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Stacking misalignment of corrugated boxes - a preliminary study 

Guanqun Meng1, Thomas Trost2, Sören Östlund3 

Abstract 
Misalignment of corrugated boxes stacked on top of each other, on for example a pallet, 

considerably reduces the strength and life time of the boxes. The development of analytical 

tools for prediction of the influence of misalignments on the stacking strength would therefore 

be of large practical importance. In order to develop such tools, it is important to know the 

pressure distribution between misaligned boxes. 

 

This paper reports on a preliminary study using a pressure sensitive film to determine the 

pressure distribution between boxes. A parametric study using filled (90 %) and unfilled 

corrugated boxes has been performed and the pressure distributions will be presented as 

functions of the stacking load and parameters describing the misalignment. 
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1. Introduction 
Predicting the packaging performance using traditional engineering tools based on 

mathematical modelling is in general demanding since the packaging is subjected to complex 

time-dependent loadings. To circumvent this problem full-scale testing is an important tool in 

packaging design. Refined test methods also give important knowledge and support the 

development of the properties of packaging materials. To improve the efficiency in packaging 

design it would be highly desirable to combine testing with modelling and analysis. This will 

increase the understanding of the performance of the packaging, but also enable 

development of analytical design methods. Therefore, STFI-Packforsk, together with KTH, 

Royal Institute of Technology has taken the initiative to start a series of investigations on the 

interaction between stacked boxes for different loading situations in the distribution chain. In 

these investigations, analysis tools such as optical measurement methods, pressure mapping 

methods and mathematical modelling will be used. 

 

This paper reports on a preliminary study of the compressive strength of stacked corrugated 

board boxes. Of particular interest is to combine experiments and mathematical analysis in 

the analysis of stacking misalignment. An important sub-objective of the experimental part is 

to investigate the applicability of a pressure mapping system using pressure sensitive film, 

and this is the main focus of this paper. In this investigation a pressure mapping system I-

Scan from Tekscan [1] was used. This system has been used in a number of practical 

applications, but to the knowledge of the authors, never in packaging applications. 

 

The effect of stacking misalignment on the compressive strength of corrugated board boxes is 

among others reported by Ievans [2], Maltenfort [3], LeButt [4] and Singh [5]. Double stacked 

corrugated boxes with various degrees of misalignment are tested in compression to evaluate 

loss in compression strength and its relation to stack stability. 

2. Materials and methods 

2.1 Pressure mapping system 

The I-Scan system 

The I-Scan system 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 

• Data acquisition electronics (“handles”) and Sensor-to-PC interface hardware 
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Figure 2.1 shows the I-Scan sensor and the data acquisition electronics (“handles”). The main 

features of the I-Scan software are: 

• Display real-time and recorded data as 2D and 3D colour images (pressure and 

contact area). 

• Display data frame-by-frame or as a multi-frame movie. 

• Capture dynamic pressure data. 

• Visualise and compare data from multiple tests. 

 
Figure 2.1: I-Scan sensor and data acquisition electronics (“handles”). 

 

I-Scan Sensor 

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 

spacing). 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. The sensor model 

used in this paper was Model 3150, Matscan, with a saturation pressure of 0.862 MPa 

(125 psi). 

 

The standard sensor consists of two thin flexible polyester sheets, which have electrically 

conductive electrodes deposited in varying patterns as shown in Figure 2.2. The inner surface 

of one sheet forms a row pattern while the inner surface of the other employs a column 

pattern. The spacing between the rows and columns varies according to sensor application 

and can be as small as ~0.5 mm. 

 

In use, the sensor is installed between two contacting surfaces. The matrix-based system of I-

Scan provide an array of force sensitive cells that enables to measure the pressure 

distribution between the two surfaces. 

 

From the recordings of the I-Scan system, the change in load distribution on the surface 

between the two boxes can be studied during a compression test as shown in Figure 2.3. 
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Figure 2.2: The structure of the standard I-Scan sensor 

 

From Figure 2.3, the change of the load distribution can be observed directly in the 

compression test. At the beginning of the test, it is clearly seen that the load is more or less 

uniformly distributed around the periphery of the box as shown in Figure 2.3a. The change of 

the load distribution is clearly noticed if the load is increased further. Figure 2.3b shows that 

the load distribution became non-uniform with higher pressures at the corners. In Figure 2.3, 

the 2D- and 3D-displays show the location and magnitude of the pressure exerted on the 

surface of the sensor at each sensor location. Total force and pressure distribution changes 

can be observed, measured, recorded, and analysed throughout the test. 

