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Abstract 
Today people prefer to spend less time in cooking at home, therefore a clear tendency 
of increasing the market for ready-to-eat meals is identified. To fit the variety of 
personal tastes, the shops need to offer larger diversity of meals assortment, therefore 
the suppliers must adapt quickly to the continuously changing humans’ preferences. 
The existing food industry in most cases is built and based on the concept of mass 
production on dedicated automatic lines, almost without flexibility of any kind. In 
average, high volume of low qualification human labour is involved, which sometimes 
causes hygienic or social problems. As generally the price of food products is low, 
even a big production volume is unable to create enough investments for advanced 
manufacturing lines.  
 
The obvious conclusion is that the most appropriate approach to solve the above 
problems is to populate the food industry with larger number of flexible production 
lines (cells) provided with higher level of intelligence. This licentiate is focused on the 
particular technology of preparing ready-to eat meals. Specifically, we defined the goal 
to develop a concept of flexible assembly cell, which is expected to have new and 
advanced capacities, such as to be easily adapted to the variety of the types and the 
volume of produced meals, to be easily maintained and set-up for operation by low-
level qualified operators, to exclude human labour and meet the strict hygienic norms. 
Last but not least, such cell should be attractive for numerous factories and companies. 
 
The first aspect of our work is the development of a consistent concept for flexible 
assembly of ready-to-eat meals. The main idea was to build a human-free system, 
meaning that human’s participation in the entire manufacturing process should be 
avoided or highly reduced. We represent a continuous technology performing the chain 
CAD-CAM-CAPP-production with minimum involvement of human, who is needed 
only at the CAD phase to specify and verify the content and arrangement of the meal. 
Expert knowledge is used in the CAPP stage to create an optimized assembly plan and 
the entire process is guided by a vision system providing visual-servoing of ABB’s 
IRB-340 FlexPicker robot manipulator in our laboratory set-up. 
 
The second aspect of the work is the development of reliable technical solutions for 
grasping and manipulation of food ingredients within the flexible assembly cell. 
Knowledge about physical and mechanical properties of the components is derived 
from a study of available products on the market. In parallel, available gripper solutions 
in the literature are reviewed and feasible mechanisms and sensors are described. 
Gripper design requirements are finally stated for the different classes of food 
components in ready-to-eat meals. 
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1 Introduction 
Fewer people have the time or priority to cook by themselves. Restaurants and fast 
food restaurants compete to attract these people as customers. New actors such as big 
supermarkets and smaller retailers try to earn market shares with different types of 
convenient meals. Different aspects are used to differentiate these products: one 
approach is to distinguish ones that need further heat treatment from those that can be 
eaten directly. Another is to focus on product complexity that varies from sophisticated 
chocolate bars through pizzas to complete meals, like the ones served in a restaurant. 
Complete meals ready-to-eat directly or after a short time of microwave heating is one 
of the fastest growing markets. Our focus is therefore on this product segment and will 
in this thesis be referred to as ready-to-eat meals, see Figure 1. 
 
 

 
 

 

Figure 1. Examples of meals from Swedish ready-to-eat meal producers. 
 
How these meals are consumed varies a lot, from a five-minute lunch alone to a longer 
dinner together with the family. Customer preferences are very different for these 
situations. Consequently, it is not enough to distribute only one variant of each meal. 
Instead, if different compositions, such as a small or a big portion, are available it is 
easier to attract new consumers. For different seasons of the year, specific types of 
meals are more appetising and new trends are popping up, which all together gives a 
very complex market situation. As consumer orientation is getting more important in 
today’s business climate and consumer preferences are changing all the time, flexibility 
becomes a key word for tomorrow’s producers.  
 

1.1 Production steps for ready-to-eat meals 
There are a number of basic operations that must be performed before a complete 
ready-to-eat meal can be served. Assembling of different components is the central 
point in this production, whereas component preparation and processing are support 
functions. The basic steps are illustrated in Figure 2.  
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Figure 2. Important stages in ready-to-eat meal production. 
 
Ready-to-eat meals are composed of a wide variety of components, ranging from 
unprocessed vegetables to fried meat products [1]. The first stage in Figure 2 can 
therefore have different appearance. Depending on the raw material, different steps are 
needed during the preparation: 
 

• Vegetables are cleaned and then cut into desired portion pieces.  
• Rice, potatoes and pasta are boiled. 
• Meat is pre-cut and thereafter processed, e.g. fried or boiled. 

 
Due to the large variety of components to be prepared, it is not feasible to locate all 
preparation steps adjacent to the assembly unit. It is even possible that another 
production plant processes the components and that the company only has an assembly 
unit, buying semi-fabricated products. This is common regardless of the company size. 
However, the big manufacturers, especially for the frozen market, have production 
volumes big enough for automating certain operations, whereas the smaller producers 
do not have this opportunity. Instead, preparation and processing of components are 
done manually. 
 
Today’s assembly of ready-to-eat meals is labour intensive with limited level of 
automation. The big producers of frozen ready-to-eat meals employ a relatively high 
level of automation. In the majority of cases it is dedicated machinery with hard coded 
solutions. This is possible due to a small set of different products manufactured in long 
series with few set-ups. However, the situation is different for consumer oriented 
production of chilled meals, where the necessity of wider variety for the market 
requires smaller lot sizes and frequent changes between both different variants and 
products. Smaller producers of chilled products need to be more flexible and to achieve 
this most operations are done manually.  
 
Assembly of ready-to-eat meal portions is normally undertaken in chilled environments 
for hygiene reasons. By lowering the temperature the microbiological activity is 
hampered and the risk for infected products and cross contamination is reduced. On the 
other hand, such an environment is inappropriate for humans to work for long periods 
of time. The work with assembling tasks is of a repetitive nature in a chilled production 
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room leads to fatigue injuries. Therefore, manual assembly of ready-to-eat meals is not 
appropriate.  
 
Besides the discomfort in workplace conditions, there are qualitative drawbacks to 
have a labour intensive production facility as well. One of the main problems with 
chilled products, compared to frozen, is the shelf life at retail shops. If direct contact 
between operator and food is minimized, a big contamination source can be excluded, 
which can improve the shelf life and thereby the product quality in a sense. 
 
Completely different requirements are put on the assembly unit, depending on where 
the components are processed. If the components are produced in a separate plant, 
careful packaging is needed to ensure the quality during transportation and storage. The 
storage step can, however, often be excluded if the production is adjacent to the 
assembling. Meaning that components are transported on a conveyer belt or in open 
trays, excluding packing and unpacking operations.   
 

1.2 Automation practices in the food industry 
The degree of automation varies between different areas within the food sector. A study 
from USA, surveyed automation practices within the food sector [2]. The survey did 
not describe different food processes in detail, but covered all branches of the food 
industry. The level of automation is first of all dependent on the company size. Similar 
to Swedish ready-to-eat meal producers, described in Section 1.1, the automation level 
increases with the company size. Type of automation can be related to the different 
production steps for ready-to-eat meals in Figure 2. Processing and final packaging are 
those operations that employs the highest level of automation. Manual operators 
perform inspection and material handling of unpacked food to a higher extent, which is 
comparable to the assembly of ready-to-eat meals.  
 
Depending on the area different types of automation is used: dedicated machinery, hard 
coded filling machines and robots. Installations in the industry are, with few 
exceptions, designed for long production series at high production rates with few or no 
set-ups. The design is therefore fixed and introduction of new product variants is 
expensive and time consuming. This is not appropriate for flexible production of 
chilled ready-to-eat meals. Therefore, flexible automation solutions are necessary to 
enable a transition from manual small batch assembly to automatic. 
 
Flexible automation is underdeveloped through all food segments compared to 
manufacturing and automotive industries. Food is a typical low-value product, which is 
a probable reason when it is hard to account for large investments. The product design 
is also simple from engineering viewpoint, which has resulted in problems to attract 
qualified co-workers in areas of mechanical and control engineering. Without these 
resources, the food sector has continuously fallen behind in the implementation of new 
automation solutions. Nevertheless, the need is the same if not bigger in the food 
sector.  
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Flexible automation is a wide concept involving everything from: smart conveyers, 
special designed machines to reprogrammable robots. Out of these, robots give the 
highest flexibility and are most frequently used. Depending on the task and process 
different types of robots are used. In an industrial production plant, the straightforward 
approach is to use traditional industrial robots, where a lot of knowledge and 
experience can be transferred from robotized areas such as the manufacturing and 
automotive sector. The environment outside the factory is more uncertain and special 
designs are more often to be found. Altogether, robots, specially designed or industrial 
ones, are used in very different areas of the food industry: 
 

• Agriculture 
• Meat processing 
• Fish industry 
• Food factory 

 
This licentiate thesis is directed towards assembling of food components into complete 
meals, where robots are a significant part of the entire system.  Out of the areas above, 
only the last area is closely related to our work. For applications in agriculture, meat 
processing and fish industry specific parts of implemented systems are similar to 
robotic usage in the factory. These areas are mainly described to give an overview 
about the general automation situation in the food industry. However, areas of specific 
interest are accentuated and include:  
 

• Gripper developments 
• Vision systems  
• Hygienic requirements 
 

1.2.1 Robots in agriculture 
Harvesting, of any kind, is time consuming and the operations are monotonous. Crop 
harvesting has been semi-automated for a long period of time, while fruit picking still 
is dominated by manual operations. The main problem, for automation, within the 
agriculture sector is the big uncertainty apparent in an unstructured environment. Chua 
and co-workers presents a good summary in [3] about different solutions found in the 
literature. These systems and other applications within the agriculture segment are now 
described. 
 
A fruit-harvesting robot, working with human operator interaction, is developed in 
Spain [4]. A robot arm is mounted on a manually controlled vehicle.  The operator 
drives the vehicle towards the tree and a laser pointer is used to manually point out ripe 
fruits. The system calculates optimal picking order and picks the fruits automatically. 
Common for this and other fruit harvesting systems is that the end effector is based on 
suction technology combined with some type of cutting device to remove the fruit.  
 
