes c) overfilled boxes 
 

               
Figure 4.1. Illustration of qualitative static pressure distributions 

 
 

4.3. Force-Frequency  
The linear sine sweep vibration test results are shown in the form of the following 
diagrams. For showing the reproducibility of the results, the case of 75% filled boxes 
was chosen and the frequency ranges of 2-50 Hz and 2-200 Hz were selected. 
Diagrams of the total contact force between the boxes as a function of frequency in 
three repetitive linear sine sweep vibration tests are presented in Figure 4.2.  The peak 
load in the force-frequency diagrams corresponds to resonance i.e. the tendency of a 
system to oscillate at maximum amplitude at certain frequencies, known as the 
resonance frequencies 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.  
 
The total contact force in Figure 4.2 is the sum of the forces exerted to each sensel of 
the I-scan sensor at a certain time. All forces are scaled i.e. all the forces are divided 
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 resonance frequency, 
the difference is in the amplitude of the vibration, which is seen to be higher for the 
tests with lower sweep rate. It should be reminded that the linear sine sweep tests for 
the frequency range 2-200 Hz were carried out from 200 Hz to 2 Hz. Some 
discussions about the difference in the test result due to the linear sine sweep direction 
are given below. 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.  
 
It is seen in all the diagrams in Figure 4.2 that in the vicinity of the resonance 
frequency of the system, and after, that the maximum and minimum force diagrams 
do not present symmetry in loading and unloading.  This might be a sign of hysteresis 
in the I-scan sensor, i.e. loading and unloading occurs along different paths.  A system 
with hysteresis exhibits path-dependence, or “rate-independent memory” [42]. 
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a) 

 

d) 

 
b) 

 

e) 

 
c) 

 

f) 

 
Figure 4.2. Scaled total contact force diagrams from linear sine sweep 
test results; Results to the left and right are for three repetitive test 
according to (75S50) and (75S200), respectively. Each test took two 
minutes to complete. 

 
By comparing the test results (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 (see appendix B). 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 that there only exists one 
observable resonance frequency in that 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 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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In Equation (4.1) (Tf)maz 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 4.1. 
 

Table 4.1. 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 

              
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 4.3. 
 
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. 
 
First, 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 fluctuations 
and therefore the I-scan sensor is subjected to more release of force. According to the 
I-scan manual [40], 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. 
 
A second explanation could be that the sensor is acting like a viscoelastic material. 
Viscoelasticity is the property of the materials that exhibit both viscous and elastic 
characteristics when undergoing deformation. Some phenomena in viscoelastic 
materials are: (i) if the stress is held constant, the strain increases with time (creep); 
(ii) if the strain is held constant, the stress decreases with time (relaxation); (iii) the 
effective stiffness depends on the rate of application of the load; (iv) if cyclic loading 
is applied, hysteresis (a phase lag) occurs, leading to a dissipation of mechanical 
energy; (v) acoustic waves experience attenuation; (vi) rebound of an object following 
an impact is less than 100%; (vii) during rolling, frictional resistance occurs [42]. 
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Figure 4.3. Comparison of drift with different sweep directions, Diagrams 
show the total contact force between boxes during sine sweep vibration. 

 
 
a)75S50 b)90S50 

  
c)100S50 

 
Figure 4.4. Scaled total contact force diagrams for linear sine sweep test 
results. Figures a, b and c are for tests (75S50), (90S50) and (100S50), 
respectively.  
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In the linear sine sweep tests, it was desired to see the effect of box weight on the total 
contact force between two boxes.  By doing sine sweep tests in accordance with the 
requirements in Chapter 3, a comparison between the results from tests performed by 
boxes of different filling methods could be done.  Figure 4.4 brings three different 
diagrams from different filling methods of boxes in the frequency range of 2-50 Hz.  
 
From Figure 4.4 it can be seen that peak value of the total contact force decreased by 
increasing the weight of the boxes.  This effect might be due to the movement of the 
contents at the resonance frequency of the system.  In fact, the contents of the boxes 
with less weight move more and may produce higher amplitudes. It is also seen that 
the resonance frequency decreases by increasing the box weight.  This is in 
accordance with the knowledge on the relation between the mass of a column of 
boxes and its resonance frequencies [17]. 
 
The force profile obtained in the tests broadens by increasing the weight of the boxes 
and the resonance peaks get less noticeable. All forces are scaled, i.e. they are divided 
by the weight of the corresponding boxes. 

 

4.4. Pitch Motion 
In transportation of goods, it may happen that boxes start to bounce so that some kind 
of pitch motion occurs. Considering the boxes in a Cartesian coordinates as in Figure 
4.5, 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. 
 
As we know from statics, the scattered contact force between boxes can be replaced 
by a single force which is called the resultant force.  The location of this force is 
known from statics and in the I-scan system it is called the COF (Center Of Force). 
By tracing the location of the 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. A 
Matlab routine (see Appendix F) that calculates the distance of the COF from its static 
position as a function of time was written. Figure 4.6 shows the location of the COF 
during the dynamic tests carried out in accordance with the requirements of Chapter 3.  
 

 
 

Figure4.5. Illustration of the pitch motion that occurs in transportation. 
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It is seen in Figure 4.6 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 and increase damage due to fatigue. 
 

a)75S50 b)75S50 

  
c)90S50 d)90S50 

  
a)75R50 b)75R50 

 
c)90R50 d)90R50 

  
Figure 4.6. Traces of the Centre of Force (COF) from dynamic tests on 
boxes. The red points show the COF at the beginning of the test. 



 26

 
Figure4.7. Presentation of 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. 

  
 
Figure 4.7 is a typical presentation of the pitch kind of motion that happens in 
dynamic tests.  It shows four consecutive frames of a linear sine sweep test done on 
overfilled boxes.  In Frame 1 the left part of the contact area is bearing less 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 center of force has moved to the left. In Frame 4, both parts of 
the contact area are unloaded; meaning that COF is again is close to the static COF. 
This presentation again shows the movement of the COF during dynamic conditions. 
Figure 4.8 shows the graphs of the distance of the COF from the static COF with 
respect to time.  They show how far the COF has moved from its equilibrium 
position. In Figure 4.8a it can be seen that at some frequency (about 15 Hz), the 
maximum distance from the static COF is reached. The distance in the Figure 4.8 is 
defined according to the Equation 4.2. 
 