 
Figure 2.3: Edited 2D- and 3D-displays of the pressure distribution at two different load 

stacking load levels. Subfigure (a) represents a uniform load distribution prior to 

considerable buckling of the sidewall panels and (b) represents a non-uniform load 

distribution, after buckling of the sidewall panels, with the largest load at the corners. 
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2.2 Compression testing 

The testing of the stacking strength of the boxes were carried out in a computer controlled 

compression testing machine (Alwetron CT 100 from Lorentzen & Wettre AB). The boxes 

were placed at the centre of the plates of the machine (Figure 2.4). The compression testing 

apparatus consist of two flat parallel platens, one of which is driven to compress the box, and 

the other is fixed on the compression testing machine. Typically a displacement velocity of 10 

mm/min was used. A small preload of 20 N was applied to the boxes before the recording of 

the load-time data started to ensure a proper contact with the top platen and to level off 

irregularities. This preload point became the zero point for corrugated boxes deformation 

measurement. 

 
Figure 2.4: Two stacked corrugated boxes placed centrally between the plates of the 

compression testing machine. The pressure sensitive film is visible in-between the 

boxes. 

2.3 Boxes 

In the experiments, single wall corrugated board boxes were used. Single wall corrugated 

board is an orthotropic sandwich construction that is composed of two liners separated by a 

lightweight fluting as shown in Figure 2.5. Paper is a highly anisotropic material with three 

principal directions, the machine direction, MD, the cross machine direction, CD, and the 

thickness direction, ZD. The machine directions of the fluting and the liners are typically 

oriented in the direction transverse to the fluting pipes. In most corrugated board boxes, also 

in this case, the machine direction is oriented horizontally as shown in Figure 2.5. 

 
Figure 2.5: The machine direction (MD) of the liner in the corrugated board box. 
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These corrugated board boxes, of dimensions 40 cm x 30 cm x 30 cm, were manufactured by 

Smurfit Kappa, Sweden. The material properties of the corrugated board are listed in Table 

2.1 based on manufacturers data. 

 

Table.2.1: The material properties of the corrugated board box used in the experiments. 

 Fluting Outer liner Inner liner 

Density (kg/m3) 643 717 647 

Thickness (µm) 208.8 198.5 258.8 

Tensile stiffness (MN/m) 1.053 1.468 1.213 

Young’s modulus (MN/m2) 5043 7396 4687 
 

2.4 Experimental procedure 

The perfectly stacked and misaligned stacked boxes were loaded in compression.  In the 

analysis, two perfectly stacked empty boxes were used as a reference case. This value was 

then compared with the results from tests with different types of stacking faults shown in 

Table 2.2. The percentage value stated is the contact area between the two boxes in relation 

to the footprint of one box. 

Table 2.2 Different stacking configurations  

 Perfect Lateral offset Diagonal offset 

100 % 

contact 
 

  

90 % 

contact 
 

   

80 % 

contact 
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3. Results 

3.1 Perfect stacking 

In this section, the testing of two perfectly stacked empty and filled corrugated boxes is 

described and analyzed in some detail. The compression strength obtained with the unfilled 

boxes was later used as reference strength and all subsequent test data were compared to 

this value. The experimental set-up is shown in Figure 2.4. 

 

During the test, the real-time load-time curve and the pressure distribution between the boxes 

were recorded. A typical load-time curve for the top-to-bottom compression of the stacked 

corrugated boxes is shown in Figure 3.1. The pressure distributions at two different load 

levels are shown in Figure 3.2. 

 
Figure.3.1: Load-time curve for two perfectly stacked empty boxes. 

 

The top-to-bottom compression response of the majority of corrugated boxes in general 

progressed as follows. For low load levels, the load was more or less uniformly distributed 

around the periphery of the box as shown in Figure 3.2a. If the load was increased, a critical 

load level was reached, at which the side wall panels of the box buckled outwards as 

illustrated in Figure 3.2, while the vertical edges of the box remained straight. The distribution 

of the load around the perimeter of the box then became considerably non-uniform. From this 

point and onward, a larger proportion of the applied load was supported by the vertical edges 

of the boxes as shown in Figure 3.2b. 
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Figure.3.2: Examples of the contact stress distribution between two perfectly stacked boxes. 

The top figure (a) represents a typical distribution prior to buckling of the vertical 

side wall panels, and the bottom figure (b) represents the distribution after buckling 

of the side wall panels. 

 

 
Figure.3.3: Characteristic buckling out of the side wall panels of a corrugated box in the top-

bottom compression test. (not stacked boxes, picture just shown as an example). 