Industrially, mushrooms are grown in trays and picked manually one by one, which is a 
time consuming and tedious task. Therefore, an automated system is developed at 
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Silsoe research institute in UK [5]. A vacuum gripper is mounted on a Gantry robot, 
which moves in three directions at right angles. A vision system is used to identify 
mushrooms of appropriate size, e.g. big enough for retails. Approved ones are 
numbered and an optimal picking sequence is calculated. A mushroom is picked from 
above. The grasp is established by vacuum technology and the gripper is twisted during 
retardation movement, breaking the roots enabling the mushroom to be securely 
removed. Due to the twist, a mushroom must have some free space around it and 
consequently the topography of the tray is determining the final harvest sequence.  
 
Hollingum summarises the global research activities in the area of agriculture robots 
[6], and concludes that research on agricultural robotics is conducted primarily in five 
countries world-wide. There are commercialized system on fruit and grape harvesting 
in France, while there are some systems for asparagus and tomato harvesting on 
prototype level in the Netherlands. Present research is further focused on similar crops. 
The research activities in UK are similar with prototypes on mushroom harvesting, 
described in more details above. In USA and Japan is the research primarily on 
autonomous vehicles, with applicability in the agriculture applications. 

1.2.2 Robots in meat processing 
Purnell [7] gives an introduction and overview about the need and apparent problems 
of introducing robots into meat processing. Manual operations in butcheries are one of 
the most hazardous environments within the food industry, characterized by heavy and 
repetitive tasks, with the involvement of sharp tools, in a cold environment. 
Introduction of robots would decrease the high injury rates and create more stimulating 
tasks for the operators. Applications in butcheries do not involve many material-
handling operations, instead, different cutting operations is the dominating task. The 
main problem is not the actual cut, but to identify where to do it. Problems caused by 
the variation in size and shape are prominent, when no animal carcass is identical to 
another. Recent breakthrough, presented in the literature, heavily builds on advances in 
image analysis. Systems under development around the world tend to be designed for a 
specific group of tasks more than solving the general problem, which of course is the 
first step. No fully automated solutions are published, but several examples of systems, 
where machinery and human operators’ work in parallel, are briefly described.    
 
Wadie and co-workers developed an automatic butchery system for pig carcasses [8]. 
The system cuts the halves into primal parts. The carcass halves are mounted on a rail-
based fixture. An image is taken and important features are extracted. Template 
matching with already stored images is used to identify features hidden behind fat 
layers. The system proved to be successful at demonstration level, but is not found in 
later publication indicating problems with commercialisation. One of the reasons might 
be the change of focus in this research area. In the early 1990s, most researchers tried 
to develop completely automated systems. These systems were dedicated and the focus 
shifted towards more flexible and general systems where an operator interacts with the 
robot. 
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Templer, Nichols and Nicolles describe their research on robots for meat processing 
[9]. A new robot was developed in order to match the specific demands coming from 
the application, such as: high water resistance, easy to clean, no external cabling and 
over-head mounting. The results range from initial material handling tests of lamb 
pieces through semi-automated pelt removal to fully automated cutting operations. The 
latter is so far limited to one single cut operation preceding the pelt removal of lambs. 
Most of the research, however, aims towards semi-automated solutions. 

1.2.3 Robots in the fish industry 
Fish is often sold in fillets and this process starts with removal of the head followed by 
separation of fillets from the backbone. The task is often performed on the boat and wet 
slippery fish handling in low temperatures is not the best working environment. With 
this background, Buckingham and Davey present a robotic system for head removal 
[10]. The main parts of the system is a high speed vision system used to identify 
randomly placed fishes on a conveyer belt and an end-effector designed to grasp the 
slippery fish without damaging the fillets. The fish is identified on a conveyer belt, 
where it is manually placed, and the grasp position is calculated. After established 
grasp, the robot places the fish in a deheading machine. The production rate is high and 
a new fish must be handled every two seconds, requiring a robot with high speed and 
acceleration capabilities. The gripper must further be designed to withstand upcoming 
dynamical forces. The wet environment complicates the grasp operation and implies 
the need for a simple design. Therefore, a two-fingered gripper with a contact sensor is 
used. The fingers are made of stainless steel and are designed to complement the scull 
structure of the fish during the grasp. Initial results indicate good grasps at high speeds 
and the quality goal of achieving at least one percent more meat in the fillets after 
deheading is fulfilled, indicating enough accuracy. 

1.2.4 Robots in the food factory 
The examples above of robots in agriculture and meat processing application are 
different from the tasks performed in a production plant. The main reason is the 
unstructured environment. To pick fruits from a tree is very difficult when position of 
both the tree and the respective fruits are unknown, as well as the size of each 
individual fruit. To solve these tasks autonomous mobile robots in unknown 
environment are necessary. The situation is often different in a factory where it is 
possible to design transportation belts and packages in order to suit automatic 
identification and material handling.  
 
Robots are adaptable to new environments and new tasks. This is, however, not needed 
for many situations in the food industry. As mentioned above the factory environment 
is engineered to suit the process. Food is a typical low value product and often 
produced in large quantities. For example, the most efficient way to produce potato 
chips is to use dedicated machinery for each of the included operations: cleaning, 
peeling, cutting, frying and finally packaging. In other words, flexible solution with 
robots is not needed.  Potato chips production is only one example and there are 
numerous more. Components used to create ready-to-eat meals are very illustrative. 
The flexibility is mainly needed in the assembling stage, where different sizes and 
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compositions are sought after. However, included components are more or less the 
same and dedicated machinery is preferably used to prepare ingredients like potatoes, 
vegetables or sauce. 
 
Even though many food processes are suited for dedicated machinery, there are 
implemented flexible solutions. Described work in the literature includes repetitive 
material handling operations and packaging scenarios. 
 
Material handling 
A typical material handling operation is to move products from one process step to 
another. A representative application from the industry is illustrated in Figure 3, where 
croissants are moved from one conveyer to another. Besides the material handling task, 
the quality of each croissant is evaluated, in order to sort out bad ones. Evaluation is 
based on vision and is traditionally done by the human eye. It is common with a 
throughput of up to 1500 products per minute in bakeries. A large number of operators 
are needed to keep up with such a production speed. Therefore, several different 
automation solutions are installed for similar tasks in the industry, including 
chocolates, biscuits, frozen bakeries and sausages. A computer vision camera observes 
the conveyer belt at the beginning, to maximize the time for image segmentation. A 
quality evaluation of each product is done and for approved products are the respective 
position and orientation calculated. Implemented solutions handle products with 
distinctive features that are easily extracted from an image. A number of robots, placed 
over the conveyer belt, execute the pick-and-place operations. The number of robots is 
determined by the production rate, which makes it possible to gradually increase the 
capacity. ABB has developed a complete system for this type of application, where 
their flexpicker robot is the central part [11]. For the majority of systems only one type 
of product is handled at the time, which makes it possible to use a dedicated gripper. 
This is desirable when speed is critical and grasp establishment is a considerable part of 
the total cycle time. Vacuum grippers are the fastest and most commonly used. Another 
system developed in Japan has focused on material handling of varying products, 
which has led to a more flexible gripper solution [12].  
 
Packaging 
Packaging at the end of a production line is the most common application for robots 
and packaging tasks are divided into three stages:  
 
• Primary packaging: wrapping or packaging of individual unprotected pieces.  
 
• Secondary packaging: pre-packed single pieces are packed into different boxes for 

better appearance at retailers. 
  
• Tertiary packaging: final packaging into big shipping cartons. 
 
Different production lines are built for different processes. As mentioned above, 
dedicated machinery is suitable and commonly used in many processes. Packaging is 
situated at the end of such a production line. If dedicated machinery is used through out 
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all process stages, it is logical to build in the packaging stage as well. Consequently, 
secondary and tertiary packaging operations dominate flexible packaging solutions.  As 
Wallin states in [13], the task is to grasp well-described and rigid objects of defined 
shape. This is actually not grasping of food in its correct sense when the objects already 
are pre-packed and protected, which eliminate the contamination risk during contact. 
This scenario does not differ significantly from packaging operations in the 
manufacturing industry. 
 
 

 
Figure 3. Sorting of bakeries from a conveyer belt with ABB flexpicker robots [14]. 

 

1.2.5 Concluding remarks on robotic use in the food industry 
Recent advances in computer vision have made it possible to automate several different 
areas of the food industry. As described above sensory information about the scene 
comes with no exceptions from computer vision. Robotic installations in the meat 
processing industry are used to make different cuts, which from robotic viewpoint is 
trivial. The main problem is to make the cut at the correct position, even though the 
animal bodies vary in size and shape. Some advances are reported but the big 
breakthrough depends on future advances in computer vision, and especially advanced 
image analysis. Computer vision is the key aspect for agriculture applications as well, 
for example segmentation of fruits from leaves in fruit picking applications. The 
situation is a bit different within the factory where the environment is engineered to fit 
the computer vision system. There are robust systems for identification of objects on a 
conveyer belt, often at high speeds. Advanced colour segmentations, used outside the 
factory, are too slow and binary template matching is dominating. This limits the 
application to easily identified objects. Faster image processing hardware and robust 
solutions for 3D vision would widen the application range in the food factory.     
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Hygiene is often stated as one of the main reasons for presented automation projects. 
However, it is often not detailed more than that. The exception is when a robot is 
designed, like in [9], where more details about the apparent hygiene problems in meat 
processing are stated. Otherwise it is often considered good enough to replace manual 
material handling with robotic, without any concerns in material choices, design 
guidelines etcetera.  
 
