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Abstract 
Daniel Eriksson (2021): Getting to grips with cartons: Interactions of car-
tonboard packages with an artificial finger. Örebro studies in Technology 92. 
 
Packaging is an important part of most products in our modern world. It 
produces waste, but it also enables products to reach consumers safely and 
efficiently. Hence, the proper design of packaging is becoming increasingly 
important. Historically, cartonboard packages were designed for box com-
pression strength. While this remains important, there are other types of 
loads that are important to consider. One such type of load arises from 
manual handling. As packages as moved and used, consumers need to exert 
forces on the package. These forces deform and can damage the package. 

Understanding these interactions can be challenging. By developing a 
method for quantifying the deformation due to manual handling, it be-
comes possible to measure and compare a redesigned package with the 
original to see if the performance has changed. This can aid packaging de-
signers, but it can also be used for product control. The converting process 
is complex and deviations from specification can be introduced at many 
points along the production process. 

In this work, a method for quantifying interactions similar to those in 
manual handling is presented and evaluated. The method is then applied 
to study the effect of position and material properties on the mechanics of 
the interaction. The method is shown to have low variability and be robust 
to modifications in packaging and experimental design. It was seen that 
increasing the size of packages from 82 mm to 98 mm corresponded to 
decreasing the grammage by 10-20%. The method also showed the stiff-
ening effect of corners and flaps, suggesting that the strategic placement of 
these design elements could help maintain the desired mechanical proper-
ties of the package at the point of interaction, provided the most likely 
point can be predicted. 
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1 Introduction 
In this chapter, the motivation behind this work is presented, along with the 
overarching questions investigated. The chapter also contains an introduc-
tion to the appended publications, the structure of the thesis, and the au-
thor’s contributions to each of the appended papers. 

1.1 Motivation 
Packaging touches our modern daily lives in many ways. It protects goods 
on their way to us through the value chain. It keeps our food fresh and safe 
for consumption as it makes its way to our kitchens. Packaging lets us ra-
tionalize the handling and shipping of goods. 

Packaging is also a messenger; it contains instructions for how a product 
works; it can explain the functionality of a product before the package has 
even been opened. In a modern retail environment, packaging is the silent 
salesman that advertises the product tirelessly, competing for customers’ at-
tention. This has opened up a field of research into understanding how 
packaging and so called “shelf presence” influences the purchasing deci-
sions of consumers [1]. Löfgren even goes one step further and views pack-
aging as part of a service offering [2]. 

While packaging is essential, it is ultimately destined to become waste. 
Reducing packaging can be a way of reducing waste. At the same time, 
brand owners are also looking to save money by reducing the weight of 
their packaging. However, the wrong packaging can increase product 
waste, which can have a much larger environmental footprint than the pack-
age itself [3]. As more and more people on the planet get access to safe 
packaged food, the amount of packaging waste also grows. 

The 12th Sustainable Development Goal, published by the United Na-
tions, relates to “responsible consumption and production” [4]. Target 12.3 
is to halve global per capita food waste by 2030. Packaging can play an 
important role in accomplishing that target. Additionally, target 12.5 is to 
“substantially reduce waste generation through prevention, reduction, recy-
cling and reuse.” With these two targets in mind, there can be no doubt that 
developing better packaging is crucial to reaching the sustainable develop-
ment goals. 

The work laid out in this thesis revolves around an objective laboratory 
method for simulating the mechanical interactions in manual handling and 
how that deforms and damages packaging. The aim of this method is to 
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make sure that consumers do not reject damaged packages in the store, but 
also to find a way to monitor changes in the mechanical behaviour of a 
packages, for example, as it is redesigned, to ensure that the feel of holding 
the package is not changed. This is important, because how a product feels 
to touch can influence purchasing decisions and perceptions of quality [5], 
[6].  

1.2 Overarching questions 
This work aims at investigating whether it is possible to design an objective 
lab method to mimic the mechanical interaction of a finger with a car-
tonboard package in manual handling, such that one can at least determine 
if packages behave similarly or differently in this situation. Using the 
method, packages should be deformed similarly to manual handling, includ-
ing irreversible deformation, within the typical range of forces that would 
be applied in manual interactions. Another question in focus is the sensitiv-
ity of the material properties of the cartonboard to the position of interac-
tion. 

An important delimitation is that no attempt will be made to use this 
information to rank packages in terms of desirability or any other subjective 
metric. Instead, the focus is on, within the typical material properties and 
mechanical interactions, whether packages are more or less different. 

1.3 Methodology 
The work presented in this thesis is experimental in nature. The equipment 
used is mostly commercially available. This was a conscious decision to sim-
plify industrial adoption of the methods. The most important pieces of 
equipment were a uni-axial testing machine (LR5K from Lloyd Instruments, 
Fareham, UK) and a biomimetic tactile sensor (Biotac from Syntouch Inc., 
Montrose, CA, USA). 

The general methodology can be described as follows. First, the interest-
ing interactions were identified, and then a method was created to replicate 
the conditions in a repeatable way. Next, the method was tested on pack-
ages and the results studied. Interesting parameters were studied and con-
clusions about the method and the studied interactions were drawn. In this 
way, the development of the experimental method and the understanding 
of the interaction were developed in parallel. 
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1.4 Publications 
The work presented in this thesis has been published as three journal papers 
and one conference paper. A fifth paper is included in manuscript form. The 
following list contains the included papers and a summary of their contri-
butions to the thesis. 

• Paper I
Daniel Eriksson, Christer Korin, Fredrik Thuvander. Damage to 
Carton Board Packages Subjected to Concentrated Loads. In 19th

IAPRI Conference on Packaging, 2014, pp. 172–182. Analyzing the
damage evolution with a rigid indenter. Author’s contributions: de-
sign, experiments, analysis, writing.

• Paper II
Daniel Eriksson, Christer Korin. How Small Is a Point Load? A 
Preliminary Study of the Deformation and Failure of Cartons Sub-
jected to Non-Uniform Loads. Packaging Technology and Science,
2017, 30, pp. 309–316. Testing the sensitivity to indenter size. Au-
thor’s contributions: design, experiments, analysis, writing.

• Paper III
Daniel Eriksson, Gerald E. Loeb, Camilla Persson, Christer Korin.
Evaluating the use of a tactile sensor for measuring carton compli-
ance. Nordic Pulp and Paper Research Journal, 2020, 35, pp. 362–
369. Testing the applicability of a tactile sensor. Author’s contribu-
tions: design, experiments, analysis, writing.

• Paper IV
Daniel Eriksson, Camilla Persson, Henry Eriksson, Tore Käck,
Christer Korin. Laboratory measurement method for the mechani-
cal interaction between a tactile sensor and a cartonboard package 
- presentation and evaluation. Nordic Pulp and Paper Research
Journal, 2021, 36, pp. 91–99. Testing the repeatability of the
method with a tactile sensor. Author’s contributions: design, exper-
iments, analysis, writing. Finite element analysis was performed by
a co-worker and the results were interpreted by the author.

• Paper V
Daniel Eriksson, Henry Eriksson, Camilla Persson, Christer Korin.
Understanding position and material influence on carton compli-
ance using a tactile sensor. Manuscript. Testing the sensitivity to
load placement. Author’s contributions: design and analysis, writ-
ing.
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1.5 Thesis structure 
Chapter 1 introduces the topic and the motivation behind the work. The 
overarching questions that the thesis tries to answer are presented. 