                        22 yxd +=                                                                                    (4.2) 
 
 

a)75S50 b)90R50 

  
Figure4.8. Graphs of the distance of the COF from the static value as a 
function of time. The distance is defined according to Equation (4.2). 
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The statistical quantities obtained for the different vibration tests are given in Table 
4.2.  The average resonance frequency (first resonance), the coefficient of variation of 
the distance of the COF from its initial static position and the dynamic drift are 
chosen as statistical quantities for presentation of the dynamic characteristics of the 
system. The coefficient of variation is defined as the standard deviation of the data 
divided by its mean value. 

 
 
 

Table4.2. Statistical measurements from the I-scan data. 
 

Test 
Resonance 
Frequency 

 (Hz) 

Coefficient 
of Variation

(%) 

Dynamic 
Drift 
 (%) 

75S50 15.7 90 23.3 
75S200 15.7 180 -5.8 
90S50 13.2 66 9.9 
90S200 15.0 163 0.5 
100S50 14.0 97 8.8 
75R50 12.0 63 -24.8 
75R200 12.1 52 -14.2 
90R50 11.9 74 -8.3 
90R200 12.8 67 1.6 
100R200 16.5 68 -20 

 

 

4.5. Level-Crossing 
When doing a random vibration test, it is desired 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 the boxes.  A Matlab routine (see Appendix F) that counts the 
number of level-crossings for each set of data, and presents the number of level-
crossings for each level as percentage of frequence, was written.  Figure 4.9 shows the 
distribution of the force cycles. Most of the load cycles are in the low load levels 
range. 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. 
Here, we do not evaluate the Rayleigh probability distribution function parameters.  
 
In probability theory and statistics, the Rayleigh distribution is a continuous 
probability distribution.  It can arise when a two-dimensional vector has elements that 
are normally distributed, are uncorrelated and have equal variance. The magnitude of 
the vector will then have a Rayleigh distribution.  The distribution can also arise in the 
case of random complex numbers whose real and imaginary components are 
independent and identically Gaussian-distributed.  In that case, the modulus of the 
complex number is Rayleigh-distributed [42]. 
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a)75R50 b)90R50 

 
c)75R200 d)90R200 

 
Figure4.9. Level crossing diagrams. 

 
 
 

4.6. Power Spectral Density (PSD) 
From the random vibration tests carried out the PSD diagrams (see Appendix E) 
according to Figure 4.10 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. It should be noted that as the I-scan system does not support sampling 
frequencies greater than 100 Hz, results obtained for frequencies over 50 Hz are not 
completely valid and cannot be referred to, in spite of the fact that these results may 
still give reasonable presentation of the characteristics of the system.  The diagram of 
the force-PSD for the (75R200) test shows frequencies up to 50 Hz only, as the 
original force signal does not contain information for frequencies over 50 Hz. 
 
The force-power spectral densities are obtained by Welch method (see Appendix D) 
using an FFT block size of 512 samples.  The unit of the force-PSD is dB/Hz. The 
bandwidth was chosen to be 50 Hz. 
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a)75R50  b)75R200 (top curve shows top box data) 

  
c)75R50 d)75R200 

Figure4.10. Power Spectral Density (PSD) for force and acceleration; 
subfigures a) and b) show the acceleration-PSD for the top box, while 
subfigures c) and d) present the PSD of the force between the two boxes.  

 
 

4.7. 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.  The unit used by the I-scan system is by 
default RawSum. In Figures 4.11 and 4.12, 1200 RawSum is only approximately 
equal to 30N. For this reason, we have chosen to keep the I-scan based RawSum. 
 
 
a)100S50 b)100S200 

Figure 4.11. 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. 

 



 30

Figure 4.11 shows the total contact force acting on the vertical surfaces as a function 
of time. No specific behavior can be observed in these force-time diagrams. Diagrams 
of the level-crossings are presented in Figure 4.12. The distribution of the force levels 
resembles a Gaussian distribution. The parameters of this type of distribution were not 
determined in the present study.  
 
 
 
a)100R50 b)100R200 

Figure 4.12. Level-crossing diagrams for the 4-box tests. 
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Chapter 5: Mathematical Modeling 
 
 
 
 
 
 
 
 
 
 

5.1. Introduction 
In this chapter a simple mathematical model of a system of corrugated boxes is 
proposed. This model is a parametric model of the system of two corrugated boxes 
that are placed on top of each other.  By changing the parameters of this model, 
different types of filling methods can be examined and the outcome can be evaluated. 
Results from this mathematical model can be compared with the results obtained in 
the dynamic tests.  It should be noted that for exact modeling of this system, it is 
required to know the characteristics of the corrugated boxes during dynamic and 
semi-static compression conditions, as well as the dynamic characteristics of the I-
scan sensor.  Some phenomena like drift and hysteresis are present in the results of the 
dynamic tests. This model was intended to be tool for analytical studies of the 
corrugated box system.  
 

5.2. Assumptions  
For modeling the system, a mass-spring-damper model is considered according to 
Figure 5.1.  This model assumes that each box is made up of two solid concentrated 
masses that are connected to each other by means of springs and dampers.  The values 
of the spring and damper constants are approximated by the values obtained in a box 
compression test.  The values of the damping parameters are assumed to be constant 
over time.  Also the values of the spring stiffnesses are assumed to be constant over 
time, except for the deflections of the side panels of the boxes, which are 
approximated by third order polynomials. 
 