There are different regulations to follow for producers of food and the legislation builds 
on the Food Act (SFS1971:511) that came in force 1972. Since then, a series of acts 
amending the Food Act have been introduced. Sweden entered the European Union in 
1995 and the Swedish food legislation is since then essentially the same as for the 
entire European Community (EC). Directives from the European Community are 
transposed into National Food Administration (NFA) ordinances and published in the 
NFA's own Code of Statutes, LIVSFS (previously SLVFS). EC regulations are directly 
applicable in Sweden. The authority for the NFA to issue legislation is primarily laid 
down in the Food Act and the Food Decree [15]. The Food Act has general provisions 
of important key areas connected to food, such as: food composition, handling, 
labelling, personal hygiene supervision etcetera. Paragraph 8 states that: “When food is 
handled, precautions shall be taken to eliminate the risk of being contaminated or 
rendered unfit for human consumption”. In order to comply with this paragraph is 
paragraph 9 stated as: “In order to prevent deleterious effects on food, the Government 
or the authority appointed by the Government can issue regulations concerning the use 
of products, substances or equipment in the handling of food and concerning the 
storage of products, substances or equipment together with food”. The Food Decree has 
the same meaning as the Food act and includes more directives. The only regulations 
about machinery is paragraph 7 of the Food Decree: “Food packaging materials, 
utensils, vessels or other equipment for food handling may not be of such a nature that 
through their use a risk arises that foreign substances are added to food or that food 
becomes contaminated or is rendered unfit for human consumption.”. The cited 
paragraphs above are very general and give no guidance or any directions of how to 
fulfil stated legislation. There are however different publications available to help 
industrialists to fulfil these legislation’s and in [15] are numerous documents available 
for different situations.  
 
Besides the legislation described above, each organisation that professionally works 
with food must perform and document a thorough supervision of all processes. Hazard 
Analysis Critical Control Points (HACCP) is a tool used to secure the product safety 
and an important part of the supervision process. HACCP can be applied to any area 
concerning food safety and the original HACCP procedure consists of the following 
three steps: Identification of all hazards associated with the final food product, 
identification of critical control points in the production where these hazards may be 
controlled, reduced or eliminated and finally implementation and monitoring of 
procedures at these critical control points [16]. Besides these three points it is very 
important to have a detailed documentation.  In [16] is the world-wide use reviewed 
and the different examples given demonstrate the applicability of the method in 
different areas.
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This introduction has focused on complete systems designed for an application. This 
has lead to very few details about grippers used to grasp different objects. Fruit picking 
robots and mushroom harvesting requires gentle handling to protect the easily bruised 
object surface. In these applications vacuum grippers are ideal. The same yields for 
secondary and tertiary packaging operations, where speed is the critical aspect to 
consider. Handling unprotected food objects require more advanced grippers to secure 
the grasp and the hygiene. Therefore, material handling heavily depends on advances in 
this area, especially sensing and mechanical design.  
 
It is clear that the food sector has a low robot population, especially installed for 
flexible solutions.  Since beginning of the 1990s, the need for flexible automation 
solution has been accentuated in the literature. Despite this fact, not much work has 
been realised into commercial industrial applications, or as prototypes in research labs.  
 
Food is a typical low value with very low margins, little profit on each product. Robot 
investment costs are high, both equipment and installation costs. This is a problem for 
the food industry when the pay back time on investments becomes too long. However, 
robot prices are constantly decreasing, at the same time is the performance getting 
better and better. Qualification of the employees is another problem for the food sector. 
Few operators have the knowledge to control and program robots. There are several 
reasons for this, such as few educated automation engineers and the lack of already 
implemented solutions has led to no self-teaching. As the performance is increasing 
robots are getting easier to operate.  
 
This section has reviewed flexible solutions, with focus on robotics and computer 
vision. Recent advances in computer vision, better robots to a lower price and usability 
opens the doors for the food sector and many tasks seems to be feasible. In Section 1.3 
requirements on the future food factory for ready-to-eat meals are stated. 
 

1.3 Food factory of the future 
Present situation in the food sector and the new needs from a consumer-oriented 
production diverges. At SIK, the Swedish Institute for Food and Biotechnology, the 
food factory of the future is under development [17]. The overall project goal is to 
achieve a hygienic and flexible production of ready-to-eat meals. The project is divided 
into three parts:  
 
• The factory: design and evaluation of different building materials to create a good 

environment for food production. The air is further controlled to minimize airborne 
contamination sources. 

 
• The production: development of efficient production methods. Key issues are 

hygiene, security and flexibility. 
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• The process: development of different process methods, like on-line monitoring 
and detection of foreign materials in food products, for example glass and metal 
pieces. 

 
This licentiate thesis is closely related to the project on production and some of the 
problem areas are handled in this work. In Figure 4 is a sketch of the vision for the food 
factory of the future. The image is not literally realistic, but serves as a good illustration 
for the key issues. The final product is chilled ready-to-eat meals. The focus on chilled 
products puts higher hygiene requirements on the production, than manufacturing for 
frozen storage.  Different components are delivered and fed to the robot cell. The entire 
production should be located in a controlled environment. Human interaction should be 
avoided if possible, when the human is a big contamination source. Feeding of raw 
material, packaging material, tools and assembled products are automatic. The operator 
interacts with the unpacked food or the automation equipment in only exceptional 
cases. The main task is to supervise and take operational decisions, such as change of 
product or initiation of cleaning operations. 
 

 
Figure 4. A visionary image of the future food factory. 

 
Even this is a well-defined and bounded product segment there are up to today 
numerous variants in retail. The need to follow the market and be customer oriented 
makes it almost impossible to predict how the assortment will look one or two years 
from now.  Consequently it is a necessity for the producer to introduce new products 
and product variants efficiently, both in preparation and the actual production. 
Introduction of new products involves the entire chain from development of a new 
recipe that fulfils the consumer needs, regarding nutritional content, taste and look. 
That part is not included in this work, which start with preparing a designed meal for 
manufacturing. This task is closely connected to robot programming, gripper design 
and other tasks requiring educated engineers. The low education level amongst 
operators in the food industry together with a low automation level today will for sure 
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be a problem for a flexible consumer oriented factory. Therefore, it is required that an 
operator can make this preparation without extensive reprogramming and hardware 
designs.  
 
Everyday production is also different compared to traditional mass production of 
frozen ready-to-eat meals. Production for storage is not possible due to the short shelf 
life of chilled products. As a consequence smaller batches are a necessity. For 
production in long series, the cycle time for each operation is central and important 
time gains can be achieved for even small improvements. For small batch production, 
on the other hand, set-up times in-between often cost more than the actual operations. 
Automation solutions must therefore be designed to handle frequent production 
changes. In the non-food sector, reprogrammable robots are widely used for these 
situations.  
 

1.4 Purpose of this thesis 
The goal of our work is to introduce solutions for the unsolved problem areas described 
in the previous section. Numerous tasks need to be solved and all parts can not be 
included in one licentiate thesis. We have therefore focused on two main areas that will 
be described separately: 
 

• Research question 1 
Design a human-free technology for assembling of ready-to-eat meals 
with the prerequisite that it can be operated with little knowledge and 
experience in both robotics and computer science. 

 
• Research question 2 

How can delicate products that vary in size, shape and mechanical 
strength be grasped most effectively in a flexible robot cell? 

 
 

1.5 Organisation of the thesis 
This thesis is divided into five chapters:  
 
Chapter 1 
We introduce the topic and give an introduction to the automation situation in the food 
industry. A literature review about different types of automation in the food sector is 
described with particular focus on flexible solutions. A typical production layout for 
ready-to-eat meals is further described. Differences between the industrial situation 
today and future needs are discussed and requirements for the future food factory are 
stated. The motivation of this work is thereafter stated and the two main research 
questions of this thesis described.  
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Chapter 2 
The first main topic included in this work is the formulation of a human-free flexible 
assembly technology for ready-to-eat meal from meal designing through manufacturing 
to its final packaging in the factory. The first part consists of a description of the 
general concepts and definitions used in the research field of computer integrated 
manufacturing (CIM) and related work in adjacent areas. The second part describes our 
approach, where visual feedback is used to assemble a wide range of ready-to-eat 
meals. The theory behind the entire concept is described in detail and a prototype meal 
is introduced. 
 
Chapter 3 
For tests and validation of our human-free technology is a laboratory platform 
designed. A discussion about different alternatives for the assembly cell is found in 
Chapter 3 together with a description about implemented hardware and software. 
 
Chapter 4 
Grasping and manipulation of food products is the second topic covered in this work. 
One of the main problems with automatic handling is that food is a biological material, 
characterised by variations in size, shape and mechanical properties. A systematic 
approach to define requirements for robotic handling of delicate objects is described: at 
first, knowledge about different food products are collected through a case study and a 
classification scheme is created where grasping and manipulation is the focus. A 
review follows about state of art in both industry and academia. Both complete 
systems, such as grippers, and sub parts like sensors and control schemes are discussed. 
Finally, grasping and manipulation requirements are stated for automatic assembly of 
ready-to-eat meals. 
 
Chapter 5 
The thesis ends with conclusions and specifies the steps in our future work that 
hopefully can be implemented in an industrial environment for assembling of a specific 
range of products. 
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2 Human-free assembling of ready-to-eat 
meals 
An important need of today’s market is to change the production according to 
continuous changes in customer preferences. Quick development of new products and a 
smooth introduction to the production phase, without involvement of specialists in 
robotics, are prerequisites. Therefore, the overall goal of our research is to work 
towards a human-free flexible assembling technology for ready-to-eat meals. The 
human-free technology should start from the product design (meal design) through 
manufacturing to its final packaging in the factory, equivalent to: 
 

• Computer Aided Design (CAD) 
• Computer Aided Manufacturing (CAM) 
• Computer Aided Process Planning (CAPP) 
• Flexible assembly 

  
This chapter begins with clarification of the flexibility term and continues with state of 
the art in the different steps listed above. Starting with flexible assembly cells and 
continuing with computer integrated manufacturing (CIM). CIM includes CAD, CAM 
and CAPP as well as other computerized tools, and the most relevant for assembling 
will be described. In Section 2.4 and forward the concept is described in details and to 
simplify the reading an example product is introduced in Section 2.4.1. This prototype 
meal is used for illustration through out all stages of the process.   
 