 

Maximum load and calibration 

Through the I-Scan recording, we can find the pressure distribution and the corresponding 

maximum load during the compression test. This is shown in Figure 3.4, and it is seen that 

the maximum force during the compression test was approximately 2014 N. This value should 

be compared with the value recorded by the compression testing machine as the maximum in 

the load-deflection curve. This value was 2212 N (see Figure 3.1). The difference between 

the two maximum values was about 200 N, and can primarily be attributed to details in the 

calibration of the I-Scan system. 
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Figure.3.4: The pressure distribution along the perimeter of the perfectly stacked boxes at 

maximum load. Note also, that the load carrying area according to the I-Scan 

recording is 222 cm2. The total footprint of the box is 1200 cm2. 

 

It should also be noted that the response of the I-Scan sensor is time dependent. The force 

signal from each I-Scan sensor point increases a little with time when you apply a load on the 

sensor. For example, if you apply a constant load on the sensor, the force signal reaches a 

value in 1 minute, which is say 1000 N; after 10 minutes it is expected to reach a 3% higher 

value, i.e. 1030 N; after 100 minutes it would be still 3% higher, i.e. 1061 N, and so on. 

However, this effect can not explain the difference above; goes in other direction. 

 

Pressure distribution at different load levels 

An important feature of the pressure mapping system is the possibility to study the pressure 

distribution at different load levels. Table 3.1 shows the 2D- and 3D-displays of the pressure 

distribution at four different load levels; 30 %, 50 %, 70 % and 100 % of the maximum value. 

The corresponding points in the load-time curve are shown in Figure 3.1. Point 4 in Figure 3.1 

corresponds to the BCT-value. The accurate values of the total force at the four load levels, 

and corresponding times, are listed in the Table 3.2. 

 

From Table 3.1, we can see the gradual changing trend of the load distribution for the 

different load levels. The sidewall panels and the vertical edges are the main supporting 

regions for the compressive loading. Before the 50 % load level, the pressure is almost 

uniformly distributed along the perimeter of the boxes, with the exception of one singular 

pressure peak that most likely is due to an inhomogeneity in that particular box. At 70 % of 

the maximum load, the importance of the contribution from the four vertical edges is more 

pronounced. This kind of effect became more apparent when the load increased further. 
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Table 3.1: 2D and 3D displays of the pressure distribution at load levels of 30 %, 50 %, 70 % 

and 100 % of the maximum load (points 1, 2, 3 and 4 in Figure 3.1). 

 2D-display 3D-display 

Point 1 

(30%) 

  

Point 2 

(50%) 

  

Point 3 

(70%) 

  

Point 4 

(100%) 

  
 

Table 3.2: The total force (Ftotal) and corresponding time (t) at load levels of 30 %, 50 %, 70 % 

and 100 % of the maximum load (point 1, 2, 3 and 4 in Figure 3.1). 

 Point 1 (30 %) Point 2 (50 %) Point 3 (70 %) Point 4(100 %) 

Ftotal/N 663.63 1106.05 1548.47 2212.1 

t/s 85 102 141 180 

 

Compared with the 2D-display, the 3D-display is especially useful in comparing pressure 

areas that are above the maximum pressure setting on the calibration legend (see Figure 

3.2). In the 2D-display, all pressures above the maximum pressure setting are shown as red 
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and cannot be distinguished from each other. The 3D-displays give a much clearer view of 

the pressure peaks at those points. 

 

Stress build-up at corners 

It is well known that the main part of the compressive load in stacked boxes is carried by the 

regions close to the vertical edges of the boxes. However, to the knowledge of the authors, 

this has not previously been investigated in detail experimentally. The I-Scan pressure 

mapping system is a useful tool in such an investigation. 

 

From the recording of the I-scan system, the value of the load at every measurement point 

can be read in every frame, i.e. at every load level for which the pressure distribution is 

recorded. From the status bar in Figure 3.5, it is seen that the value of the pressure on the top 

right corner is 495 kPa, and the area of each sensor point is 0.703 cm2. The total force carried 

by a particular sensor point, or a region defined by a prescribed number of sensor points, can 

be calculated using the equation: 

= ∫∫ ( , )
A

F p x y dxdx                                 (1) 

where F is the total force, ( , )p x y  is the pressure distribution and ∫∫
A

dxdy is the area of the 

region of interest. The force, which the top left corner supports, can be calculated using 

Equation (1), and the value of the force carried by the top right sensor is 34.8 N at maximum 

load. 