Chapter 2 contains an introduction to packaging and its many roles in pro-
tection, communication and providing utility. 

Chapter 3 turns the attention to cartonboard packages and cartonboard 
material properties. The reader is introduced to mechanical properties at 
different scales and to the manufacturing of cartonboard. 

Chapter 4 introduces the reader to grasping and haptic sensation. Key in-
sights from literature include the use of exploratory procedures, the forces 
used in manipulation, and the relative importance of different cues for hap-
tic information. 

Chapter 5 contains a presentation of the relevant methods and the materials 
used in the thesis. The two main methods that were developed are presented, 
one using a rigid spherical indenter and one using a tactile sensor. 

Chapter 6 presents the main results and discussion thereof. The two classes 
of methods are contrasted, and strengths and weaknesses are highlighted.  

Chapter 7 finally concludes the thesis with answers to the overarching ques-
tions and proposals for future research are given. 
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2 The multifaceted role of packaging 
In this chapter a framework for analysing the many functions of packaging 
is presented and discussed. This highlights the multidisciplinary nature of 
packaging research and introduces important concept for putting the work 
into context. 

2.1 History of packaging 
The history of packaging can be traced back over millenia. Many of the 
early functions �lled by packaging were about containment, enabling the 
transport of bulk goods or grouping many smaller items into a convenient 
unit to carry. Trade was an early driver of packaging use, as goods needed 
to be kept safe on a long journey. 

It has been argued that the oldest traces of what we today call packaging 
are the baskets used in old civilizations. Evidence of basket use has been 
found from Neolithic civilizations. The earliest uses may have been for no-
madic people to carry their food and other belongings [7]. 

As trade increased around the Mediterranean, there was a need for pack-
aging goods. Wine, olive oil and similar liquid goods were packaged in am-
phoras, which were in common use from 1500 B.C. to A.D 500. [8]. Twede 
also argues that amphoras �lled many other functions, common in today’s 
packaging. For example, the shape of an amphora was different depending 
on the product it contained and the manufacturer. This could be viewed as 
a primitive form of branding. 

2.2 Understanding the functions of packaging 
A commonly used framework for analysing the functions of packaging 
was presented by Lockhart [9]. This framework divides the functions into 
three main groups: protection, utility and communication. Lockhart also 
describes three types of environmental factors in which these functions must 
be upheld. These environments are physical, atmospheric and human. One 
could consider adding a (micro)biological environment to the list, as micro-
organisms and factors that in�uence their growth have a dramatic in�uence 
on food safety and shelf life. Another dimension that could be worth adding 
to the matrix is end of life. Lockhart presented his framework in matrix 
form. See Figure 2.1 for an example of how the matrix can be used. 

One of the ways that packaging systems are designed to ful�l the multi-
tude of requirements at different stages of product life is through the use of 
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secondary and even tertiary packaging. These are used during specific parts 
of the product journey and then usually discarded before the consumer sees 
the package. Hence, also the terms consumer packaging and transport pack-
aging, which are used somewhat synonymously with primary and secondary 
packaging, respectively. 

Another tool for analysing packaging was introduced by Löfgren [2]. He 
discusses how packaging can be viewed from a service perspective. In this 
framework, packaging becomes part of a service. The package can help fulfil 
the service through its physical attributes, but also through the attributes 
communicated on the package itself. 

The rest of this chapter follows Lockhart’s division of protection, utility 
and communication to introduce the various functions of packaging. 

Figure 2.1. Example of the matrix suggested by Lockhart [9] for analysing the 
functions of packaging. 

2.2.1 Protection 

Protecting the contents is a key role of most packaging. Protection can be 
from many different hazards: mechanical force, vibrations, lights, oxygen, 
water, etc. Packaging is often frowned upon, and a common view is that we 
use too much of it. This attitude has even led to the creation of supermarkets 
with no packaging [10]. However, the environmental footprint of the pack-
aging is often small compared to that of the contents [3]. Thus, packaging 
that succeeds at protecting the contents can save more resources than were 
used for its production. Nevertheless, it is of course a good idea to try to 
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reduce overpackaging for the good of the environment and for the economy 
of the packaging solution. 

When attempting to reduce overpackaging it is crucial to fully understand 
the requirements on the packaging system. One needs to understand what 
functions are needed and where they are needed in the value chain. Second-
ary corrugated boxes need to be designed mainly to withstand mechanical 
loads during transport, while the primary packaging often also needs to 
have barriers to oxygen or water vapour, for example. 

In this work the focus is on the loads that arise from manual handling 
and how they interact with and deform the package. This mainly arises for 
primary packaging, since consumers interact directly with them. Conse-
quently, the focus of this work is on primary packaging. 

2.2.2 Utility 

The functions related to utility include everything that facilitates the use the 
product to fulfil a need. Löfgren exemplifies this with a closure that doubles 
as a measuring device for laundry detergent. There are, however, many 
other functions that can fall into the category. 

Dwelling on closures for a while, these can be resealable or not. A reseal-
able closure can increase the utility, for example, by allowing products to 
lay down in a refrigerator. In cases where the full product is used up, there 
is of course little merit in resealability. Other utility aspects can be handles 
that make it easier to hold a product, or opening instructions, to ensure that 
users pull in the right end of a tear strip, for example. 

Williams brings up another important aspect of utility; namely, package 
size [3]. Specifically, she looked at how package size influences food waste. 
As mentioned above, wasting the contents of a package can have a much 
greater environmental footprint than the package itself. Williams showed 
considerable potential for reducing food waste by encouraging the purchase 
of smaller pack sizes. 

2.2.3 Communication 

Packaging has many important functions when it comes to communication. 
For most consumer products, any information about the product and its 
intended use needs to be mediated through the packaging. Figure 2.2 shows 
examples of communication functions on a typical food package. 

Brand and product names together with product imagery give consumers 
near instant understanding of what the product is. The brand name also 
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connects with previous experiences of products from the same producer. 
Certifications give additional product information. Detailed ingredients and 
nutritional values fulfil legal requirements and give consumers the infor-
mation they need to evaluate the expectations set by the brand and the im-
agery. Best before date guarantees the freshness of the product. The barcode 
is there to provide easy identification of products for computers in the cash 
register. All these communicative functions are key to describing and deliv-
ering the offering of a product. 

In recent decades, a view of packaging as a carrier of brand identity has 
grown stronger. Branding can also be viewed as a form of communication. 
One of the pioneering works taking this stance was put forward by Under-
wood [11]. Since then, other researchers have expanded these ideas, see for 
example [12]–[14]. Löfgren also built on this work, but he added a “service 
perspective” [2]. Instead of viewing packaging as a mediator of brand iden-
tity, he argued that it should be considered an integral part of the product 
offering. 

Figure 2.2. Example of communication functions of typical food packaging. 

As packaging becomes a marketing tool and a tool for building brand 
identity, research on how consumers perceive packaging becomes important 
for packaging designers. Thus, it comes as no surprise that a large number 
of studies have been made on how consumers’ perceptions of packaging and 
products are influenced by various sensory impressions [15]. The im-
portance of visual impressions for product judgement has been studied with 
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techniques such as eye tracking, which has given an understanding on how 
consumers scan shelves for information about products [1]. 