2.1 What is flexibility? 
The word flexibility is used in varying areas, and there are as many definitions as 
researchers. The risk for misunderstandings is big if authors do not state their 
terminology properly. A good review is given in the doctoral thesis of Johansson [18]. 
Different types and levels of flexibility are discussed and there are generally two or 
three types of flexibility in a manufacturing system. Johansson [18] distinguishes 
between static and dynamic flexibility, where definitions of the subheadings below are 
found in [18] [19] [20] [21]. 
 
Static flexibility describes the systems ability to be reconfigured or rebuild off-line, to 
compensate for new products or product variants. Static flexibility can be further 
divided into the following subclasses:  
 

• Variant flexibility describes how well a system is reconfigured for 
previously planned product variants. 

 
• Product flexibility is similar to variant flexibility, but new products and 

variants are not planned for. 
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• Capacity flexibility is used to describe a systems ability to increase or 
decrease its capacity. 

 
• Rebuild flexibility describes a systems ability to be rebuilt for a totally 

different production.  
 
 
Dynamic flexibility describes how well the system acts on different scenarios on-line. 
The system is designed for upcoming situations and dynamic flexibility is divided into:  
 

• Technical flexibility is used to describe the range of technical solutions 
available to handle a specific object. 

 
• Geometrical flexibility is denoting a systems ability to handle objects of 

diverging geometrical shapes. 
 
• Routing flexibility refers to the ability to change the production 

sequence due to unexpected circumstances. 
 
• Change-over flexibility is a systems ability to change between different 

products or product variants. 
 
• Volume flexibility describes how well a system can vary the output 

without off-line reconfiguration. 
 
The terminology described above and in [18] can not be directly used to evaluate the 
flexibility of the assembly technology for ready-to-eat meals presented in this thesis. 
First, the subclasses defined under static flexibility are considered off-line. In our work, 
both variant and product flexibility is considered separately, both on-line and off-line. 
Second, dynamic flexibility in [18] is very comprehensive and some of the included 
parts are not, yet, considered in our work. Therefore, we state a new terminology 
appropriate for the work presented in this thesis including:  
 

• Preparation flexibility 
• Rebuild flexibility 
• Run-time flexibility 

 
Preparation flexibility is here denoted as the on-line part of Johansson’s static 
flexibility, whereas rebuild flexibility is the off-line part. Both correspond to a system’s 
flexibility in the preparation phase, where different products are prepared for 
manufacturing, equivalent to CAD, CAM and CAPP.  
 
Some of the parts described under dynamic flexibility in [18] are included in our run-
time flexibility definition. These three groups are now further described and 
connections to previous flexibility definitions are detailed. Depending on the product, 
different degrees of preparation in needed, e.g. minor or major work. Minor preparation 
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work is needed if all ingredients are previously known to the system, meaning that 
technical solutions for material handling are available. Major preparation work, on the 
other hand, is necessary if completely new ingredients are used, requiring new 
technical solutions and identification parameters to be defined. Minor work is included 
in the preparation flexibility, whereas major works is covered by rebuild flexibility.  

2.1.1 Preparation flexibility 
Preparation flexibility is defined as a system’s ability to introduce new products on-
line, without any hardware changes. Limiting the required system response to be 
strictly on-line, Johansson’s static flexibility definition is thereby sharpened. 
Preparation flexibility is further divided into the following two subclasses:  
 

• Variant flexibility. The ability of the system to introduce new product 
variants on-line without any changes in either software or hardware. 

 
• Product flexibility. Introduction of completely new products, where 

included components are either known or similar to already introduced 
components, meaning no hardware changes are necessary. 

 

2.1.2 Rebuild flexibility 
Rebuild flexibility is defined as a system’s ability to introduce new products, requiring 
software or hardware changes. Consequently, off-line reconfiguration is allowed. 
Rebuild flexibility is divided into: 
 

• Component flexibility. Is similar to product flexibility defined in 
Section 2.1.1, with the difference that included components are 
previously unknown and not similar to already introduced and stored 
ones. Redesign of the hardware is therefore needed, for example new 
grippers. 

 
• Redesign flexibility.  Refers to changes caused by not every day 

circumstances. Major capacity changes and shift in product assortment 
may require new machinery or layout changes. The ability to handle 
these changes is collected together and denoted redesign flexibility. 

 

2.1.3 Run-time flexibility 
Execution or run-time flexibility refers to a system’s adaptability to changes on-line 
during the actual production. The reason for not using dynamic flexibility is that some 
subsections described by Johansson [18] are only briefly considered in this work. Run-
time flexibility is divided into: 
 

• Geometrical flexibility. Refers to how well the system handles 
variation in size and shape of incoming components, both between 
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different objects but also natural variation that characterises many food 
objects. 

 
• Sequence flexibility. Refers to how the product is assembled and how 

flexible the sequencing operation is, e.g. if it can handle a dynamical 
environment. 

 
• Positioning flexibility. Refers to positioning tolerances of incoming 

components and  packages  
 
Preparation flexibility, rebuild flexibility and run-time flexibility are used to evaluate 
the systems overall flexibility. Even though the flexibility term has been decomposed 
into several subclasses it is not possible to quantitatively state the system flexibility. 
Each of the subclasses can, however, be discussed qualitatively and a general opinion 
about the overall flexibility can be made. The system is evaluated in Section 2.5. 
 

2.2 Flexible assembly systems  
The classical type of automation is custom-made and designed to manufacture a 
specific type of product, and was the only type of automation back in the 1940s and 
1950s. Hard automation is characterized by rapid production rates, but at the expense 
of a high installation cost. Changes in the production or introduction of new products 
are difficult due to the low flexibility level of these systems. Today, more flexible 
solutions are sought after in many companies, but there are of course production 
situations still suitable for more dedicated automation, for example where typical low 
value products are produced in long series. 
 
Over the last two or three decades, there has been extensive research on intelligent 
manufacturing, agile manufacturing, flexible assembly cells etcetera. Terminology and 
focus has shifted over the period of time and between different research groups. Some 
research groups emphasize industrial needs, while others are more focused on 
achieving the highest level of adaptability and flexibility. Common for all systems is 
the underlying reasons: the market requires more customer-oriented production, which 
leads to more product variants. An increased number of products put new requirements 
on the manufacturing process. Faster introduction of new products in the preparation 
phase and shorter production series leading to frequent set-ups are examples of 
circumstances aiming towards a more flexible production. 
 
This thesis does not present a complete flexible assembly cell, more a technology to be 
implemented. Therefore, the goal of this section is not to give a comprehensive review 
about state of the art in flexible assembly cells, but to find the most important aspects 
to consider during the design and implementation. As this thesis is directed towards the 
food sector, focus is on flexible solution within this segment. However, only one 
system is found within the food sector. The lack of flexible automation in the food 
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industry naturally turns our attention to benchmarking electrical and mechanical 
industry. Gröndal describes in [22] the similarities between the different areas and how 
the benefits from benchmarking might contribute to the food industry. Pearsson also 
discusses similarities in [23], where the short product life and just-in-time production 
(JIT) are the same for food and mechanical industry. The main difference is the specific 
product characteristics apparent in the food industry, and the high hygiene 
requirements. 
 
Assembly of snack-foods 
Williams, Rowland and Lee [24] [25] have developed a robotic technology for 
assembling of sandwiches and pizzas by a robot using teaching by example. A camera 
and a laser create a 2.5D profile of the scene and location. Features like shape, 
thickness, orientation and surface profile are measured. Two different scenarios are 
tested and reported: 
 

• Spreading of different substrates on a sandwich or a pizza base, such 
as grated cheese.  

 
• Placement of different components on a sandwich or a pizza base, for 

example cucumber slices or chicken pieces. 
 
The goal of the research project was to develop an assembly system where introduction 
of new products is possible without any reprogramming. Teaching of a new product is 
done in a number of sequential steps. First, it is necessary that included components are 
pre-taught to the system, scanned and analysed one by one. Second, the substrate is 
scanned, e.g. the sandwich or the pizza base. Finally, each component is added one at 
the time by the operator and a new scan is made after each operation. Position and 
orientation of new components are derived from the difference in the present and 
previously taken image scan. Experimental tests have showed good repeatability and 
the failed test runs in [24] is denoted as gripper failures, which was outside the scope of 
the work as a temporary gripper was used to validate the technology. 
 
The system seems to fulfil the stated goals. However, there are limitations. First, the 
approach is dedicated and can not be applied to more general products. Second, the 
teaching phase becomes tedious and time extensive for even a small number of 
ingredients. Third, the assembly sequence is the same as the teaching sequence, which 
makes the system less adaptable to a dynamically changing environment. Apparent 
problems include missing components, gripper changes and cleaning operations.  
 
Agile manufacturing workcell 
At Case Western Reserve University, USA, extensive multidisciplinary research was 
conducted during the second half of the 1990s. An agile manufacturing cell was 
developed for assembling of light mechanical products. Agile manufacturing was very 
popular in the 1990s and, similarly to the flexibility term described in the previous 
section, there is no clear definition. Generally speaking, flexibility is used in a more 
narrow perspective, whereas agile manufacturing covers flexibility issues and adds 
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other concepts, such as just in time (JIT) and total quality management (TQM). Quinn 
and Causey [26] discuss different definitions found in the literature and state common 
similarities as: “The ability to manufacture a variety of similar products based on what 
may be changing customer needs”. This definition is suitable in the ready-to-eat meal 
segment that is characterized by shorter lifecycles and an extensively growing product 
assortment.  
 