In this model, it is assumed that the vibration table is excited by a force that produces 
a linear sine sweep that has its maximum acceleration equal to 0.5g.  The duration of 
the test is considered to be 2 minutes.  The rate of the linear sine sweep is equal to 24 
Hz/min meaning that starting from 2 Hz the maximum frequency is 50 Hz.  In reality, 
the vibration table is excited by the hydraulic circuit and controlled by the controllers 
so that it does not take into consideration the vibration effects produced by the 
materials on the table (closed loop control).  Therefore, it is required to introduce the 
mass and spring constant values for the table so that the acceleration of the vibration 
table has a relatively constant maximum value.  It means that vibration table is 
modeled as a mass-spring system which is excited by a dynamic force.  By this 
definition, various numbers of boxes can be placed on top of each other. A strap is 
provided that has additional effect on the whole system of boxes.  
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Figure 5.1. Schematic diagram of the mathematical model 

 
In the process of simulating the system of two boxes on top of each other in the 
computer, it is important to have an estimate of the values of the stiffness and 
damping of the boxes.  Damping values were not measured and, here, damping values 
estimated from expressions for similar corrugated boxes [45].  Box compression tests 
were done to obtain an estimate of the spring stiffness of the boxes.  The value of the 
box spring stiffness, k, is defined as the ratio of the force exerted on the box, F, and 
the corresponding displacement, d, as given in Equation 5.1. The value of k is not 
constant and varies with displacement.  
 

                        
d
Fk = ,                                                                                               (5.1)   

 
An empty box was closed and sealed using tape on both sides and placed between the 
platens of the box compression machine.  Then, the top platen started to compress the 
box with a constant rate of 10 mm/min. The bottom platen was stationary.  Diagram 
of the applied compressive force as a function of displacement was obtained.  Figure 
5.2 shows a schematic of the compression method and Figure 5.3 presents the result 
from the box compression test. 
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Figure 5.2. Illustration of Box Compression Test  

 
 

  
 

Figure 5.3. Box Compression Test diagram. 
  

According to the Figure 5.3 there are two regions in the compression-displacement 
diagram before a displacement of d = 3 mm. Considering the relationship between the 
force, F, displacement, d, and spring constant, k, in Equation (5.1), the following 
points can be chosen for curve fitting (Eq. 5.2). 
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Here it is assumed that the relationship between the spring stiffness of the box, k, and 
displacement, d, is a 3rd order polynomial in d. 
 
                        3k a bd= +                                                                                       (5.3) 
 
Using points in Eq. 5.2 to determine the curve that passes through them, the following 
relationship between the spring constant and the displacement was obtained (In 
Equation 5.4 k should be expressed in N/m and d in m). 
 
                        3123 10510295 dk ×−×=                                                                  (5.4) 
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This equation was used for obtaining the instantaneous values of the spring constant, 
k, for the boxes in our equations. 

5.3. System of Ordinary Differential Equations 
Considering the equilibrium condition for each mass in the system, we can establish 
the following equations of motion for the system.  In linear sine sweep test 
simulations, the amplitude of the excitation force is assumed to be constant for 
simplification of the simulations.  
 
                        + + =MX CX KX F&& & ,                                                                (5.5) 
 
In Equation (5.5), M, C and K are mass, damping and stiffness matrices, respectively. 
The method of construction of these matrices is presented in the "Model_eq" function 
in Appendix G. The values of the components of the input force vector F are obtained 
from function "force" in Appendix G. 
 
  

5.4. Matlab Routines 
By using Equation (5.4) and the ODE solver ODE113 from the Matlab software, the 
whole system can be simulated in the computer.  The abbreviation ODE stands for 
"Ordinary Differential Equations". Four Matlab functions were written for analysis of 
the system in order to make the process more visible and understandable.  All 
functions are given in Appendix G. 
 
The main function for the simulation is "systemcheck". This function incorporates 
other functions that are used in the process analyzing the system of differential 
equations.  The force values are obtained in "force" function, the system of equations 
is given in the "model_eq"-function and the M, C and K matrices are updated in the 
"model_mck"-function. The coding of these routines are presented in Appendix G. 
 
 

5.5. Results and Discussions  
Diagrams of force versus time are given for 100% filled boxes.  Figures 5.4 and 5.5 
present the results of the linear sine sweep tests.  Simulations are carried out in the 
time range 0-120 s.  Comparison of the results from simulations with those obtained 
in the real tests using the I-scan software reveals some differences.  These differences 
include difference in amplitudes and resonance frequencies.  Checking the values of 
the amplitudes obtained from simulations and comparing them with those of actual 
tests shows that there are some regions in which the mathematical model does not 
explain the experimental results.  These results might be due to some characteristics 
of the boxes that are not considered in the simulations, including horizontal 
vibrations, nonlinear spring and dampers and deflection effects.  The value of the 
force transmissibility in the diagram obtained from the simulation is about 1.075 
while its value in the actual test was equal to 1.1. 
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Figure5.4. Scaled force vs. frequency diagram obtained from the 
mathematical model of a system of two boxes by giving a linear sine 
sweep input force. The force had constant amplitude of 250 N and linear 
sweep rate of 24 Hz/min. 

 
 

 
 

Figure5.5. Scaled force vs. frequency diagram obtained from a linear sine 
sweep using the I-scan system. The sine sweep had the maximum 
acceleration of 0.5g and linear sweep rate of 24 Hz/min.  
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Chapter 6: Conclusions 
 
 
 
 
 
 
 
 
 
 
In the use of the I-scan system for load distribution analysis, care should be taken as 
its sampling frequency has a maximum value of 100 Hz (frames/s).  Each test, which 
was conducted to show results for frequencies higher than 50 Hz, lacked data and 
should not be used for precise analysis. Hysteresis and drift effects in the I-scan 
sensor produce some error in the values of the pressure obtained.  These errors could 
be accounted for in static conditions but in dynamic testing, statistical measures 
should be used to estimate the error. Graphs obtained from linear sine sweep tests 
show resonance and anti-resonance in the system.  They also show the force levels 
encountered at different frequencies. As the material of corrugated boxes is a rate 
dependent material, different rates of frequency variation, produce different 
amplitudes in a sine sweep record. 
 
The box filling method has an effect on the static load distribution of the contact 
surface of the two stacked boxes.  Different behaviors can be seen from boxes at 
different frequencies.  In linear sine sweep tests, fatigue damage may occur in the 
vicinity of the resonance frequency as there exist high degree of fluctuations in this 
region.� Boxes show a pitch type of rotational motion in vibration tests.  The 
dynamic load distribution is seen to have the same pattern as the static distribution.  
�Most of the level crossings of the total contact force per level occur at low force 
levels.  Further study is needed for random loadings.  Error estimates at dynamic 
conditions need to be performed by statistical methods. 
 