Another important type of sensory information is the tactile impressions, 
or as Peck and Childers put it: ”If I touch it I have to have it.” [5], [6] 

Two main tracks can be seen in the methodology of the studies concern-
ing tactile impressions from packaging. One is to ask respondents to de-
scribe how they perceive the packaging or the packaging material, either by 
free association or by asking for judgment on a predetermined scale [16], 
[17]. A second approach that is more difficult when it comes to study de-
sign, but can lead to far-reaching conclusions about the psychological im-
pact of packaging attributes, is to study how differences in packaging prop-
erties alter the judgment of the product [18], [19]. 



18 DANIEL ERIKSSON Getting to grips with cartons 

3 Cartonboard as a material 
This chapter introduces the mechanics of cartonboard. Paper and car-
tonboard are some of the most used packaging materials today [7]. These 
materials are light, cheap, durable, renewable and recyclable. They are also 
excellent for printing information on. 

Given their abundant use, to design packaging, it is important to under-
stand the physical properties of these materials. Paper as a material can be 
understood on different length scales. This chapter treats packaging at the 
macro-level. It also contains a brief overview of modern technology for 
manufacturing cartonboard. 

3.1 Manufacturing of cartonboard 
Cartonboards are manufactured on large machines running at high speeds 
(500–1000 m/min). This is a highly optimized industrial process. Modern 
cartonboards are engineered multilayer structures, where the middle layers 
are designed to provide bulk and the top and bottom layers give stiffness. 
Folding boxboard is the most common type of virgin fibre cartonboard in 
use today and it uses a high share of mechanical pulp in the middle layer to 
provide bulk. Solid bleached board is another common virgin grade, used 
primarily for high-end luxury products. This type of cartonboard uses 
chemical pulp through the thickness of the board. In Europe, these are still 
multilayer products, which helps to improve creasing and folding. 

3.1.1 Pulping 

Pulp is the main raw material for cartonboard. It comes in two major vari-
eties: chemical and mechanical. The chemical pulp used in cartonboard is 
mainly kraft pulp, created using the kraft pulping process. This gives strong 
and flexible fibres with most of the lignin removed. Mechanical pulp is cre-
ated by grinding wood chips. Most of the lignin is retained, which gives 
higher yield and stiffer fibres. Use of stiffer fibres reduces the density of the 
cartonboard. A common variant of mechanical pulp is chemically pre-
treated thermo-mechanical pulp (CTMP) Some cartonboards also use recy-
cled fibres, but no such materials were used in this thesis. 
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3.1.2 Board machine 

A cartonboard machine consists of three or four sections. The forming sec-
tion, where the pulp suspension is sprayed onto a moving perforated sur-
face, is called the wire. Many cartonboard machines have more than one 
wire to allow forming of multiple layers that can later be joined. This allows 
tailoring of the mechanical properties to achieve a sandwich structure. Wa-
ter is removed from the fibre suspensions through gravity and the use of 
vacuum dewatering. 

The second section of the machine is the press section. Here, more water 
is removed by pressing between rollers. Most board machines will have sev-
eral presses to remove as much water as possible through mechanical means. 

The final step is then to dry the cartonboard on hot rolls heated by steam. 
This is the most energy-intensive step of the board machine and any de-
crease in moisture level after the press section can be translated into lower 
steam consumption. 

Finally, most cartonboard machines also have an online clay coater. This 
step is used to apply a mixture of clay, calcium carbonate and latex on the 
surface of the cartonboard to enhance printing properties. This can be done 
on one or both sides, depending on the desired cartonboard properties. 

3.2 Mechanical properties of cartonboard 
Cartonboard, as other paper products, is well approximated as orthotropic 
elastic-plastic [20]. The stiffest principal direction is the machine direction 
(MD), then the cross-machine direction (CD). The out of plane direction (ZD) 
has much lower stiffness. Orthotropic elastic-plastic continuum material 
models have been applied with good results on a range of problems [21]–
[25]. Numerical methods are generally needed for solving these problems 
due in part to material and geometric nonlinearities. 

These types of models have even been applied to questions about creas-
ing, with properties varying through the thickness of the board. A delami-
nation model is often needed as well [22]. These models describe the typical 
composition of folding boxboard with several layers and the middle layers 
containing mechanical pulp to give additional bulk. 

3.2.1 Non-continuum models 

As shown above, continuum models have been successful at tackling many 
problems in the mechanics of cartonboard. Nevertheless, there are other 
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approaches. One such approach is network models, where the individual 
fibres and their connections are modelled [26]. This type of modelling can 
give unique insight into how macro-properties arise from the interaction of 
fibres. It can also allow for testing hypotheses around how a change in man-
ufacturing parameters should influence properties. 
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4 Package structural mechanics and manual 
handling 

This chapter introduces the reader to the structural mechanics of car-
tonboard packages and important concepts related to how manual interac-
tions are performed, and the forces and movements that can be expected. 

On the macro-scale, perhaps the most studied load case is that of the box 
compression test. There are other load cases of interest, for example, loads 
from manual handling and loads from converting and filling operations. 
Impact loads (see for example Amazon’s drop tests or ISTA 6 AMAZON, as 
the standard is designated) are also of great importance, but outside the 
scope of this work. 

Another class of structural loads arises from manual handling. When we 
as humans grasp and manipulate objects, we apply forces to achieve the task 
we face. Based on experience about the object and the task, we select a grasp 
and a set of actions that we think will achieve the goal. We also continu-
ously collect feedback and adjust the actions accordingly. This set of behav-
iours is called sensorimotor control and has been extensively studied [27]–
[29]. 

The information gathered while holding objects is not only instrumental 
to controlling them. We also gather other useful information such as the 
ripeness of a fruit. Similarly, other quality indicators can be judged this way 
[5], even ones that are clearly unrelated to the packaging [19]. 

4.1 Converting and filling 
Converting is the collective name for the processes that turn a flat sheet or 
reel of cartonboard into a package. Some of the common operations in-
cluded in cartonboard converting are sheeting, printing, scoring, die cutting, 
folding and gluing. These operations are usually run at high speeds and re-
quire consistent mechanical properties. One potential problem is curl, 
where the sheet of cartonboard bends in some preferential direction [30]. In 
the scoring operation, sometimes called creasing, the cartonboard should 
delaminate just the right amount to allow for easier folding. For creasing 
and folding to not introduce surface cracks or other defects the predictable 
properties through the thickness are needed, requiring strict process control. 

Filling operations include the operations that put contents inside a pack-
age. These processes also demand consistent mechanical properties to run 
smoothly. 
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4.2 Box compression 
For paper packaging, a significant amount of research since the 1940s has 
gone into predicting the box compression strength, especially for corrugated 
boxes. For a more comprehensive historical overview of this area of re-
search, the reader is referred to a recent review article by Frank [31]. Here, 
only the most important works will be presented. 

The McKee equation, published by Mckee, Gander and Wachuta in 1963 
[32], has been the basis for strength predictions of corrugated boxes ever 
since. It is widely used as an engineering tool, but its downside is that it 
must be calibrated for each box design. A similar approach for cartonboard 
packages was published by Grangård [33], [34]. In 2012, Ristinmaa et al. 
published an accurate empirical model for predicting the strength of cartons 
of many different designs [35]. By classifying the structural members of the 
package, it became possible to calculate the collapse load as a sum of the 
strength of the members. The strength of each member could be predicted 
using one of two expressions, depending on the failure mode as determined 
by heuristics. It is even possible to extend this method for treating packages 
with arbitrary cutouts [36]. 