The workcell is described in [26] and in [27] are conclusions drawn from the entire 
project, together with design guidelines for key areas in agile workcells. A constantly 
repeating statement is how to find the compromise solution between the general case 
and the more dedicated. Relevant parts for the work presented in this thesis include: 
 

• Feeding solutions. The two extreme cases are described, e.g. bin 
picking and picking organized items from a conveyer belt. In many 
production situations are neither of these approaches suitable and a 
flexible part feeders has been developed [28], which is appropriately 
flexible. 

 
• Gripper design. In a flexible cell a wide variety of components are 

handled and the grasping operation can be solved in different ways. At 
one side of the spectrum is an anthropomorphic hand that can grasp a 
wide range of components. On the other hand of the spectrum, 
dedicated grippers are developed for a specific type of components. 
The solution in [29] is an agile gripper consisting of different tools on a 
rotary wrist. 

 
• Sensing. In [27] is the need of sensor in assembling described and the 

more sensors used, the more complex and time consuming the process 
becomes. An agile vision sensor is described and used for detection of 
different assembling errors. 

 
These areas are strongly related to grasping of food components and proposed solutions 
and guidelines for assembling of ready-to-eat meals are detailed in Chapter 4. 
 
MARK I, MARK II, MARK III and MARK IV 
Several generations of assembly cells have been developed at the Royal Institute of 
Technology (KTH), Sweden. The first, MARK I, presented in the mid 1980s, was 
designed for research work. The next versions aim towards industrial applications and 
the latest is described in more details. The MARK III [30] is developed from the 
previous versions of flexible assembly cells at KTH, e.g. Mark II [31] and MARK IIF 
[32]. Even though these systems seemed too meet the industrial needs, no breakthrough 
of interest came from the manufacturing companies. As a consequence of the weak 
industrial interest, a critical investigation was done. The results showed that there were 
several aspects not considered or wrongly handled in the previous systems, both 
developed by the investigators at KTH and at other institutes. The basic concept from 
MARK II, the sub-batch principle, was still a central part and a reversed material flow 
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was further used, meaning that one rail-mounted robot moves to the parts instead of the 
conventional approach, where the components are fed to a fixed robot. The sub-batch 
principle, described in [31], minimizes gripper changes dramatically. A product is 
composed of different components and it is unlikely that one gripper can handle them 
all. For illustration, a product is composed of two components requiring different 
grippers. By assembling a batch of 20 products component by component, instead of 
one product at the time, only one gripper change is needed for the entire batch 
compared to 20, if the products are manufactured serially. In MARK III, the assembly 
is performed on the moving cart with the robot, but it is also possible to organize the 
conveyer system to circulate products to the robot, which is the case in previous 
systems. 
 
A key issue for flexible assembly cell developers, results from the critical review, is to 
incorporate the flexibility needed to handle unpredictable changes in the production 
several years from now, which was identified as missing in earlier systems. To correct 
this, MARK III is designed for stepwise automation to compensate for capacity 
changes. Introduction of new parts, difficult to assemble automatically, leads to the 
incorporation of a manual assembly station. Other important industrial aspects are the 
possibility to have different feeding solutions, fast and simple introduction of new 
product variants and simple programming solutions. 
 
MARK III is developed to be a standard assembly machine where different parts are 
designed for the actual application. No efforts are, however, put on gripper design and 
feeding solutions. The same yields for later research presented in [33], where a system, 
Mark IV, is created for stepwise upgrading from manual assembly, through semi-
automated to a fully automated assembly line. Key issues mentioned are modularity, 
standardization, and synchronisation of equipment and leaving the robot solution open 
for changes. 
 
RoBlock 
At the University of Southern Denmark a project on intelligent manufacturing system 
is ongoing. The project is interdisciplinary and the goal is to demonstrate progresses in 
relevant areas of intelligent and flexible manufacturing. Three key areas of such a 
project are identified: product phase, planning phase and finally the manufacturing 
phase. Unlike the two systems reviewed above, RoBlock is not intended to be directly 
applicable in an industrial environment, but to develop methods for customer oriented 
production [34]. The work so far focuses on the planning and production phase. The 
production cell consists of a turntable, a robot and a 3D-vision system. Contributions so 
far are foremost in the area of visual recognition and dynamic planning. The vision 
system shows promising results for detecting randomly placed and oriented objects on 
a table or a conveyer belt [35]. A similar system would be useful for our work in the 
future when logistics within the production cell are concerned, which is not the scope 
of this thesis. The planning module shows that it is possible to develop assembly 
systems for small batch production.   
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Conclusions 
In the previous paragraphs, different flexible automation cells where reviewed and 
compared. It is clear that published material focus on the production phase, whereas 
product development and introduction of new products is described on a more general 
level. The importance of having an open architecture to enable fast and simple 
introduction of new equipment or new products is stated. Modularity, both hardware 
and software, are underlined together with the need for co-operation between product 
developers and production engineers. 
 
The assembly of snack-food project is in many ways similar to this work. The product 
and the assembly process are examined and the solution is an engineered technology 
for the specific task. The same yields for the work in this thesis where product specific 
features and present production situation initiated and stated the goals. The RoBlock 
project on the other hand is not aiming at any specific product or process, but to 
evaluate general solutions that can be used in flexible intelligent assembly systems. 
Advanced vision and co-operating robot arms are examples of interesting parts that 
most likely are applicable in future improvements of our assembling technology. The 
other systems described are examples of big projects within the manufacturing area and 
provide valuable guidelines for researchers and developers of flexible assembly 
systems. 
 
Tichem, Storm and Vos give their opinion about the needs for a commercial 
breakthrough of flexible automation [36]. One of the main problems for flexible 
assembly cells is the gap between academia and its researchers and the users in the 
industry. Many researchers try to develop intelligent systems capable of handling as 
complex situations as human operators. This is often not reliable enough for industrial 
implementation leading to more dedicated and task specific solutions in companies 
with a production big enough for dedicated automation. In [36] it is suggested that the 
automation process should be rationalized instead of trying to mimic manual tasks with 
for example a robot. From a research viewpoint is this rationalization process affecting 
the following three areas: the assembly process, the product design and the assembly 
equipment. These three areas also acts as the main part of this thesis and the assembly 
process or assembling technology is detailed in Section 2.4, whereas the assembly 
equipment is described in Chapter 3 and Chapter 4. Chapter 4 also includes suggestions 
for modified product designs in order to make the assembly more suitable for 
automation.  
 

2.3 Computer Integrated Manufacturing 
Computer integrated manufacturing (CIM) spans a wide range of different tools and is 
used in very different areas. The focus of this thesis is in the area of manufacturing, 
starting from design and preparation of the product and ending at the actual production. 
The basic blocks are: Computer aided design (CAD), Computer aided manufacturing 
(CAM) and Computer aided process planning (CAPP).  Integration of these parts is 
complex and it is difficult to combine already available modules. One of the main 
problems is data transfer. In a manufacturing case are there generally two types of data 
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to be transferred through out the development chain: constructive, e.g. geometric data 
describing the part and technical data, e.g. a description of how the part is to be 
machined. The different modules are described in Section 2.3.1 and Section 2.3.2 in 
more details with focus on parts relevant for assembling of ready-to-eat meals.  
 
Ötles and Önal give a brief introduction on new areas in the food industry that would 
benefit from extensive use of computerized tools [37]. A range of different softwares is 
briefly introduced. Tools are used in widely different areas from product design with 
aspect to nutritional content and physical structure to the design of complete process 
lines with its respective equipment. There are also many applications for heat and mass 
transfer as well as for hygiene considerations. The more traditional meaning of CAD 
and CAM used in the manufacturing and automobile industries are not used today.  

2.3.1 Computer Aided Design / Computer Aided Manufacturing 
Today, engineers use computerized tools during the entire design of new products and 
there are several different systems available on the market, such as AutoCAD, PRO 
Engineer and IDEAS. These tools are continuously evolving and new features are 
added to each new version. Today, it is common to create solid models of products and 
run simulations in artificial environments that are embedded in these CAD-packages. 
Design errors and obvious difficulties in the manufacturing and assembling stages can 
thereby be identified at an early stage, with considerable time and cost savings. 
Computerized design and simulation tools also make it possible to share prototypes 
between different departments in a company, so that production engineers can give 
their opinion in the early product design phase and simplify for the actual 
manufacturing.  
 
There are numerous tools developed to help product designers and manufacturing 
engineers. Design for assembly (DFA) includes different principles that simplify 
assembling of a product. There are numerous variants and methods presented in the 
literature with slightly different focus. Earlier publications focus on the product 
development, instead of simplifying the actual assembling operation. Systems aimed 
towards assembling are focused on manual assembly. Therefore, Eskilander’s thesis 
[38] is more useful for developers of flexible assembly cells. Eskilander’s method, 
DFA2, is intended for automatic assembly. The main purpose of DFA is to improve the 
product design with aspect of assembly simplification, without reducing the product 
functionality. For robotic assembly it is desirable to design parts for simple 
transportation, grasping and mating.  
 
After the design phase, the product is prepared for manufacturing. Today, this step is 
done in the computer and most software has different modules with simple data transfer 
in-between, for both design and manufacturing preparation. Automatic generation of 
manufacture instructions for numerically controlled machines (NC) from a CAD 
drawing is standard practice in the manufacturing industry [39]. Often a small portion 
of process planning and scheduling is embedded in these systems, but limited to sub 
parts and basic operations. For more complicated products, manufactured in multiple 
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set-ups with different tools, more advanced planning and preparation programs are 
needed [40]. 