In order to be able to model the system of corrugated packages, it is necessary to 
consider nonlinearities in the characteristics of the system. Precise measurements 
should be done on the materials of the corrugated boxes for obtaining their stiffness 
and damping values. A more realistic mathematical model requires further studies of 
the dynamic drift in the I-scan system. It is suggested that some dynamic tests are 
introduced for understanding the dynamic characteristics of the I-scan sensor.  
 
Level-crossing counts in vertical and horizontal planes show different statistical 
distributions.  
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Appendix A: Data Handling  
 

A.1. Method of saving the movie data from I-scan 
 
Each time a dynamic test is performed, a movie file is produced by I-scan software. 
This file has the extension of FSX. This file is the file which I-scan software can read 
and execute. This movie is comprised of a number of frames. Each frame shows the 
instantaneous pressure distribution on the I-scan sensor.  
 
In order to be able to process the movie data, a method of saving the movie in ASCII 
format is provided. By saving in ASCII format, it is possible to have all the pressure 
data in a one single file. In the file menu, there is an option as "Save ASCII …" .By 
choosing that option, a dialogue box appears with the caption "Save ASCII-[file 
name]". Figure A-1 shows the dialogue box for ASCII saving. 
 
In the part "Data Type" two options are provided. The first one, "Frame data", is used 
to save the whole frame data i.e. pressures from all the sensing points for each frame. 
The second option in the "Data Type" is "Center of force (COF)". By choosing this 
option, the position of the center of the total contact force exerted to the I-scan sensor 
is saved for each frame of data. In the second part of this dialogue box, the range in 
which the movie is desired to be saved, "Movie Range", is located. According to the 
desired application, one of the available options "Current frame", "Whole movie" or 
"Custom range" can be chosen. "Current frame" is selected if we want to save a frame 
of pressure data. This frame is saved in the form of a matrix. If the option "Whole 
movie" is selected, the whole data for the movie is saved. The third option, "Custom 
range", is provided for the case that a part of the movie data is needed to be saved.  
 

 

 
 

Figure A-1- Dialogue box for saving a movie in ASCII format 
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A.2. Method of using I-scan data in the Matlab Software 
 
For being able to read the I-scan data in the Matlab software, it is needed to first save 
the movie files in ASCII format. It should be noted that by saving the whole movie in 
the ASCII format, the file size will become very big (compared to the size of original 
movie file). This big file cannot be saved in Microsoft Excel file format which has the 
extension of XLS, as this software lets only a limited file size to be stored. The 
solution to this issue is to save several ASCII files, each one containing a limited 
number of frames. Then these files should be saved in Excel format XLS. From 
programming point of view, it is better to save these ASCII files with equal number of 
frames.  
 
Here, I-scan software provides additional help by introducing something called "box". 
A "Box" is a means of graphical selection of a part of the sensor surface. By choosing 
the "add box" from the toolbar, it will be possible to choose one rectangular part of 
the sensor surface. By doing this, a diagram showing the total force (or whatever 
desired and set before) inside the selection area over the whole movie length will be 
shown (Figure A-2). If the selection area of the box covers all the sensor area, the 
resulting force diagram will show the total contact force of the frames over time. Now 
by first clicking on the presented diagram and then choosing "Save ASCII" from the 
file menu, it is possible to save the force data in ASCII format. By the same manner, 
the COF can be saved in ASCII format By this provision, it will be possible to save 
the whole movie force data in a single Excel file, as the file size now will be very 
much smaller. 
 
 

 
 

Figure A -2- Diagram showing the "Box" feature in the I-scan software 
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As an example, we saved a movie in the I-scan software with the size of 315 KB. If 
the whole movie is saved as ASCII, its size becomes 166 MB. This movie contains 
15000 frames. Microsoft Excel cannot open this file as it is too big. By saving each 
1000 frames in one ASCII file, these files have 11.1 MB size, each. Then these files 
are opened by Excel software and saved as Microsoft Office Excel Workbook with 
extension of XLS. We want to use these data in the Matlab software. If the method for 
saving the force data from the selection box is chosen, the whole data can be saved in 
one single Excel file.  
 
In order to be able to use these files for data processing purposes in Matlab software, 
it is needed to first open a conversation channel with Excel from Matlab, by the 
"ddeinit" command, 
 
 
                         channel = ddeinit('excel','file1.xls'), 
 
 
where "channel" is the variable which is used to distinguish the intended excel file, 
"excel" is the software which initiates the conversation with Matlab, and "file1.xls" is 
the name of Excel file which has the required data. After opening conversation 
channel with Matlab, it is needed to assign a variable in Matlab to data in the Excel 
file. To do this, the "ddereq" command is used, 
 
 
                         variable = ddereq(channel,'ricj:rpcq'), 
 
 
where "variable" is the variable in Matlab which is assigned to the corresponding data 
in Excel, "ricj:rpcq" is the way Matlab assigns a Matrix to the rows and columns of  
data in the Excel file.  
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Appendix B: I-scan dynamic calibration 
 
For calibration of I-scan in dynamic condition, it was suggested to do the dynamic test 
by providing static condition in the beginning and end of each test. The procedure was 
to first calibrate the I-scan in static condition by the known force and then start the 
dynamic test. At the end of the dynamic test, the value of force which I-scan shows is 
read and compared to the first static calibration force. Now as these values differ from 
each other, it is suggested to find the percentage of difference and use it as a factor for 
calibration of dynamic test data. 
 
A random vibration test (according to the requirements of Chapter 3) was performed 
having the initial static force (for calibration) of ff. When the test was completed, we 
read the total contact force again and it was fl. Now, the factor to be used for 
correction of results would be, 
 

                        1−=
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f   ,                                                                                    (B-1) 

 
where f is the percentage of difference between the calibration force and the last 
reading. Factor f should be used in the form of the following formulae to take time 
into consideration, 
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where g(t) is the instantaneous correction factor, t is the time in which we want to 
correct the force and T is the test duration. Instantaneous force values obtained in the 
dynamic tests should be multiplied by the corresponding g(t) factor to give correct 
values. It should be noted that the assumption of linear drift will not properly explain 
the characteristics of the I-scan sensor and more study on the nature of this type of 
drift should be done. 
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Appendix C: Transformation of I-scan 
movies into Sharable movie formats 
 
The I-scan software can make a movie from dynamic test data. This movie can just be 
read by the I-scan software itself. So, if it is needed to present these movies in other 
places, first the I-scan software should be installed on the computer to be able to show 
the movie. This is not a suitable way for doing this task.  
 