With the rise of computing power, the use of numerical methods became 
possible even for highly non-linear problems such as box compression. One 
of the earlier works in this category, by Beldie et al., showed that the finite 
element method could be used for simulating compression of cartons [37]. 
Urbanik et al. used finite elements to generalize the McKee equation and 
treat the boundary constraints more rigorously [38]. Using published data 
from a large number of articles they showed an increased precision com-
pared to McKee [39]. 

4.3 Manual interaction 
A word that is sometimes used when describing cartonboard packages is 
grip stiffness [14]. The definition of this term seems rather vague and ap-
pears to differ depending on who is using it [40], [41]. This means that the 
packaging industry is controlling processes for a property that is not well 
defined. A study of the mechanical response of packages during manual 
handling needs to start with an understanding of how humans exert forces 
on objects in order to meet various goals, i.e., to complete a task. For this, 
a repeatable method for studying a similar interaction should be developed. 
This method needs to operate at the same force level as typical manual 
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interactions, so an understanding of the magnitude of these forces is needed. 
Furthermore, an understanding of how humans can sense this deformation 
is required. 

The mechanics of mechanical interaction can be divided in two main re-
gimes. First, an elastic regime where the deformation is reversible. When the 
force exceeds the strength of the package, damage occurs and the defor-
mation is no longer reversible. Through studies of cartonboard packages 
found on store shelves, a characteristic damage pattern was found, see Fig-
ure 4.1 for examples from a variety of virgin cartonboard packages. 

4.3.1 Types of grasps 

Humans use a multitude of grasps in manipulation tasks. For a measure-
ment method to be useful, it needs to be modeled on the right type of grasp. 
Several scholars have created taxonomies for the grasps [42], [43]. In the 
taxonomy of Cutkosky [42], the most common grasp for handling car-
tonboard packages would be the large diameter heavy wrap (type 1) and 
the prismatic thumb and four fingers precision grasp (type 6). In Paper III a 
study was included that confirmed that many people would use these grasps. 

In Figure 4.2, a schematic of how grasp type 6 is applied to a cartonboard 
packaged is showed. The most stable configuration is slightly above the cen-
ter of gravity, as gravity then acts to restore any perturbation from the equi-
librium. The forces associated with the grasp are simplified into a tangential 
and a normal component on each side. 

4.3.2 Forces in grasping 

Using forces of the right magnitude and direction is important for a meas-
urement method to be useful. The forces imparted on an object during a 
manipulative task can be divided in two categories [28]. Load forces are 
applied to achieve the task goals, the simplest case being to overcome grav-
ity to lift the object. Load forces tend to be mostly tangential to the surface 
of the object. Grip forces are applied to retain control of an object. Most 
importantly to create the friction needed to sustain tangential load forces. 
Grip forces will only be as large as needed to securely perform the task with 
some safety margin [44]. Excessive force would risk damaging fragile ob-
jects and would lead to unnecessary muscle fatigue. 

Typical tasks that consumers perform on packages are moving, opening 
and dispensing contents. In all these tasks, the consumer needs to exert 
forces to counteract gravity and/or other forces required for the task 
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(moment for unscrewing a cap, etc.). Forces are exerted by fingers. A useful 
concept is the virtual finger [45, p. 31] that groups several physical fingers 
or other parts of the hand that act as one entity in a particular grasp. Any 
grasp requires at least two virtual fingers, and this thesis will be limited to 
grasps involving two virtual fingers. Each virtual finger is associated with a 
finite contact area and can exert a force normal to that contact area and, 
with the help of friction, tangential to the contact area. Furthermore, due to 
the finite size of the contact area, friction can also support a moment normal 
to the contact area. Three necessary conditions are required for a stable 
grasp of a rigid object [46]: 

1. Mechanical equilibrium

2. No slipping

3. Stability under perturbations

Figure 4.1: Damage on packages found on the shelves of a local retailer that looks 
like it has been caused by a concentrated load. 
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Number 1 means that the sum of all forces and moments acting on the 
package, including gravity, must be zero. Number 2 means that the normal 
force must be large enough to allow friction for sustaining normal moment 
and tangential forces. If we ignore moment for a second, this can be written 
as 

��� > |�� |. 
For an object of finite strength, such as a cartonboard package, a fourth 

condition is necessary: the force must not exceed the strength of the object 
if damage is to be avoided. 

4.3.3 Sensory capabilities 

A measurement method for mechanical interaction in manual handling is 
more useful if it also has sensory capabilities similar to that of a human. 
The human haptic sense is often considered as two subsystems, the cutane-
ous (or tactile) and the kinaesthetic (or proprioceptive) senses [47]. The cu-
taneous sense gets its input from receptors in the skin whereas the kinaes-
thetic sense gets its input from receptors in muscles and tendons giving a 
sense of limb position. The cutaneous sense thus gives information on how 
force is distributed over the contact area [29] whereas the kinaesthetic sense 
gives information on total force application and displacement of the finger-
tip. 

The relative importance of these cues for product judgement has not been 
established. One study compared the relative importance of cutaneous and 
kinaesthetic cues for assessing “hardness” [48]. Based on the findings, the 
authors concluded that subjects relied to 73% on cutaneous information 
and to 27% on kinaesthetic information. In another study on a similar dis-
crimination problem, the same authors found that the judgement of hard-
ness may rely to as much as 90% on cutaneous information [49]. This tells 
us that any system that would attempt at simulating how a human interacts 
with a package should take into account the cutaneous information. 

4.3.4 Exploratory procedures 

The haptic sense is not just about passively receiving information. In most 
cases, we employ movement patterns that are specifically chosen to obtain 
specific haptic information [47]. The choice of such exploratory procedure 
(EP) will depend on what is already known about the objects, as well as the 
type of information that would be useful, for example, for judging quality 
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or identifying objects. One way to select an exploratory procedure is 
through a Bayesian framework, where the optimal exploratory procedure is 
the one that maximizes the expected amount of new information that would 
be gained from performing that procedure [50]. 

To learn about the types of exploratory procedures that consumers 
would use when asked about characteristics of a cartonboard package, Pa-
per III included a simple experiment. Consumers were requested to choose 
one out of four words describing each package. The words were stable, un-
stable, durable and weak. The chosen EPs were noted, and any damage 
found on the package was recorded. 

Figure 4.2. Schematic of a grasp with forces. 
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5 Methods and materials 
In this chapter the main methods are presented and details about the equip-
ment and the cartonboard material and packages are given. 

The different aspects of the mechanical handling described in section 4.3 
were investigated using two different methods. Global mechanical behav-
iour, including stiffness and strength of a package subjected to point loads 
like the thumb of a consumer handling the package, were simulated using a 
rigid indenter that was pressing on a package, while the opposing side was 
resting on a fixed metal plate. 

To collect data about the mechanical behaviour in the vicinity of a con-
tacting finger, a tactile sensor was instead used. The tactile sensor used here 
was of a biomimetic design, with mechanical features and sensing capabili-
ties similar to those of a human finger. Thanks to this, the interaction of a 
finger could be more accurately simulated. 