2.3.2 Computer Aided Assembly Planning 
The planning phase is often described as the link in CAD/CAM. Assembly planning of 
all types of products is a complex operation where a huge amount of information about 
different steps is needed to generate a valid plan. Traditionally, an experienced planner, 
with deep knowledge in the area, does this manually. The lack of reliable and general 
systems has led to this extensive involvement of human expertise [41]. Generated plans 
are subjective and each planner comes to a unique plan. There is, consequently, a risk 
that the final plan is not the best. Automation can avoid this providing objective and 
consistent plans. To do this automatically is however difficult for several reasons: 
 

• The problem of finding the optimal sequence is similar to the old 
travel salesman problem, which is NP-incomplete and the only known 
solution is to try all possible sequences and compare them in order to 
find the optimal one. Hence, the problem expands to uncontrollable 
size for even few included parts. For example, it is possible to 
assembly a product consisting of four components in 24 different 
sequences, while there are 40320 possibilities for an eight-component 
product.  

 
• Products often consist of a large number of different components. 

Assembling is the process of joining all initially separate parts into a 
stable product. A lot of constraints besides the geometrical description, 
drawing, of the product are needed to enable correct and consistent 
assembly planning of the product. Different set-ups and fixtures for 
sub-assemblies, tool changes and cleaning operations are examples of 
required information. A sub-assembly is an intermediate step of an 
assembly, and each product will go through a series depending on 
product complexity. During the planning phase it is important to make 
sure that, regardless of assembly sequence, all sub-assemblies are 
stable. Further, it is important to ensure that all operations are 
geometrically feasible. An operation is geometrically feasible if it is 
possible to align a part with a sub assembly without collision. Stability 
and feasibility constraints are therefore needed. It is, however, difficult 
to identify all information about these in advance without time 
exhaustive disassembly and assembly trials. Previous experience has 
showed that automatic assembly planning is not suitable for complex 
assembly problems. Simpler assemblies based on only translation and 
one axis rotation is, on the other hand, more applicable to automatic 
assembly planning   
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• Modifications of the product design or resource availability drastically 
change the situation and make a good plan useless even for very small 
changes. A reliable system must therefore be designed for a dynamical 
environment.  

 
Description of the product and extraction of relevant features and the optimization 
problem is different. As a consequence, in the literature automatic assembly planning is 
divided into two sub problems:  
 

• Generation of feasible assembly plans. 
• Optimization to find the most suitable plan. 

 
To ensure the best possible plan detailed conditions are needed which together provides 
the level of expertise as a manual planner has collected by experience. These conditions 
are often represented as assembly constraints and common practice is to differentiate 
between hard and soft constraints [42]. Hard constraints are mandatory and can not be 
violated. These are used for the generation of feasible assembly sequences. Examples 
of hard constraints are geometrical and stability constraints. Soft constraints are used to 
introduce intelligence and expertise in the planner, which is used in the optimization 
process where the best sequence is identified. For each condition a number of decisions 
can be made, which generates a specific cost. The goal is to minimize the total cost 
considering all conditions. The different steps of assembly planning are described in 
more detail in the subsequent sections.  
 
Generation of feasible plans 
Software’s with both CAD and CAM modules are used at research laboratories and 
throughout the industry. The goal of incorporating planning modules with these 
CAD/CAM systems has been approached in different ways. The first work on assembly 
planning, where tedious assembling and disassembling trials are excluded, is presented 
in the early 80s by Bourjault [43]. The method is based on liaison sequence analyse, 
where a network is created from the part list and the assembly drawing. Nodes 
represent a part of the product and the connecting lines in-between nodes represent a 
user-defined relation, a liaison. Generally, relations are different connection or contact 
constraint, but the method allows the user to define product specific liaisons. A 
computer program generates a set of questions for each liaison, answered by a human 
expert operator. The questions are answered with yes or no and stated in the following 
form: 
 

• Which connections must be done prior the present one? 
• Which connections must be done after the present one? 

 
These questions are stated in different steps and depending on the answers, different 
precedence constraints are created and all feasible assembly sequences are generated 
algorithmically. Improvements presented by De Fazio and Whitney [44] proposed a 
method with many similarities, but with the advantage of a smaller set of questions. 
This is an n-interactive approach, where the number of precedence questions grows 
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extensively for complex products. The method is unsuitable for the operator for 
different reasons: first, it is time consuming and difficult to retain focus for a large set 
of questions. Second, it is often difficult to give correct answers to all questions for 
complex products. According to the authors, automation of the tedious question-
answering procedure is possible if the precedence conditions could be incorporated 
with the CAD model and stored in a database. Excluding these manual tasks, which can 
take up to a day for a complex product, the system becomes more adaptable to a 
dynamically changing environment. 
 
De Mello and Sanderson highlight their doubts about a computer program answering a 
set of questions only from a description of the assembly. They propose in [45] an 
algorithm that uses generated assembly sequences from a relational model of the 
assemblies. The model includes geometry of the parts and their contacts, but in addition 
also how the parts are attached. Information about the connections is needed and it is 
assumed that every sub assembly is stable. A sub assembly is stable if added parts 
remain in the intended configuration after each operation. The reversed order of 
assembly planning is adopted, which is the most widely used since then. The method 
begins with the assembled product and each feasible disassembly is done sequentially 
and the iteration continues until all parts are removed. The desired assembly sequence 
is achieved by reversing the feasible disassembly sequence.  
 
Described systems in the literature are similar in many aspects. Basically, systems can 
be divided into two groups: first, simulation environments where an expertise operator 
interacts with a computer program, e.g. improvements of De Fazio and Whitney’s 
approach [44]. Second, completely automated systems where more refined product 
descriptions and representations are used, which is more similar to De Mello and 
Sanderson’s approach [45]. 
 
There are different ways to represent assembly sequences. Each individual sequence is 
a list of actions and all sequences can therefore be summarized in a precedence 
diagram. The representation is simple and is simple to understand. However, among the 
drawbacks are that operations must be performed serially and that the number of 
operations is fixed. The amount of data grows quickly and for products with many parts 
precedence diagrams quickly grows to an unmanageable size. A more compact and 
flexible representation is to use AND/OR graph, which is introduced by De Mello and 
Sanderson in [46] and further used for their planning system in [45].  
 
Optimization to find the most suitable plan 
Finding the optimal assembly sequence is a NP-incomplete problem meaning that 
heuristic methods are needed in order to find the correct answer. Different methods and 
algorithms are used to find an almost optimal solution. A commonly used algorithm is 
simulated annealing and provides good solutions for many combinatorial optimization 
problems. Milner and co-workers presented good results by using this method to select 
least-cost assembly sequences for products with a high number of possible sequences 
[47] 
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Assembly planning systems 
Planning assembly sequences has been an intense research area over the last twenty 
years with different approaches. Until today no complete systems are implemented in 
industry, but several systems are running at elaboration scale level. 
 
The quality of a generated assembly plan, especially if optimized, heavily depends on 
present constraints, extracted by the system or stated by a user. Jones, Wilson and 
Calton presented a broad review over present constraints in interactive assembly 
planning [48]. The most common constraints are stored in a library, from which the 
user can choose appropriate ones during the planning. Constraints are implemented as 
filters and the authors state the need for continuous interaction during the entire 
planning phase. According to the authors, it is impossible to define all constraints in 
advance, which leads to an interactive planning environment. This system is one of the 
building blocks of their developed planning system Archimedes 2 [49] 
 
Archimedes 2 is one of few complete systems found in the literature. The system is 
automatic and the entire process, from a detailed product description through 
generation of an optimal plan to the final code generation for the actual robot 
assembling, has been demonstrated. The planner does not work with interactive 
questions, instead rigorous information of information is given as input. First, a solid 
model of the assembled product is provided. Secondly, information is given about part 
connections, recommended subassemblies and assembling motions.  The alternative is 
to develop algorithms for automatic information collection. The authors claim that the 
time gain of giving part of this information is great, especially for complicated products 
that are even impossible to solve algorithmically. Besides this input information, a 
number of important assumptions are stated. The most important are completely rigid 
components, availability of sufficient grippers with detailed information about the 
working range and finally that all motions are translation insertions from above. 
Depending on the purpose different outputs is available, for example textual plans, 
animation of plans, animation of entire the workcell and code generation for the robot. 
Up to this stage of the planning, the system is automatic. The time consuming 
optimization process is reduced significantly by added subassembly suggestions from 
the operator in an iterative manner. These suggestions are stated after the operator has 
looked at animations. Finding the balance between algorithmic solutions and these 
manual guidelines is essential for future research and is to high extent product 
dependent. 
 
Thomas and Wahl presents their automatic planner in [50], which in contrast to 
Archimedes 2 is not interactive. CAD-models, symbolic spatial relations and 
description of the workcell are used as input. A number of assumptions are stated: rigid 
components, locations of objects in the workcell are predefined and grasp positions for 
each object is pre-specified. The method of assembly by disassembly is used to 
generate all feasible sequences, where the assembly is an undirected graph. All 
generated sequencers are represented as an AND/OR graph. For evaluation and 
optimization, predefined user criteria’s are used to calculate the cost for each possible 
sequence. The hyperarcs in the AND/OR graph is evaluated with respect to 
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seperability, parallelism and reorientation. While the nodes, different sub-assembly 
states, are evaluated according to a stability criterion. The chosen assembly plan is then 
decomposed into skill primitives. Detailed information of the workcell and an 
extensive library of possible skill primitives are used. A skill primitive is a sub-part of 
an operation, for example is the grasp operation composed of grasp approach, grasp 
generation and depart grasp. These are further used for automatic robot code 
generation. 
 

2.4 Our concept 
Characteristics of the product to be assembled gave us the idea of an unmanned 
technology for assembling of ready-to-eat meals.  A survey of the Swedish ready-to-eat 
meal market, described in Section 4.1 and [1], shows that a typical product consists of 
four different components of varying quantity. Components are placed in 
approximately one layer, which simplifies both the identification and assembly. Some 
parts might be partly overlapping, but these are mainly of decorative nature such as 
vegetables, herbs or sauces on top of another component in the dish. Viewed from 
above all parts of the dish are partly or completely visible. This gives the opportunity to 
identify and quantify each included component from one picture. From this stage, 
where all components are identified and quantified, it is rather straightforward to obtain 
relative positions of the components in the package, e.g. create a product drawing. 
 