For addressing this issue, it would be a good idea to use a video-capturing software. 
In this work, the software called "Camtasia Studio" was used to capture video from 
the I-scan. This software lets the data to be saved in a variety of sharable movie 
formats. By this software, movies can be sent to Microsoft Power Point for 
presentation and other purposes.  
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Appendix D: Spectrum Welch 
 
Spectrum Welch is used for estimating the power of a signal as a function of 
frequency. This method is based on the concept of using periodograms, which 
converts a signal from the time domain to the frequency domain. Welch's method is 
an improvement on the standard periodogram method and Barlett's method in that it 
reduces noise in the estimated power spectra in exchange for reducing the frequency 
resolution. Due to the noise caused by imperfect and finite data, the noise reduction 
from Welch's method is often desired. In this method, signal is split up into 
overlapping segments. By using Matlab software, it is possible to define the amount 
of overlap. The overlapping segments are then windowed. By Matlab software, the 
type of window can be chosen. After doing this, the periodogram is calculated by 
computing the discrete Fourier transform, and then computing the squared magnitude 
of the result. The individual periodograms are then time-averaged, which reduces the 
variance of the individual power measurements [42]. 
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Appendix E: Theoretical Study of Power 
Spectral Density 
 
Random signals cannot be treated in the same way as the deterministic signals. Given 
their inherent properties, the analysis of random signals entails the use of probabilistic 
concepts. The way to sidestep some mathematical difficulties is to assume that our 
random signals are stationary and ergodic, i.e. both averaging across many time 
history records at a given instant in time and averaging over time using just one time 
history give the same mean properties (mean, mean square and statistical 
distribution). Let us take a signal f(t) as our random forcing function and compute, 
along the time axis, average value of the product f(t)f(t+τ). 
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Equation (E-1) is the definition of the so-called random auto-correlation function. In 
physical terms, the autocorrelation function describes how a particular instantaneous 
amplitude value of our random time signal depends upon previously occurring 
instantaneous amplitude value. For an ideal random process, the autocorrelation 
function consists of a δ function at τ = 0. The new function, Rff(τ), which is even, real 
valued, goes to zero as τ becomes large (both positively and negatively) and obeys the 
Dirichlet condition; the required condition for Fourier transformability. Thus we can 
take a Fourier transform from Rff(τ), 
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known as the power spectral density (PSD), which is also a real and even function of 
frequency. What is now described, continuously along the frequency range, is not the 
signal amplitude but rather a quantity squared that can be taken as an energy content 
indicator. This is the reason why this function is called power spectral density [41].                      
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Appendix F: Matlab Program 
 
All required information for execution of the routine is included in the help parts in 
the files. This function reads data from Mat-files that already have been produced. 
Some prior knowledge about these Mat-files should be considered including their 
naming conventions and the range of data in which they are stationary. Names of 
these Mat files are some predefined names. To obtain a range of frames in which 
force data is stationary (more appropriate for random vibration) it is just needed to do 
the following steps: first run the routine by an arbitrary range of frames (but within 
the data limits), then by observing the Figure 1 from output diagrams, the range of 
stationary behavior can be approximately observed on the time axis. The only thing 
that is needed to do is to multiply the time range by hundred (sampling frequency) to 
obtain the stationary range of frames. This range then can be placed into the input of 
the routine to give the best statistical results for the existing data. 
 

F.1.Main Function 
 
function [resfm,coeffvar,dynadrift]=iscanforce(f,framerange) 
%[resfm,coeffvar,dynadrift]=iscanforce(f,framerange) 
% 
%This function uses the I-scan force and COF (Center Of Force) data and 
%presents the diagrams for force and COF as well as diagrams for PSD and 
%Level-Crossing and distance of COF from its static position. Outputs of  
%this function are some statistical quantities including: average resonance 
%frequency of the system (first resonanc frequency), coefficient of 
%variation of the distance of COF from its static position and dynamic  
%drift of the I-scan sensor. 
% 
%Written by Arsalan Jamialahmadi at STFI-Packforsk (June-2008) 
% 
%INPUT: 
%f            Mat-file containing force and COF values (predefined names) 
%framerange   A range of frames with steady behavior  
% 
%OUTPUT: 
%resfm        Average resonance frequency of tests (Hz) 
%coeffvar     Coefficient of variation of COF position (%) 
%dynadrift    Dynamic drift of the I-scan sensor (%) 
%************************************************************************** 
%analyzes the name of the file for Matlab implementation 
[numtest,liminit,limlast,freqinit,freqlast,b]=modif(f); 
%************************************************************************** 
%plots force against time and frequency 
[dynadrift,resfm]=forceplot(f,b,numtest,liminit,limlast,freqinit,freqlast); 
%************************************************************************** 
%counts the levelcrossing and plots the result as bar chart 
levelcross(f,numtest,framerange); 
%************************************************************************** 
%calculates the power spectral density of the random force 
if ~isempty(findstr('r',f)) 
    resfm=spectral(f,numtest,framerange); 
end 
%************************************************************************** 
%calculates the distance of COF from its initial static position  