5.1 Rigid indenters 
In this section the methods used in Papers I and II are presented. To simulate 
the loads involved in manual handling, an experimental setup as shown in 
Figure 5.1 was used. In this setup, the force and displacement of the rigid 
sphere were measured. The rigid sphere is simulating the load from the hu-
man thumb. The fixed plate spreads the load across the opposing surface to 
ensure that the measured mechanics primarily reflect the area around the 
thumb. This differs from the method used by Andreasson and Bengtsson 
[40], as they used two opposing spheres, giving a more complicated load 
situation. 
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Figure 5.1: Schematic of the experimental setup used in the measurements with a 
rigid sphere indenter. 

A uniaxial testing machine LR5K (Lloyd Instruments, Fareham, UK) was 
used for this setup. The machine was fitted with a fixed steel plate as the 
bottom surface. The upper end of the machine was fitted with a load cell 
and the different rigid indenters. A total of six different indenters were used. 
One was cylindrical with a 6 mm diameter. The rest were spherical, with 
radii ranging from 15 mm to 55 mm. 

The indenters were moving downward at a constant speed to a pre-set 
displacement that was chosen based on the characteristics of the respective 
tested package. During this process the machine would record the force-
displacement relationship, which was then plotted and studied for each trial. 
An example of a force displacement curve is shown in Figure 5.2. 

Different positions along the edge of the package were tested, as well as 
different offsets. Even though the offset varied, the indenter was always 
made to contact closer to the crease than to the middle of the package. This 
was done for two reasons. First, the damage observed on packages in the 
real world suggested that people indeed grasp there and that this loading 
condition is relevant. Second, some of the packages were of such dimensions 
that grasping in the middle would be uncomfortable for most. 

These experiments were also recorded in high-definition video, using a 
Nikon DSLR camera. The video was synchronized to the tensile tester data 
using a sound that the tensile tester generated at the start of the program 
and that was picked up by the microphone on the camera. These 



DANIEL ERIKSSON Getting to grips with cartons 29

synchronized video recordings allowed observation of how visual damage 
progression corresponded to the changes in the force-displacement re-
sponse. 

Figure 5.2. Example of force-displacement curve with points of interest marked. 

5.2 Tactile sensor 
The method described in the previous section works well for collecting data 
on the global force displacement behaviour of a package. However, human 
perception is more reliant on the cutaneous information from our fingers 
[48]. Thus, measuring what happens in the vicinity of the contacting finger 
is of great importance for understanding this. One way of doing this could 
be by measuring the displacement field using, for example, optical methods. 
However, this does not give information about how the pressure is distrib-
uted around the finger. Another drawback is that the rigid indenters me-
chanically behave differently from a human finger. 

One solution that could be imagined would be to design an artificial fin-
gertip with similar mechanical properties to a finger and use that as an 
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Figure 5.3. The Biotac (A) and its core (B).

indenter. This approach would be similar to that used by Shao et al. [51], 
although the test case is different. Tactile sensors have also been proposed 
as a complement to traditional tissue softness measurements [52]. 

5.2.1 The Biotac device 
In this work a different arti�cial �ngertip, called Biotac (Syntouch Inc., 
Montrose, CA, United States), was used. This arti�cial �ngertip mimics 
both the mechanics and the sensory capabilities of the human �nger. The 
Biotac has a rigid core and an elastomeric skin. The cavity between these is 

force vector by which it interacts with other objects [54]. It has also been 
used to differentiate objects based on compliance [55]. Apart from these 
contact mechanical use cases, the Biotac is being used for surface character-
ization and for object recognition [50], [56]. 

The Biotac device outputs measured values as a digitized 12-bit signal. 
As recommended in the product manual, these values were analysed as raw 
bit values and were not calibrated to physical impedance or pressure units 
[57]. The low pass �ltered pressure signal has a resolution of 36.5 Pa per 
bit and the electrode impedances follow the approximate relationship of 

�lled with a conductive �uid. The core has 19 embedded electrodes that are
used to monitor changes in the impedance of the �uid that happen as the
�uid is displaced by external forces. There is also a pressure transducer, the
signal from which is output on two channels, one low pass and high pass
�ltered [53].

It has previously been shown that the Biotac can be used to estimate the
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Figure 5.4. Schematic showing the function of the BioTac sensor. As the fluid is 
diplaced, the impedance measured between electrodes changes. 

5.2.2 Experimental setups 

Two different experimental setups were used for the work with the tactile 
sensor. Initial trials were entirely focused on the local interactions between 
packages and the tactile sensor. Here, the setup was based on a manually 
operated manipulator. This allowed for rapid testing, but without measur-
ing the displacement and without precise control of displacement rate. The 
setup is described in Figure 5.5.  

For measuring the combined local and global interactions, a uniaxial 
tester, the same as described in section 5.1, was used. The Biotac tactile 
sensor was installed on the upper beam of the uniaxial testing machine, sim-
ilar to the rigid spheres above. The cables were run over the load cell and 
fixated on both ends to avoid change of force in the cable. The complete 
setup is presented in Figure 5.6. 

For these experiments, an experimental protocol was devised to reduce 
sources of uncertainty in the results. All these experiments followed the fol-
lowing set of steps as outlined in Paper IV. 
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Figure 5.5. Experimental setup for the initial set of trials. 

1. Let the samples acclimatize in a controlled climate, the same as the
testing climate, for at least 24 hours, then erect the cartons and let
them rest for another 72 hours.

2. Install the sample and set the measurement position.
3. Start the uni-axial testing machine and reset the load cell and the

zero of deformation.
4. Set up the program of the tensile tester, including:

a. Constant speed of displacement.
b. The desired stop point, usually a fixed displacement.
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c. Return to zero after the stop point.
d. Automatic stop at 45 N to avoid damaging the sensor in

case of accidentally running into a hard object.
5. Start the sensor logging software and check the live data feed for

any signs of loose connections or other sources of error that could
influence the results. Then start the recording of data. The sensor
should be connected and running for at least 10 minutes before
the test to allow the temperature to equilibrate.

6. Start the compression testing program and let it run to conclusion.
Then stop the logging of the sensor and save the results.

7. Synchronize the data from the finger-like sensor with the data
from the tensile tester. This can be automated by correlating the
signals around the first contact.
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Figure 5.6. Setup used with the uniaxial testing machine. A: SPI device, B: 500 N 
load cell, C: CNC machined fixture, D: Biotac tactile sensor, E: Fixed plate. 

5.3 Materials 
Cartonboard packages of different designs and dimensions were used in this 
work. These were both industrially converted and manufactured on an Esko 
rapid prototyping table. The different packaging designs are summarized in 
Table 5.1. Sketches of the different packaging designs can be seen in Figure 
5.7. 

The cartonboards used for this work were all four-ply coated on the top 
side. Some were also coated on the back side. The outer layers were com-
prised of chemical pulp and the middle layers of a mix of CTMP and chem-
ical pulp. The boards that were not coated on the back side used unbleached 
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pulp for the back layer and the board was bleached throughout. The most 
important material properties are summarized in Table 5.2. To make mate-
rials comparable, the geometric mean of the MD and CD bending resistance 
was used as the main parameter to compare. This combines two important 
mechanical properties into a single number that describes the mechanical 
behaviour of the board. 