The low number of different components and the topography simplifies the assembly 
planning. The product structure renders it possible to use basic operations during the 
assembly. This is favourable both in the production phase, where simple pick-and-place 
operations from above can be used, but also during the assembly planning. A simple 
motion scheme makes it possible to exclude time consuming and expensive collision 
avoidance modules. The final advantage is the placement accuracy. A displacement 
error of a couple of millimetres will not influence the overall product quality, which is 
determined by the human sight. In [25], it is stated that five millimetres error is within 
the tolerance range of a human eye. This is a completely different situation compared 
to the manufacturing sector, where fine tolerance fittings are apparent like peg-in-hole 
operations. The main problem, however, is grasping of the components and securing 
the hygiene, which will be described in Chapter 4. Altogether, it is possible to 
implement an automatic assembly planning, which is the main gap in previously 
reported work in the literature, and thereby achieve a completely unmanned 
CAD/CAM/CAPP chain. 
 
To accomplish the goal the general concept of building computer-integrated 
manufacturing systems is adopted, but properly knitted and amended by certain level of 
intelligence. The main stages, briefly introduced above, are considered: 
 

• Off-line stage, including CAD, CAM and CAPP. 
• On-line stage, namely the production itself. 
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All stages should be performed automatically and the human operator’s task is to 
decide the mode of the system, e.g. teaching of new meals off-line or the actual 
production on-line. It is a prerequisite that an operator, with low knowledge in both 
computer science and robotics, can control the cell. Therefore, a windows user 
interface is created where the operator simply can initiate the tasks. Introduction of new 
product variants is further possible without any reprogramming. The different stages 
for off-line and on-line mode are now described in detail.  

2.4.1 Off-line stage 
2.4.1.1 CAD Computer Aided Design 
Development of new meals is normally done in a laboratory kitchen. The chefs design 
meals with aspect to taste, smell and appearance in the meal situation, with less 
concern regarding how it is manufactured. Most consumers want to be tempted visually 
before they eat and the product quality of a meal is highly based on the variance in 
colour, texture, shape and size of the meal components. This is a contradiction to 
concepts like DFA and group technology, described in Section 2.3, where the aim is to 
standardize and minimize variation of included parts. As a consequence, natural 
variation has to be allowed in the component (ingredient) and all parts of the system 
must be designed to handle these variations 
 
Our work is directed to the final assembly of pre-processed components. It is therefore 
assumed that all included components are present at the assembly stage. The CAD 
phase is divided into two parts:  
 

• Component design, where important features, used to segment the 
component in the meal, are defined. 

 
• Meal design, where the pre-taught components are combined in 

different ways. 
 
 
Component design 
Component design logically proceeds the meal design phase, meaning that all included 
components are pre-taught and thoroughly specified. A new component is introduced 
by showing an image or a sample for a computer vision camera. In addition, the 
operator manually fills in a form of important features needed for the identification. 
The aim of this work is not to develop new image recognition algorithms, which is the 
core subject of a parallel work. Initial results of this project present a new method for 
visual quality evaluation. The system links sensory panel data with the information 
from a computer vision system and the following image analysis. Each component of 
the meal is segmented and relevant features are extracted. A self-organising feature 
map, based on neural network, is trained and then used to discriminate approved meals 
from invalid ones [51]. So far, only a few components are introduced and until results 
from that work are implemented basic segmentation methods are used, to validate our 
technology, based on colour, size and shape. Characteristics from manipulation 
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viewpoint are further stated to simplify gripper choices later on. Object data is finally 
stored in an object description file, accessible in later stages of the production cycle.  
 
Meal design 
The different stages in the developed technology are now described in the following 
sections. We introduce a prototype meal to simplify the understanding of the different 
stages. The artificial meal is composed of potatoes, hamburgers, ketchup, salad and 
sauce. The meal does not fulfil all the requirements for a commercially available ready-
to-eat meal, but serves as demonstration product throughout this thesis. Figure 5 shows 
a sketch of the artificial prototype meal.  
 

P1

P2

P4

 
P5 P8

P3

P7
P6

 
Figure 5. Sketch of the prototype meal. 

 
A computer vision camera captures a picture of the desired meal prototype, see Figure 
5. First, the plate or package is identified to limit the search area in the subsequent 
operations. The operator defines a suitable meal name and starts editing the recipe from 
a list of available components, see Figure 6.  

 

 

Figure 6. Snapshot from the user interface. 
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The components are identified and quantified one by one from the recipe and the vision 
system returns an array of its features: 
 

• Shape, size and colour, e.g. oval yellow potatoes, spherical brown 
meatballs, sauce packed in flat grey rectangular bags. 

 
• Topology in terms of position and orientation of the components and 

possible occlusions indicate layers in the dish. 
 
 
The quantity of each type of component is counted automatically with the following 
result: 
 

P = {P1, P2, P3, …, Pi}  P is the complete set of components 
 

V = {V1, V2, V3, …, Vj} V is the subset of jth component 
 
 

Potatoes V1 = {P1, P2, P3}  
Hamburgers  V2 = {P4, P5}  
Ketchup V3 = {P6} 
Salad  V4 = {P7} 
Sauce  V5 = {P8} 

 
 
2.4.1.2 CAM Computer Aided Manufacturing 
The CAD step provides the essential geometrical and topological description of the 
designed meal, with positions in image co-ordinates. It is further transformed 
appropriately to a specification needed for robotic assembly, i.e. into geometric co-
ordinates with respective to a virtual centre of the package in which the meal has to be 
assembled. This approach enables free positioning of the package during 
manufacturing. The geometric co-ordinates are derived after applying series of co-
ordinate transformations according to the vision camera calibration. Each component 
position is defined as a distance vector and its angle with respect to a virtual origin of 
the robotic workspace. In Figure 7 is a symbolic drawing and Table 1 shows data, as it 
is stored in the meal database. Table 1 is the actual input to the production planning 
described in the next section of this thesis.  
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Figure 7. Geometric co-ordinates and list for database storage of the meal prototype. 

  
 

                         Table 1. Meal coordinates and occlusion constraints 
Centre position  

Component 
Radius Angle 

Orientation 
angle 

Occluded by 
object 

P1 Potato R1 �1 �1 P4 

P2 Potato R2 �2 �2  
P3 Potato R3 �3 �3  
P4 Hamburger R4 �4 �4 P6 

P5 Hamburger R5 �5 �5  
P6 Ketchup R6 �6 �6  

P7 Salad R7 �7 �7 P3 

P8 Sauce R8 �8 �8 P5 

 
 
2.4.1.3 CAPP Computer Aided Process Planning 
The results from the initial CAD/CAM stages, showed in Table 1, are stored in a 
database for fast reuse in future production series. From previous steps, it is clear 
where to place each component. The major gap to be filled, the main task of the CAPP-
module, is to assign production resources and to determine the assembly sequence.  
 
Different components require different handling and are, as stated in Chapter 4, more 
or less suited for robotic assembly. For certain objects, such as sauce, it might be more 
efficient to use dedicated filling machines. Our believe is to uniform operations and use 
robotic pick-and-place operations as much as possible. Pre-packaging etcetera, 
described in Chapter 4, enables our approach. The architecture is, however, designed 
for additional equipment, such as more than one robot or dedicated filling machines. 
Especially when the sequencing part changes with more than one assembly robot, 
compare single-machine scheduling and multi-machine scheduling.  
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Every meal consists of a number of sub-tasks, represented as a row in table1. Every 
sub-task consists of a pick-and-place operation with a separate gripper allocation on 
top. These operations are presented in the form of: 
 

Gripper-allocation 
 
if  (Active_Gripper) 
   Pick-and-place 
else 
   Change_gripper 
   Pick-and-place 
end if 
 

 
Pick-and-place 
 
move_to <pick position> 
   orient_gripper_to <alfa> 
      pick 
         move_to <place position> 
             orient_gripper_to <beta> 
                 place 

 
The latter part, the pick-and-place operation, is handled on-line in the production phase 
and consists of a number of co-ordinate transformations. These operations are similar 
to those conducted in the CAM phase, but in reversed order. More details follow in 
Section 2.4.2. For gripper allocation, on the other hand, more advanced logic and 
planning are needed. This is described in the next section on assembly sequencing. 
 
Assembly sequencing 
Many of the reasons, stated in the literature, for having interactive assembly planners 
instead of automatic are less apparent in the food industry. A survey of the Swedish 
ready-to-eat meal market shows that a ready-to-eat meal consists of 4-6 different types 
of components, Section 4.1 and [1]. The low number of components makes the 
optimization problem solvable by heuristic methods in reasonable time. The design is 
simple, as mentioned before, with all components in a layered structure in the package. 
There are no positions that are difficult to reach for the robot and all operations are 
simple pick-and-place operations. Only translation or one-axis rotations are needed, 
which is a prerequisite for human-free process planning [52] [53]. The fact that all 
assemblies are linear from above ensures that there is enough space for the robot and 
gripper to place the component in the correct place. Path identification with collision 
avoidance can thereby be excluded which often is the most expensive part of the 
planning phase.  
 
Another constraint that is hard to identify automatically is how different parts are 
mated and if generated sub-assemblies is stable. This information is often given up to a 
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certain extent to speed up planning [48] in existing systems. Parts are often restricted to 
have a specific surface and only a specific number of mating is implemented. In the 
case of assembling of ready-to-eat meals the different parts are only placed on the plate 
or on top of another component. The topological information and interaction of 
different components are all extracted from an image, as described in the CAD section. 
Hence, the product is in a stable configuration, so as all sub-assemblies. 
 