 48

coeffvar=cof(f,numtest,framerange); 
clc 
 

F.2.Sub-Functions 

F.2.1. Modif Function 
 
 
function [numtest,liminit,limlast,freqinit,freqlast,b]=modif(f) 
%[numtest,liminit,limlast,freqinit,freqlast,b]=modif(f) 
% 
%This function gets the name of the Mat-file and makes it possible for 
%Matlab to distinguish its frequency range, boxes' filling method and type  
%of test carried out on the boxes. 
% 
%Written by Arsalan Jamialahmadi at STFI-Packforsk (June-2008) 
% 
%INPUT: 
%f          Mat-file containing force and COF values (predefined names) 
% 
%OUTPUT: 
%numtest    Number of tests of the same setup (within the same file name) 
%liminit    A variable to indicate the start of the vibration. 
%limlast    A variable to indicate the end of vibration. 
%freqinit   Minimum frequency of the test (for Sine Sweep Tests) 
%freqlast   Maximum frequency of the test (for Sine Sweep Tests) 
%b          A variable for checking the frequency range of the test 
%************************************************************************** 
%loads the file which contains force and COF data. 
load(f) 
warning off 
b=findstr(f,'200'); 
if ~isempty(findstr('s',f)) 
    %for Sine Sweep Tests: 
    %checks the frequency range. 
    if isempty(b) 
        freqinit=2; 
        freqlast=50; 
    else 
        freqinit=2; 
        freqlast=200; 
    end 
else 
    %In random vibration we can not plot the force versus frequency diagram 
    freqinit=0;freqlast=0; 
end 
%specifies the initiation and termination of vibration test. 
if isempty(b) 
    liminit=10; 
    limlast=10; 
else 
    liminit=1; 
    limlast=15; 
end 
%specifies the number of tests done with the same test setup. 
if isempty(findstr('100',f)) 
    numtest=3; 
else 
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    numtest=1; 
end 
 

F.2.2. Function Forceplot 
 
function [dynadrift,resfm]=forceplot(f,b,numtest,liminit,limlast,freqinit,freqlast) 
%[dynadrift,resfm]=forceplot(f,b,numtest,liminit,limlast,freqinit,freqlast) 
% 
%This function plots the force extracted from an I-scan movie versus time 
%and/or frequency for sine sweep tests and random vibration tests. It also  
%gives the average resonance frequency of the system and dynamic drift of 
%the I-scan system. 
% 
%Written by Arsalan Jamialahmadi at STFI-Packforsk (June-2008) 
% 
%INPUT: 
%f          Excel file containing force and COF values (predefined names) 
%b          An auxiliary variable for checking the frequency range of data. 
%numtest    Number of tests of the same setup (within the same file name) 
%liminit    A variable to indicate the start of the vibration. 
%limlast    A variable to indicate the end of vibration. 
%freqinit   Minimum frequency of the test (for Sinw Sweep Tests) 
%freqlast   Maximum frequency of the test (for Sine Sweep Tests) 
% 
%OUTPUT: 
%resfm      Average resonance frequency of tests (Hz) 
%dynadrift  Dynamic drift of the I-scan system (%) 
%************************************************************************** 
%Loading the variables inside the file f. These variables are named as 
%force1, force2,... for force and cof1, cof2,... for center of force.  
load(f) 
%For loop is for reading and plotting the force data one by one.  
dynadrift=[];minitforce=[]; 
for i=1:numtest 
    figure 
    %Extracting force and time vectors from the I-scan movie data 
    p=['force' num2str(i) '(:,2)'];g=['force' num2str(i) '(:,3)']; 
    pp=eval(eval('p'));gg=eval(eval('g')); 
    %reserving the force values for calculation of drift. 
    initforce=gg(1);lastforce=gg(end); 
    minitforce=[minitforce initforce]; 
    dynadrift=[dynadrift lastforce-initforce]; 
    %plot of force versus time 
    plot(pp,gg,'Color',[0.3 0.5 0.45]) 
    xlabel('time, sec','FontSize',16) 
    ylabel('Force, N','FontSize',16) 
    title('Force versus Time Diagram','FontSize',16,'FontWeight','Bold') 
    set(gcf,'Color','w') 
    set(gca,'FontSize',14) 
    %These two loops give the time range in which vibration occurs.  
    for counter=1:length(force1(:,1)) 
        if abs(gg(counter)-gg(1))>liminit 
            dynainit=counter; 
            break 
        end 
    end 
    for counter=1:length(force1(:,1)) 
        if abs(gg(counter)-gg(end))>limlast 
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            dynalast=counter; 
        end 
    end 
    figure 
    %force data in dynamic condition (static part excluded) 
    dynaforce=force1(dynainit:dynalast,3); 
    %duration of dynamic test 
    dynatime=force1(dynainit:dynalast,2); 
     
    if ~isempty(findstr('s',f)) 
        %for Sine Sweep Tests: 
        freq=linspace(freqinit,freqlast,length(dynainit:dynalast)); 
        %frequency vector of the test 
        if isempty(b) 
            %plots force in the frequency range of 2-50 Hz 
            plot(freq,dynaforce./gg(1),'Color',[0.3 0.5 0.45]) 
        else 
            %plots force in the frequency range of 2-200 Hz 
            plot(freq,(fliplr(dynaforce'))'./gg(1),'Color',[0.3 0.5 0.45]) 
        end 
        axis([freqinit freqlast 0.8*min(dynaforce)./gg(1) 1.1*max(dynaforce)./gg(1)]) 
        xlabel('Frequency, Hz','FontSize',16) 
        ylabel('Force, N/N','FontSize',16) 
        title('Force versus Frequency - Sine Sweep Test', ... 
            'FontSize',16,'FontWeight','Bold') 
        %by getting information from input, gives the resonance frequency. 
        [resf(i),amp]=ginput(1); 
        set(gcf,'Color','w') 
        set(gca,'FontSize',14) 
    else 
        %for Random Vibration Tests: 
        plot(dynatime,dynaforce./gg(1),'Color',[0.3 0.5 0.45]) 
        xlabel('Time, Sec','FontSize',16) 
        ylabel('Force, N/N','FontSize',16) 
        title('Force versus Time - Random Vibration Test', ... 
            'FontSize',16,'FontWeight','Bold') 
        set(gcf,'Color','w') 
        set(gca,'FontSize',14) 
        %in random vibrations, time plots do not give resonance frequency. 
        resf=0; 
    end 
end 
resfm=sum(resf)/numtest; 
dynadrift=sum(dynadrift)/numtest/(sum(minitforce)/numtest)*100; 
 
 