Package A 

(A20.20.03.01) 

Package B 

(A55.20.01.03) 

Package C 

(A20.20.03.03) 

Figure 5.7. Package designs used in this work. 

Table 5.1. The package designs tested in this work. 

In Paper V, a grid layout was used to test the sensitivity to position of the 
method. Figure 5.8 shows the numbering and layout of the grid. This was 
used on package type A. 

Label Design Measurements (A×B×H) 
A A20.20.03.01 78×50×110 mm 
B I A55.20.01.03 82×82×280 mm 
B II d.o. 92×92×280 mm 
B III d.o. 98×98×280 mm 

C A20.20.03.03 185×54×228 mm 
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Table 5.2. Summary of the different cartonboards used. 

Label Description Grammage1 BRMD
2 BRCD

2 SCTMD
3 SCTCD

3 

1a White back 235 220 110 6.1 4.5 

1b " 255 250 125 6.3 4.7 

1c " 290 430 230 6.9 5.5 

1d " 315 550 290 7.2 5.7 

1e " 340 680 370 7.7 6.3 

2a Brown back 310 555 260 9.0 6.5 

2b " 350 805 505 10.0 7.3 

2c " 400 1185 585 11.2 8.4 

2d " 480 1850 720 13.1 10.0 

Figure 5.8. Grid numbering for package type A used in Paper V. 

5.4 Regression analysis 
To test the capabilities of the tactile sensor, a regression analysis was per-
formed. Two different dependent variables were used, the pressure at a force 
of 4 N and the sum of the electrodes 7 through 10 at this force. In previous 
work with the Biotac, Su et al. noted that the pressure at a given force was 
correlated with the compliance of a rubber block that it was pressing at 

1 g/m2 (ISO 536) 
2 mN L/W 15° (ISO 2493) 
3 kN/m (ISO 9895) 
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[55]. In this work, it seems as though the pressure at a given force is linearly 
related to durometer A. Durometer A is approximately linearly related to 
the logarithm of Young’s modulus [58]. 

For a thin-wall structure, such as a paperboard package, Young’s modu-
lus is not the relevant measure; structural stiffness is more appropriate. A 
simplified model for this situation would be a simply supported beam of 
length �, with bending stiffness �� , experiencing a point load at the distance
� from one of its ends. The equation for displacement at the point of load
application is 

�
� = �2(� − �)2

3��� .

Since � ≫ �, these facts point toward using a multiplicative model, taking
the logarithm of the factors as per the discussion above about the relation-
ship between Biotac pressure and stiffness of the material. The regression 
model for pressure can thus be formulated as 

�D̂C = $0 + $' log + + $ℎ log ℎ + $. log � + $BR log BR. 
BR is the geometric mean bending resistance of the cartonboard material 
and the dimensions �, ℎ, and + are the same as in Figure 5.5. The same
regression model was also used for the sum of electrodes 7 to 10. 

5.5 Dimensionality reduction 
The Biotac provides high-dimensional data through its 19 electrodes plus 
the thermistor and the pressure sensor. All in all, there are 23 channels. In 
the work presented here, only 20 channels, the 19 electrodes and the low 
pass-filtered pressure, were considered. Yet, this high dimensionality poses 
a problem for data analysis. Two different approaches were used for man-
aging this complexity. 

5.5.1 Selected signals 

The simplest of the two was just to look at specific signals, selected for their 
documented sensitivity to similar phenomena as studied here. Two different 
selections were done. The low-pass filtered pressure signal was studied, be-
cause previous experience has shown that this can be used for analyzing the 
compliance of rubbers [55]. The other selected signal was the sum of the 
electrodes 7-10. This feature was selected because it has previously been 
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seen that the flat region on the Biotac where these are located mimics the 
angular sensitivity of the apical tuft on the human finger [59]. 

5.5.2 Linear discriminant analysis (LDA) 

The second approach to dimensionality reduction was the method called 
linear discriminant analysis (LDA). LDA is a supervised method that works 
on classified data. It seeks to find the linear combinations of features that 
maximize the variance between classes while minimizing the variance within 
classes. Note that the negative of the discriminant function is an equivalent 
solution to the problem. 

The implementation of the LDA algorithm used in this work was the one 
found in the SciKit Learn Python package [60] with the singular value de-
composition solver. 
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6 Results and discussion 
In this section the main results of the papers are presented and put into 
context. The two main methods developed are compared and contrasted. 

6.1 Rigid indenter method 
The results from Paper I include a phenomenological comparison of the 
damage from manual handling and the damage induced by this rigid sphere 
method. The shape of the damage matched well with damage observed on 
packages found on supermarket shelves, demonstrating that the load case 
studied is of practical importance. 

The studies of damage progression in these experiments shown in Figure 
6.1 and Figure 6.3 show how the first failure is a compression in a direction 
perpendicular to the load direction. From the video of the tests, it was seen 
that the peaks in the force-displacement curves correspond to the onset of 
damage progression in the samples; see, for example, the difference between 
snapshots A and B in Figure 6.3. As the indenter continues, a secondary 
pattern develops, with a triangular or parabolic shape around the point of 
load application. 

Paper I also showed that the shape of the indenter influenced the maxi-
mum slope, and to a lesser degree the max load taken by the package, as 
seen in Figure 6.2. The damage developed in the case of a small indenter is 
similar to the case with a sphere, but the energy release happens more sud-
denly as the perpendicular compression failure develops. These results were 
all produced with packages of type A made from material 1c, but there were 
also some tests performed with the spherical indenter on package type BII 
made from material 2b. These tests gave the same characteristic damage. 
Refer to Table 5.1 and Table 5.2 for the package and material labels, re-
spectively. 

In Paper II this relationship was explored for larger indenters. Once again 
packages of type A made from material 1c were used. Five different sizes of 
spherical indenters were tested, ranging from 15 mm to 55 mm radius. 
These results are summarized in Figure 6.4. A strong influence on the slope 
of the load-displacement curve was seen, while the influence on the maxi-
mum load was less pronounced. When going from 15 mm to 55 mm radius, 
the maximum slope increased 3.6 times, while the maximum load only in-
creased by about 25%. Two different offsets were used: 5 mm and 10 mm. 
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The main difference was that the secondary damage tended not to develop 
in the case with the 10 mm offset. 

Figure 6.1: Load displacement curves and snapshots for different orientations of 
package A. x = 55 mm. 
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x = 30 mm 

(a) 

x = 55 mm 

(b) 

x = 80 mm 

(c) 
Figure 6.2: Load-displacement curves recorded using cylindrical indenter (–––) and 

spherical indenter (– –). 

Figure 6.3: Example of load-displacement curve and snapshots recorded when us-
ing the cylindrical indenter on package A at a position with equal distance to both 

side panels (x = 55 mm). 

6.1.1 Change of contact mode 

If the spherical indenter, as it moves downward, makes contact with a 
crease, as shown in Figure 6.5, there is an abrupt change in the slope, as 
indicated in Figure 5.2. This change depends primarily on the geometry. A 
rough model can be derived as follows. 

Displacement 1 is counted as the sphere moves from point B to point D.
A line from point A meets the line segment OD in a right angle at point C.
For the right triangle OAC we get

1 − � = 6 − √62 − 82. 



Figure 6.4: Photos of the typical damage in the different loading conditions (left). 
Stiffness and strength measured under the different loading conditions (right). 