 
Figure 3.5: The load at the top right corner in Frame 173, corresponding to the pressure 

distribution at the maximum value of the stacking load. 
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Using this method, it is possible to investigate the relative contribution to the total load from 

predefined regions of different size located close to the corners. In other words, to study the 

size of the region in which the load is increasing when the size wall panels buckle. 

 

The number of sensor points in such a region can be chosen arbitrarily. As an example, let us 

consider four predefined regions that include one, four, nine and sixteen sensor points, 

respectively, close to the top right corner as shown in Figure 3.6.  

 
Figure 3.6: Four predefined regions at the top right corner including one, four, nine and 

sixteen sensor points, respectively. 

 

Using the I-Scan analysis function, we can easily obtain the areas of the four predefined 

regions. The four region areas according to Figure 3.6 are 11.24 cm2 (16 sensor points), 6.32 

cm2 (9 sensor points), 2.81 cm2 (4 sensor points), and 0.70 cm2 (1 sensor point). 

 

 
Figure.3.7: Total force of the four predefined regions at two different times: 138.7 s (Frame 

139) and 172.8 s (Frame 173).  

 

Figure 3.7 shows the total force carried by the four predefined regions at two different times 

(load levels). Obviously, the total force carried by each region is dependent of the area of the 
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region, but also the average stress of each region is not constant. At maximum load (172.8 s) 

the average stress for the four predefined regions are 49.5, 27.7, 17.2 and 12.0 N/cm2. Thus, 

it is not straight-forward by this procedure to define the size of the region at the corners that 

carry the major part of the load. 

 

In order to investigate how the load carried by the predefined regions changes at different 

load levels, we consider the four load levels indicated in Figure 3.2 and used in Table 3.1. 

 

 
Figure 3.8: Total force carried by the four predefined regions at four different load levels 

(times); 30 %, 50 %, 70 % and 100 % of the maximum value. 

 

In Figure 3.8, the forces inside the four predefined regions at different load levels (times) in 

the compression test can be seen when total force is equal to the 30 %, 50 %, 70 % and 100 

% of the maximum stacking load. 

 

The region defined by 1 sensor point carried about 29 % of the force in the 16 sensor point 

region and the 4 sensor point carried about 59 % of the force in the 16 sensor point region. 

This means the areas close to the corners are force-concentration regions. Based on an 

approximate calculation, the four corners regions carry more than 40 % of the total force 

during the compression. So the compression strength that the corners can sustain is very 

important for the structural integrity of the stacked boxes. If the vertical edges collapse (see 

Figure 3.9) the box will evidently collapse. 
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Figure 3.9: Collapse of a corner 

3.2 Perfect stacking of filled boxes 

In this section, boxes filled to 90 % with granulate  were tested. In Table 3.3 filled boxes and 

boxes without content are compared for two perfectly stacked boxes. Comparing the load-

deflection curves, the compression strength of the box filled with 90 % content was somewhat 

lower than for the empty box. According to the 2D-display, it is seen that some interior parts of 

the surface of the box filled with 90 % content begin to support load. However, the total value 

of the load carried by the sensor points inside the edges does not change a lot during the 

compression test, and they are therefore attributed to the weight of the content of the upper 

box. 

 

Table 3.3: Comparison of pressure distributions for filled and unfilled stacked boxes at 

maximum stacking load 

Load-Deflection curve 2D displays 3D displays 

0 % content 

 
90 % content 
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3.3 Comparison between perfectly stacked and misaligned stacked boxes 

An objective of the present investigation was to analyse loss in compression strength in two 

types of stacking misalignments; lateral offset and diagonal offset. 

Lateral offset 

Two different magnitudes of lateral offset (90 % and 80 % contact area) represented by the 

percentage of contact area between the lower and upper box were evaluated. 

Table.3.4: Comparison of the pressure distributions at maximum load for 90 % and 80 % 

lateral offset. 

Load-Deflection curve 3D displays 

100 % Contact Area 

 
90 % lateral offset in contact area 

  
80 % lateral offset in contact area 

  
 

From Table 3.4, we can see the load distribution of the 100 % contact area is almost 

uniformly distributed along the four edges of the box, and the compression strength is of 

course highest for this perfect stacking. However, when the contact area was decreased to 

90 %, the load distribution is obviously not uniform along the four edges, and the compression 

strength decreased. For 80 % contact area, it is clearly seen that the pressure distribution has 

moved towards the horizontal panels of the box. The compression strength was reduced 
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because the horizontal panels of the box can not support as high compression strength as the 

vertical panels and the vertical edges. 