F.2.3. Levelcross Function 
function levelcross(f,numtest,framerange) 
%levelcross(f,numtest,framerange) 
% 
%This function for random vibration data calculates the levelcrossing count 
%for specified force levels. 
% 
%Written by Arsalan Jamialahmadi at STFI-Packforsk (June-2008) 
% 
%INPUT: 
%f            Mat-file containing force and COF values (predefined names) 
%numtest      Number of tests of the same setup (within the same file name) 
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%framerange   A range of frames in which steady random behavior is seen. 
%************************************************************************** 
%loads input file f 
load(f) 
%this if statement checks the randomness of the input file. 
if f(1)=='a' 
    for k=1:numtest 
        q=['force' num2str(k) '(framerange,3)']; 
        %gives the forces in the stable random vibration area. 
        prefforce=eval(eval('q'));         
        maxf=max(prefforce);minf=min(prefforce); 
        %number of levels chosen 
        numl=100; 
        %distance of each level with its adjacent level. 
        dl=(maxf-minf)/numl; 
        l=minf+dl:dl:maxf-dl; 
        s=0;levcross=zeros(length(l),1); 
        %checks the crossing from levels and counts it 
        for j=minf+dl:dl:maxf-dl 
            s=s+1; 
            for i=3:length(prefforce) 
                m=prefforce(i)-j; 
                n=j-prefforce(i-1); 
                p=prefforce(i)-prefforce(i-1); 
                q=prefforce(i)-prefforce(i-2); 
                if m>0 & n>0 
                    levcross(s)=levcross(s)+1; 
                elseif m<0 & n<0 
                    levcross(s)=levcross(s)+1; 
                elseif n==0 & abs(p)>abs(q) 
                    levcross(s)=levcross(s)+1; 
                end 
            end 
        end 
        %it counts just for going from down to up and not reverse. It also 
        %gives the result as percentage of occurance. 
        levcross=levcross/2/sum(levcross)*100; 
        figure 
        %plots results as a bar chart 
        bar(l,levcross) 
        xlabel('level of force, N','FontSize',16) 
        ylabel('percentage of level crossings','FontSize',16) 
        title('barchart of percentage of level-crossings','FontSize',16, ... 
            'FontWeight','Bold') 
        set(gcf,'Color','w') 
        set(gca,'FontSize',14) 
    end 
end 
 

F.2.4. Spectral Function 
 
function resfm=spectral(f,numtest,framerange) 
%resf=spectral(f,numtest,framerange) 
% 
%This function estimates the Power Spectral Density of random force data 
%and then plots the results in a proper format. 
% 
%Written by Arsalan Jamialahmadi at STFI-Packforsk (June-2008) 
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% 
%INPUT: 
%f            Mat-file containing force and COF values (predefined names) 
%numtest      Number of tests of the same setup (within the same file name) 
%framerange   A range of frames in which steady random behavior is seen. 
% 
%OUTPUT:       
%resfm        Average resonance frequency of tests (Hz) 
%************************************************************************** 
load(f) 
%SPECTRAL ANALYSIS 
% 
%Constants: 
%NFFT           Number of points for DFT analysis for each frame of data 
%fs             Sampling frequency 
NFFT=512; 
fs=100; 
%for random vibration tests 
for m=1:numtest 
    q=['force' num2str(m) '(framerange,3)']; 
    %forces in the stabilized time range 
    prefforce=eval(eval('q')); 
    %to have a frame length of power of 2 
    forcelength=2^(nextpow2(length(prefforce))-1); 
    %frequency vector 
    f=fs/2*linspace(0,1,NFFT); 
    %calculates the power spectral density via Welch method 
    [Pxx,f] = pwelch(prefforce,[],50,512,100); 
    figure 
    %plots the PSD in a loglog format 
    loglog(f,Pxx/10000)% P0=10^-1000 is an arbitrary assumption.  
    axis([3 50 1e-5 0.2]) 
    xlabel('Frequency, (Hz)','FontSize',16) 
    ylabel('Power/frequency (dB/Hz)','FontSize',16) 
    title('Power Spectral Density Estimate via Welch','FontSize',16,... 
        'FontWeight','Bold') 
    set(gcf,'Color','w') 
    set(gca,'FontSize',14) 
    %gives resonance frequency 
    [resf(m),amp]=ginput(1); 
end 
resfm=sum(resf)/numtest; 
 

F.2.5. Cof Function 
 
function coeffvar=cof(f,numtest,framerange) 
%[mdist,vardist,staticdisp]=cof(f,numtest,framerange) 
% 
%This function does some statistical measurements on COF data from I-scan. 
%It plots the COF trajectory as well as COF distance from static COF 
%position. It also gives the coefficient of variation of the distance of 
%COF from its initial static position. 
% 
%Written by Arsalan Jamialahmadi at STFI-Packforsk (June-2008) 
% 
%INPUT: 
%f            Excel file containing force and COF values (predefined names) 
%numtest      Number of tests of the same setup (within the same file name) 
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%framerange   A range of frames in which steady random behavior is seen. 
% 
%OUTPUT: 
%coeffvar     Coefficient of variation of COF position (%) 
%************************************************************************** 
%loads input file 
load(f) 
for n=1:numtest 
    %vaiables for rows and columns of COF and also time of occurance  
    tim=['cof' num2str(n) '(:,2)'];row=['cof' num2str(n) '(:,3)']; 
    col=['cof' num2str(n) '(:,4)']; 
    framtime=eval(eval('tim'));framtime=framtime-framtime(1); 
    framrow=eval(eval('row')); 
    initrow=framrow(1);endrow=framrow(end);framrow=framrow-framrow(1); 
    framcol=eval(eval('col')); 
    initcol=framcol(1);endcol=framcol(end);framcol=framcol-framcol(1); 
    %calculates the distance from static COF. 
    dist=sqrt(framrow.^2+framcol.^2); 
    figure 
    plot(framtime,dist,'Color',[0.3 0.5 0.45]) 
    xlabel('time, sec','FontSize',16) 
    ylabel('dispalcement, mm','FontSize',16) 
    title('Distance of COF from Static Position versus Time','FontSize',16,... 
        'FontWeight','Bold') 
    set(gcf,'Color','w') 
    set(gca,'FontSize',14) 
    %specifies mean distance from static COF 
    mdist(n)=mean(dist(framerange)); 
    %specifies variane of distance from static COF 
    vardist(n)=var(dist(framerange)); 
    %specifies the length of the line connecting the points of first and 
    %last COFs 
    staticdisp(n)=sqrt((endrow-initrow)^2+(endcol-initcol)^2); 
    figure 
    plot(framcol,framrow,'Color',[0.3 0.5 0.45]) 
    %axis equal 
    axis([-20 20 -15 15 ]) 
    xlabel('X, cm','FontSize',16) 
    ylabel('Y, cm','FontSize',16) 
    title('Diagram of COF trajectory','FontSize',16,'FontWeight','Bold') 
    set(gcf,'Color','w') 
    set(gca,'FontSize',14) 
    hold on 
    plot(0,0,'*r') 
    hold off 
end 
coeffvar=sum(sqrt(vardist)./mdist)/numtest; 
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Appendix G: Modeling Functions 
 
Here are given the Matlab routines written for modeling the system of two boxes 
according to the requirements of Chapter 5. All the information required for running 
the routines are given in the help part of the files. 
 