Every point is the average of six measurements. Error bars show ±1 standard devi-
ation. 

Figure 6.5. Geometry of the change of contact mode.
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The result from this simplistic model is compared to measured data in 
Figure 6.6. The real situation is of course more complex, as the standing 
panel is also compressible. That explains why the slope is greater than one. 
Nevertheless, this comparison confirms that the geometry of load applica-
tion is important for the stiffness of packages subjected to concentrated 
loads. 

Figure 6.6. Evaluation of a simplistic method for calculating the displacement at 
stiffness transition. 

6.2 Tactile sensor method 
With the tactile sensor, there were several questions to answer. Paper III was 
aimed at investigating whether the tactile sensor can pick up useful data 
about the package mechanics, and then explored dimensionality reduction 
and the extraction of suitable weights. In Paper IV a closer look at the re-
peatability of the method is given and the method is refined to minimize 
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variability. In Paper V the influence of the point of load application is revis-
ited. 

6.2.1 Regression analysis 

To test the capability of the tactile sensor to pick up useful data about the 
package mechanics, a regression analysis was used. The setup was according 
to Figure 5.5, with a hand-operated manipulator to move the Biotac and 
apply force. A reference force of 4 N was then chosen for the analysis. This 
means that the Biotac data that was analysed for each test were taken from 
the point in time when the force first exceeded 4 N. This force was chosen 
based on the likely forces that the weakest package type would be exposed 
to in a typical manual handling situation. The level was estimated based on 
a force analysis as described in Figure 4.2. Packages of types BI, BIII and C 
were tested. For packages of type BI and BIII, materials 2a-2d were used, 
i.e., brown back boards ranging from 310 g/m2 to 480 g/m2. For packages
of type C, materials 1a-1c and 1e were used, i.e., white back boards ranging
from 235 g/m2 to 340 g/m2.

In Figure 6.7 the data for static pressure inside the Biotac are presented. 
The x-axis is logarithmic for the reasons discussed in section 5.4. It is clear 
that both the geometry and the material influence the response of the Biotac. 
In Figure 6.8 the same type of plot is shown for the sum of electrodes 7 to 
10. A similar pattern emerges there.

Figure 6.7. Biotac-measure pressure at 4 N compared to geometric mean bending 
stiffness. 
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Figure 6.8. Sum of electrodes 7 to 10 compared to geometric mean bending stiff-
ness. 

Since the data were extracted at a constant force of 4 N, all differences 
are due to the interaction between the artificial fingertip and the package. 
The global stiffness was not included in the data. Hence, this is only using 
what would be equivalent to cutaneous cues for a human. The fit of the 
regression was better for the static pressure (62 = 0.917) than for the sum
of the electrodes (62 = 0.896). In both cases, all coefficients were signifi-
cantly non-zero (� < 0.001). Figure 6.9 shows the fit of the model for the
static pressure. 

6.2.2 Repeatability analysis 

To get a sense of the variability in the results obtained using the Biotac sen-
sor, a test with industrially converted packages of design A and material 1c 
was performed. The test was done to compare two different positions of 
load application. Position A was in the middle of the panel, 55 mm from 
one side, and the other one 35 mm from the side, i.e., 20 mm from the 
middle of the panel. The results from this investigation are presented in Fig-
ure 6.11. This shows clear separation between these two positions, despite 
these two load cases being similar. In fact, the load cases were almost indis-
tinguishable from their force-displacement curves, as seen in Figure 6.10. 
These results are presented in Paper IV. 
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Figure 6.9. Comparison between measured values (y axis) and values calculated 
from linear regression (x axis). Dashed line represents 1:1 relationship. 

Figure 6.10. Force-displacement curves measured in the repeatability investigation. 
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Figure 6.11. Investigation of the repeatability of the measurements. 26 packages in 
position A and 25 packages in position B. The shaded bands are four standard de-
viations wide. These measurements were made with industrially converted pack-

ages to minimize variability. 

6.2.3 Finite element analysis 

In Paper IV a finite element analysis of the method with the spherical in-
denter is included. This analysis was done with a setup similar to the one 
used with the Biotac. Two different positions for the indenter were tried. 
The model was created in Abaqus 2019. 

The package was made up as a single part using the extruded shell fea-
ture. Flaps were made using the planar shell feature. The material was built 
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up with a 4-ply cartonboard material, modelled with an elastic-plastic con-
tinuum model with a Hill yield surface and isotropic hardening. The mate-
rial data and Hill criterion were the same as used by Hallbäck et al [61]. 

In Figure 6.12 the z-displacement results from one of the load cases is 
shown. This shows the asymmetry of this load case. The steeper angle on 
the left side of the figure compared to the right side should give a corre-
sponding asymmetry in the response from the Biotac. The differences are 
however small, as can be seen in Figure 6.13. This and the force-displace-
ment data from Figure 6.10 indicate that the data from the Biotac greatly 
improves the ability to tell these two load cases apart. 

Figure 6.12. FEA results for z displacement in position B. 

Figure 6.13. Displacement of the cartonboard at 6.6 mm indenter movement, cal-
culated at different positions along a path running in the y direction and passing 

right under the indenter (zero on the y axis). 

6.2.4 Dimensionality reduction 

In Paper III and Paper V a method for dimensionality reduction is used. This 
method is called Linear Discriminant Analysis (LDA). LDA is a supervised 
method in the sense that it needs a classification of results. The method is 
used to find a linear combination of features that maximizes the separation 
between classes. In this case, the classes were the different geometries, posi-
tions and/or materials that were studied. The algorithm was not given any 
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other information about the classes than the fact that classes were different 
and the values measured by the Biotac at the reference force. 

In the study reported in Paper III three different package geometries were 
used, BI, BIII and C, as described in Table 5.1. These were each made from 
four different materials with varying bending stiffness (see section 6.2.1) 
and two different values for the offset, 18 mm and 22 mm. 

The data from all 19 electrodes and the static pressure for these experi-
ments were extracted at the reference force 4 N, and then fed into the LDA 
algorithm to produce the discriminant functions. In Figure 6.14 the coeffi-
cients of the first discrimination function for this dataset are presented. 
These weights give the best separation of classes in the given dataset. 

In Figure 6.15 a 2D plot of samples transformed by the two first discri-
minant functions are shown. It shows that the first discriminant function 
orders samples by bending stiffness, despite the algorithm not being given 
any information about bending stiffness of classes. Furthermore, this func-
tion gives a way to relate packages of different geometries. For example, in 
this case, design III with the 832 mN board is closest to design II with the 
544 mN board. 

The LDA weights also give an indication of which datapoints from the 
Biotac are most important for the problem at hand. Specifically, the most 
weight is given to electrodes 7-10 and the static pressure. This matches the 
discussion above, but also suggests an improvement in alternating the signs 
between electrodes 7-10. This is similar to the approximation of a second 
derivative as a difference operator. 

These results suggest that the method could be trained on an even larger 
set of package types and materials, across the expected operating range of 
the method, in order to derive the best weights. It may not be that the same 
set of linear weights would work across the full range, though. This could 
be handled by choosing a more advanced type of discriminant analysis, e.g., 
quadratic discriminant analysis, or generalized even further using a kernel.  
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Figure 6.14. Visualization of the first discriminant function. Electrode number in 
the middle of each dot. Intensity shows the weight and hue indicates sign. 