Table 3.5: Compression strength for two stacked corrugated boxes as a function of lateral 

offset in stacking. 

Lateral offset 
Percent reduction in 

compression strength 

100 % Contact 

Area 

90 % Contact 

Area 

80 % Contact 

Area 

90 % Contact 

Area 

80 % Contact 

Area 

2212.1N 1972.9N 1535.3N 11 % 31 % 

 

According to Table 3.5, the data shows that the 90 % contact area lateral offset produced 11 

% reduction in compression strength compared to the value for the perfect stacking. 

Subsequent reduction in contact area to 80 % showed further reduction in compression 

strength by as much as 31 % compared to the value for the perfect stacking. It is clearly seen 

that even a small reduction in the contact area caused by lateral offset results in a great 

reduction in compression strength. 

Diagonal offset 

Two different magnitudes of diagonal offset (90 % and 80 % contact area) represented by the 

percentage of contact area between the lower and upper box were evaluated. 

Table 3.6: Comparison of the pressure distributions at maximum load for 90 % and 80 % 

diagonal offset 

Load-Deflection curve 3D displays 

100 % Contact Area 

  

90 % diagonal offset in contact area 
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80 % diagonal offset in contact area 

 

 

From Table 3.6, it is clearly seen that we have the same problem as for the lateral offset. The 

contact area decrease causes a reduction in the compression strength compared to the ideal 

strength of a perfectly aligned stack and the load distribution will not mainly be distributed 

along the edges. A substantial part of the pressure distribution appears on the horizontal 

panels of the box. 

Table.3.7: Compression strength for two stacked corrugated boxes as a function of diagonal 

offset in stacking 

Diagonal offset 
Percent reduction in compression 

strength 

100 % Contact 

Area 

90 % Contact 

Area 

80 % Contact 

Area 

90 % Contact 

Area 

80 % Contact 

Area 

2212.1 N 2122N 1630.5N 4 % 27 % 

 

According to Table 3.7, the data shows that the 90 % diagonal offset produced a 4 % 

reduction in compression strength compared to the value for the perfect stacking. Subsequent 

reduction in contact area to 80 % showed further reduction in compression strength by as 

much as 27 % compared to the value for the perfect stacking. 

4. Discussion and conclusions 

Calibration of I-Scan 

In Section 3.1 it was shown that the maximum value predicted by the compression testing 

machine and the pressure mapping system did not coincide exactly. It should be noticed that 

the main objective of the I-Scan sensor is to visualize and quantify the load distribution over a 

surface, not get the exact estimation of the load value. Thus, in order to get as correct values 

as possible, the pressure data recorded by the I-Scan system should be corrected by scaling 

using the actual load from the compression testing machine and the I-Scan system. However, 

the error here was inside 10 %, and this was considered as acceptable for the present 

purpose. 
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When calibrating the I-Scan system, it is important that the calibration is carried out using the 

same type of surface as being used in the measurements. The reason for this is that the 

recorded data are dependent on the in-plane as well as out-of-plane stiffness of the substrate 

affecting for example the in-plane deformation of the sensor points. 

Experimental difficulties 

During the compression test, the pressure sensitive film bends along the horizontal edges of 

the box. This can create “pixel leakage”, i.e. a pressure can be registered at a sensor point 

outside the contact area. 

Another important observation during handling of the I-Scan system was that sometimes air 

was trapped inside the I-Scan sensor film. This will cause incorrect readings, and care must 

be taken to remove the air. 

Conclusions  

Based on the measurement reported in this paper, it can be concluded that the pressure 

mapping system is an interesting tool for analysis of different load situations experienced by 

stacked boxes during transportation, and further work considering also dynamic loadings will 

be undertaken. 

References 
[1] www.tekscan.com 

[2] Ievans, U,I.; The effect of warehouse mishandling and stacking patterns on the strength 

of corrugated boxes, Tappi J., 58(8): 108-111, 1975.  

[3] Maltenfort, George G.; Compression load distribution on corrugated boxes. Paperboard 

Packaging, Sep. 1980, pp 71-80. 

[4] LeButt, Dave; Compression safety factors and testing techniques. 1998 Annual 

conference - ISTACON 98, Orlando, FL, USA, 14-17 Apr. 1998, 24pp (overheads only). 

[5] Singh, S. Paul; Stability of stacked pallet loads and loss of strength in stacked boxes due 

to misalignment. 4th International Symposium on Moisture and Creep Effects on paper, 

Board and Containers, Grenoble, France, 18-19 Mar. 1999, pp15-25. 