G.1. Systemcheck Function 
 
unction [zlast,t]=systemcheck(t0,t1,zin) 
%This file solves the differential equations of motion by ode113 function 
%for the system of 2 boxes in a sine sweep test and calculates the exerted  
%force between boxes during vibration.  
% 
%INPUT VARIABLES: 
%t0          initial time (sec) 
%t1          final time (sec) 
%zin         initial values of displacement and velocity as a vector 
% 
%OUTPUT VARIABLES: 
%zlast       last values of displacement and velocity in a vector 
%t           vector of time 
% 
%Written by: Arsalan Jamialahmadi at STFI-Packforsk (2008) 
%************************************************************************** 
[t,z]=ode113('model_eq',[t0 t1],zin); 
n=0;F=[]; 
for i=1:size(z,1) 
    zk=z(i,1:7); 
    [M,C,K]=model_mck(zk); 
    f=250-K(4,5)*(z(i,5)-z(i,4))-C(4,5)*(z(i,12)-z(i,11)); 
    F=[F f]; 
end 
plot(t,F) 
zlast=z(end,:); 
beep 
 

G.2. Force Function 
 
function forcex=force(t) 
%This function determines the input force vector for the system of 2 boxes. 
%The input force is defined for a sine sweep test with 0.5g maximum 
%acceleration and linearsweep rate of 24 Hz/min. 
% 
%INPUT VARIABLE 
%t         time 
% 
%OUTPUT VARIABLES 
%forcex    force vector 
% 
%Written by: Arsalan Jamialahmadi at STFI-Packforsk (2008) 
%************************************************************************** 
f0=250;alfa=2.5; 
force1=f0*sin(alfa*(t^2)); 



 55

forcex=[force1 0 0 0 0 0 0]; 
 

G.3. Model_eq Function 
 
function zdot=model_eq(t,z) 
%This file contains the equations of motion for the system of 2 boxes and  
%is used for computations of ordinary differential equations in ode113  
%function.  
% 
%INPUT VARIABLES 
%t        time 
%z        displacement vector 
% 
%OUTPUT VARIABLES 
%zdot     vector of derivatives of variables 
% 
%Written by: Arsalan Jamialahmadi at STFI-Packforsk (2008) 
%************************************************************************** 
[M,C,K]=model_mck(z); 
x=z(1:7); 
y=z(8:14); 
xdot=y; 
forcex=force(t); 
ydot=-((inv(M))*C*y)-((inv(M))*K*x)+(inv(M))*(forcex)'; 
zdot=[xdot; ydot]; 
 

G.4. Model_mck Function 
 
function [M,C,K]=model_mck(z) 
%This file contains the mass, spring and damper matrices which define the 
%characteristics of the system of 2boxes. 
% 
%INPUT VARIABLE: 
%z          dispalcement vector 
% 
%OUTPUT VARIABLE: 
%M          mass matrix 
%C          damping matrix 
%K          stiffness matrix 
% 
%Written by: Arsalan Jamialahmadi at STFI-Packforsk (2008) 
%************************************************************************** 
z1=z(1);z2=z(2);z3=z(3);z4=z(4);z5=z(5);z6=z(6);z7=z(7); 
m1=40;m2=0.25;m3=25.7;m4=0.25;m5=0.25;m6=25.7;m7=0.25; 
%Construction of M matrix 
M=[m1 0  0  0  0  0  0; ... 
   0 m2  0  0  0  0  0; ... 
   0  0  m3 0  0  0  0; ... 
   0  0  0  m4 0  0  0; ... 
   0  0  0  0  m5 0  0; ... 
   0  0  0  0  0  m6 0; ... 
   0  0  0  0  0  0  m7]; 
%Definition of K matrix elements 
k1=1000000;k10=500000;k2=300000; 
k3=300000;k4=0;k5=90000;k6=300000;k7=0; 
%Definition of C matrix elements 



 56

c1=0;c2=30;c3=60; 
c4=60;c5=120;c6=60; 
c7=60;c8=30;c9=30;c10=30; 
%nonlinear equations for k values. 
k8=295e3-5e12*(z4-z2)^3; 
if (z4-z2)>0 
    k8=0; 
end 
k9=295e3-5e12*(z7-z5)^3; 
if (z7-z5)>0 
    k9=0; 
end 
%Construction of K matrix 
K=[k1+k2  -k2       0         0         0         0         0       ; ... 
  -k2 k2+k3+k8+k10 -k3       -k8        0         0        -k10     ; ... 
   0      -k3     k3+k4      -k4        0         0         0       ; ... 
   0      -k8      -k4     k4+k5+k8    -k5        0         0       ; ... 
   0       0        0        -k5     k5+k6+k9    -k6       -k9      ; ... 
   0       0        0         0        -k6      k6+k7      -k7      ; ... 
   0      -k10      0         0        -k9       -k7     k7+k9+k10 ]; 
  
%Construction of C matrix 
cc=10; 
C=cc*[c1+c2   -c2       0         0          0         0        0       ;... 
     -c2 c2+c3+c8+c10 -c3       -c8          0         0      -c10      ;... 
      0       -c3    c3+c4      -c4          0         0        0       ;... 
      0       -c8     -c4     c4+c5+c8      -c5        0        0       ;... 
      0        0       0        -c5       c5+c6+c9    -c6     -c9       ;... 
      0        0       0          0         -c6      c6+c7    -c7       ;... 
      0       -c10     0          0         -c9       -c7   c7+c9+c10  ]; 
  
  
  
 
 
 
 
 
 
 