6.2.5 Effect of position and material 

In Paper V the effect of the position of load application was studied in more 
detail. While Paper III included two different offsets, Paper V included 10 
different positions. To keep the number of packages to test at a reasonable 
level, only reversible deformation was applied. To be on the safe side, the 
reference force was set lower at 2 N this time. This low reference force is 
challenging, as variations in the package folding or local variation in 
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mechanical properties can influence the results. In Figure 6.11 there is no 
visible separation between the load cases at this force level, which illustrates 
the difficulty. These measurements were performed on packages of type A 
manufactured using rapid prototyping equipment. Materials used were 1c-
1e. 

An LDA was performed on this dataset, as the weights of the previous LDA 
were developed for different packaging designs. The weights of the LDA 
from this dataset are presented in Figure 6.16. Since the variability between 
classes is now in terms of position of load application and material, there is 
a different weighting of electrodes. However, the same alternating sign 
within electrodes 7-10 can be observed and the static pressure is also 
weighted high. 

The highly weighted electrodes on the side are likely to pick up the crease 
of the package. When looking at the spatial distribution of the values of the 
discriminant functions in Figure 6.17, the trend is evident that the first dis-
criminant function picks up strongly on position 1, which is indeed closest 
to the crease. 

Figure 6.15. Samples plotted on the space spanned by the two most significant dis-
criminant functions. 
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a) 

b) 

Figure 6.16. Coefficients of the first and second discriminant functions from Paper V.
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Figure 6.17. Mean values of the first and second discriminant functions at 2 N, 
measured at different positions. Plots show results for materials 1c (left), 1d (mid-

dle), and 1e (right). 

6.3 Comparing the two methods 
The method with the rigid indenter successfully reproduces the damage seen 
on packages in grocery stores. Its use of a rigid indenter means it is easier 
to use than the tactile sensor method, as the tactile sensor requires a skilled 
operator to check and regularly refill the tactile sensor with conductive fluid 
and replace the elastomeric skin. The downside of the rigid indenter method 
is that it disregards the local deformation around the point of contact. This 
information is analogous to cutaneous information for humans, which has 
been shown to be crucial for compliance judgement [49]. As seen from the 
force-displacement curves and the finite element analysis, not using infor-
mation on the local deformation makes it difficult to distinguish meaningful 
differences between packages. The tactile sensor method can successfully 
distinguish materials and geometries at low loads, long before any irreversi-
ble damage to packages. 

It was somewhat surprising that the rigid indenter did not give more con-
clusive results at lower loads. After all, different stiffness of the board ma-
terial should show up in the force-displacement curve. Part of the reason 
could be that while care was taken to use consistent movements when erect-
ing the cartons, some variability was still introduced from doing so manu-
ally. Furthermore, the packages manufactured on the rapid prototyping ta-
ble probably had more variability than industrially converted cartons. The 
fact that the tactile sensor was able to pick up differences in cartonboard 
stiffness was expected, but not given. After all, this sensor gives no infor-
mation about how far it has travelled and, therefore, the differences stem 
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from the fact that the tactile sensor is deformable as well and interacts dif-
ferently with a stiff and a less stiff package. 

The lower values measured for the pressure inside the tactile sensor on 
stiffer cartonboards can be explained by the more localized displacement of 
the skin of the Biotac. If the paperboard bends more easily, it can envelop 
the Biotac and the force will be transferred through the fluid inside the Bi-
otac, raising the pressure. On a more rigid surface the artificial fingertip 
deforms, and the outer skin makes direct contact with the core. Force can 
then be transmitted directly without raising the pressure in the fluid. 

All the methods used in this work share the property that they were using 
mainly commercially available equipment, with only easily machined com-
ponents and fixtures. While this is not so important from a scientific view-
point, it makes it possible for the industry to adopt these methods and con-
tinue developing them. 
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7 Conclusions 
This chapter provides concluding remarks on the results of this thesis. First, 
the answers to the questions posed in section 1.2 are formulated. Subse-
quently, some suggestions for future research areas are given. 

7.1 Method for testing of cartons 
A method for applying loads with a rigid indenter was first developed and 
tested. This method gave similar damage to what could be observed on 
packaged in retail stores, showing that the damage could be replicated. This 
method was used to study the damage development and the sensitivity to 
size of the interacting object. 

It was found that the geometry was not a major factor in determining the 
load at which damage was initiated. Regardless of the height of the panel, 
the variation was small. This can be contrasted to the slope of the force-
displacement curve, which varies dramatically depending on the height of 
the panel. 

The size of the rigid indenter was shown to mainly influence the slope of 
the force-displacement curve. There was also a small influence on the load 
at which damage occurred and, importantly, a shift in the mode of damage. 

While this method was able to reproduce the behaviour in the irreversible 
regime, at the onset of damage, the method was not suitable for the reversi-
ble part. The behaviour in this regime was shown to be highly dependent 
on the geometry of the indenter. The existing literature suggests that the 
behaviour at the point of contact should be more important to perception 
than the global force-displacement. 

To improve the method, a biomimetic tactile sensor was used instead of 
the rigid indenter. This also allowed to capture the behaviour at the point 
of contact. This sensor is designed to have mechanical properties similar to 
those of a human finger. The new method makes it possible to assess the 
mechanical interaction of an artificial finger with a cartonboard package. 
This method makes it possible to assess the similarity of cartonboard pack-
ages’ behaviour in these situations. 

The second method was shown to be robust to modifications in packag-
ing and experimental design. It was shown to have good repeatability and 
it can be applied using mostly commercially available equipment. The 
method gives a measure of similarity between packages of different materi-
als and geometries. 
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Following previous work on compliant objects, it was shown that the 
bending stiffness of the cartonboard was picked up as a change in the inter-
action between the sensor and the package. Bending stiffness was expected 
to be an important factor in determining this interaction. Packages of dif-
ferent dimensions could now be compared. It was seen that increasing the 
size of packages from 82 mm to 98 mm corresponded to decreasing the 
grammage by 10-20%. 

Since the method with a tactile sensor works in the reversible range, it 
can be used non-destructively if the load is limited. This made it possible to 
take many measurements on the same packaging sample. By taking meas-
urements on a grid on the package, the importance of the corners in stiffen-
ing the panels was clear. This effect could have implications for packaging 
design. For example, if one could predict the types of grasps that would be 
used on manual handling, these stiffening design elements could be placed 
such that they affect the areas where that would be beneficial. 

7.2 Future work 
More work can still be done on these methods. A natural next step would 
be to engage a panel of consumers and compare their judgements to what 
we see in this work. This would make it possible to translate the measures 
from this method into a ranking and not just similarity. 

The method with the tactile sensor could in theory be applied to product 
control already, where the main goal is to find deviations from a typical 
value. Commercial application in a wider sense would be aided by a broader 
dataset of measurements from industrially converted packages in a typical 
property range. This could then be used to train the LDA model to pick up 
differences that are relevant across the whole relevant spectrum. Other ma-
chine learning models could potentially be useful to broaden the range, since 
linearity may not hold across a wider set of input values. Quadratic discri-
minant analysis could be a natural next step, but one might also want to 
add more information, for example, from a consumer panel, and therefore 
choose a different class of model. 
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