Many researchers, see Section 2.1, employs the strategy assembly by disassembly in 
their planners. The advantage with planning by disassembly is that the number of 
feasible plans is reduced significantly. Instead of testing all assemblies and ending up 
in a dead end only feasible ones are tested. However, this approach requires that all 
operations are mutually reversible and that all products are perfectly rigid. For food 
product is this not the case and many products are semi-solid which makes this 
approach unsuitable.  
 
Our approach is like most work in the area divided into finding all feasible plans and 
then identifies the optimal or semi-optimal one. Generation of feasible plans is based 
on a set of hard constraints, which are extracted from the prototype image during the 
teaching phase. A set of user-defined soft constraints is used in the optimization, where 
a cost function is minimized with respect to considered factors. The two different types 
of constraints are now described in more detail, followed by description of the 
generation and optimization of a prototype product, the same as in previous stages.  
 
Hard constraints 
Geometrical descriptions of included components are extracted in the teaching phase 
and stored in the meal database. A topological map is further created, where relations 
between different component are denoted. Ready-to-eat meals are, as mentioned 
earlier, composed side by side or in few layers. Depending on the type of component 
used it is more or less probable that occlusions appear. In [1], available food 
components are divided into three main groups: composed solids, bulk products and 
liquids. The last two are of undefined shape and will form their mass differently 
depending on its surrounding, even if pre-packed in bags. Hence, it is probable that 
these components interact to create a layered topography. For composed solids on the 
other hand, it is not likely that they occlude other pieces, except flat objects. Spherical, 
cylindrical or cubical objects do not possess stable positioning placed on top or partly 
over each other, why these scenarios are negligible. On top of flat objects, or 
interacting with bulk products or liquids, however, are possible configurations. The 
topological information is described as occlusions.  
    
From Table 1, a number of occlusion constraints are extracted:  
 

O = {01, 02, 03, …, 0n} O is the set of occlusion pairs  

O1 = P1 under P4 

O2 = P4 under P6 

O3 = P8 under P5 

O4 = P7 under P3 
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Since all assembling operation is approached from above, occluded components in the 
identified pairs above must be placed first. The production capacity, throughput of 
products per hour or year, is an important measure of the assembly cell’s efficiency. 
Roughly, the total assembly time is divided into cycle time and set-up time. All 
operations are executed sequentially and the time to perform each operation is 
independent of the assembly order. Consequently, factors affecting the total assembly 
time are mainly related to set-up time’s in-between different components, for example 
tool changes or cleaning operations. Therefore, it is desirable to assemble components 
of the same type in a consecutive sequence. This is the case for almost all meals and, 
hence, the occlusion pairs can be transformed as follows: 
 

O1 = V1 under V2 

O2 = V2 under V3 

O3 = V5 under V2 

O4 = V4 under V1. 
 
The assembly sequences are represented as a directed graph G that is a pair of (V, O) 
where V is a set of elements and O is a subset of the set of all ordered pairs, in this case 
the occlusion pairs above.  
 

V = {V1, V2, V3, V4, V5} 
O = {(V1,V2), (V2,V3), (V5,V2), (V4,V1)} 

 

V3V2V1V4

V5

 
The connections in the digraph indicate that an operation must precede another. A 
straight line with single connections between each operation indicates only one feasible 
solution. In this case V5 can be placed arbitrarily before V2, resulting in three possible 
assembly sequences, see Figure 8. 
 

4 1 5 2 3

32

5 14

154

2 3
 

Figure 8. Feasible assembly sequences 
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A convenient way to represent a directed graph in the computer is by a precedence 
matrix A = A(O) = [vi,j] of O is the square matrix of order P, where ai,j = 1 if vi is 
precedence to vj 
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In [54] Moore and Gupta give a thorough description over different precedence 
conditions available in a disassembly process. The application of ready-to-eat meal 
assembling does not involve complex compound conditions. Three cases are present 
and identified from the precedence matrix. 
 
Case 1: 

� =
j

ija 0   

Object vj has no precedents, consequently, a possible entry of the assembly sequence. 
 
Case 2: 

� =
i

ija 0   

Object vi has no antecedents, consequently, a possible exit of the assembly sequence. 
 
Case 3: 

aij = 1 
 
Assembly of vi must precede vj. 
To check if there are any contradictions in the precedence matrix a fast and reliable 
method introduced by Marimont [55] is used. A precedence matrix is consistent if and 
only if every principal matrix fulfils either case 1 or case 2 above. If not, an alert must 
be lightened indicating either error in the generation of the topological map or that 
clustering of components of the same type is not valid for this meal. The consistency is 
checked according to these tree steps: 
 
Step 1. Compute all row and column sums (Real arithmetic sums, not 

Boolean). 
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Step 2a.  For every zero row sum, subtract the corresponding column from the 
column row sums and delete both row and column. 

 
Step 2b. For every zero column sum subtract the corresponding row of column 

sums and delete both. 
 
Step 3.  Repeat 2a and 2b until either all items are deleted, or a residual matrix 

with no zero row sums or column sums remains. 
 
 
Soft constraints 
Expert knowledge should be involved to decide which plan are the better using 
different sub-conditions. We consider the shortest execution time as optimality 
criterion. As described in the previous section, time costs can be evaluated by:  
 

• Different cycle-times for one pick-and-place operation, e.g. more or 
less suitable grippers. 

 
• Different time costs in-between operations, e.g. gripper changes, travel 

times and cleaning operations. 
 
Time costs between operations 
We begin to describe time costs in-between the pick-and-place operations, when this is 
most prominent. Assembling of ready-to-eat meals is straightforward, from planning 
point of view, with no sub assemblies and negligent stability constraints. However, 
there are a number of task specific constraints of importance: 
 

• Ready-to-eat meals are composed of components with very different 
geometry and physical properties. Hence, all operations can not be 
performed with the same gripper.  

 
• Even though the same gripper can assemble different components 

physically, it might be inappropriate from hygienic viewpoint. The 
most apparent risk is that traces of one food component are left on the 
gripper causing cross-contamination during the grasp of another. For 
example, it is not appropriate to grasp fish and vegetables with the 
same gripper without an intermediate cleaning operation. This is 
especially apparent if the feeding trough is not emptied in the present 
production run. Another related problem is the one with allergens that 
must be strictly controlled. Altogether, additional cleaning operations 
are a necessity. Cleaning can be done with the tool dismounted and 
therefore the time cost is equivalent to a gripper change, assumed there 
is a new gripper available during the cleaning operation. Separate cost 
functions for these cases must be addressed and be used as sub-parts of 
the optimization process. 
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• The cell layout has big influence. The demonstration cell consists of 
only one robot that executes all operation, which minimizes the 
assembling constraints related to internal logistics. In an industrial 
production cell, it is possible to have more than one robot or additional 
filling machines for bulk and liquid components. In these cases the 
physical layout of the cell influence the throughput time considerably. 
It is therefore important to consider this aspect during the sequencing, 
in order to prevent long transportation of partly filled packages. For 
this reason our planner is module based and it is easy to add new 
conditions to the total cost function.   

 
From planning point of view, there are no different between gripper changes, cleaning 
operations or transportation delays. Separate cost functions for these cases are 
addressed and are used as sub-parts of the optimization process. Each constraint is 
represented in a modified precedence matrix, where the cost is included. The simplest 
way to demonstrate this is by introducing the example of gripper changes. A number 
of feasible grippers are available that each can handle a finite number of objects: 
 

 
G = {G1, G2, G3, …, Gn}  G is the set of grippers 

available for the robot 
G1 = {V1, V4, V5} 
G2 = {V2} 
G3 = {V3} 

 
 
Each gripper change is denoted in the same way as for the occlusion pairs and a cost 
matrix C = C(G) = [ai,j] of G is the square matrix of order P, where ai,j = 2 if an 
assembly change from vi to vj render in  a time cost, else denoted by 0. 
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Time costs related to the cycle-time 
It is assumed that all components needed for the assembly must be allocated within the 
robot workspace. Hence, the total assembling time, with aspect to the pick-and-place 
operation, is independent of the assembling order. However, the cycle-time can be 
affected if less appropriate grippers are used. At a first glance, it might sound stupid to 
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use less suitable grippers if there are better ones available. But, the total assembly time 
is strongly related to different set-up times, where gripper changes are dominating for 
robotic assembly. Therefore it might be time efficient to use a sub-optimal gripper, for 
a specific component, if this reduces them number of gripper changes.  
 
Generation of feasible plans and cost calculation 
Adding these criteria and looping the available sequences eliminates the last of the 
plans and reduces the optimisation problem to decide between the top two in Figure 8. 
Without any other information this optimisation problem can only be solved by 
simulation or by testing. The optimization process is done in three steps described 
below and the entire planning module is summarized in Figure 9. 
 
 
Step 1a 
Calculation of arithmetic row sums � =

j
ija 0  

Step 1b 
For each row ai where � =

j
ija 0 is a new feasible sequence opened with Vj as the exit, 

last object in the plan. 
 
Step 2a 
For each row, begin checking the corresponding column for a precedence relation. 
 
If aij = 1  
Then ai must precede aj  

 
Add object Vi before the first one in the open sequence. 
 
Step 2b 
For each row, continue with checking the corresponding column for any unconstraint 
objects. 
 
If aij = 0 for all j = 0…j 
Then ai can precede aj. 
 
Add object Vi before the first one in the open sequence. 
 
Step 2c 
The cost for changing assembly from object Vi to Vj is calculated and added to the cost 
summation of the sequence plan. 
 
Cost = Cij 
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Step 3 
Repeat step 2 for each of the rows added in step 2, both precedence objects and 
unconstraint objects.  
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Figure 9. Schematic diagram of the assembly sequencing. 
 

2.4.2 On-line stage 
2.4.2.1 Execution 
The entire operation of the flexible cell is controlled by a real-time vision system. One 
computer vision camera observes the entire workspace of the robot, both feeders and 
position of the dish. The actual assembly consists of a sequence of pick-and-place 
operations, corresponding to the generated process plan. The first step for each new 
product is to capture an image in order to identify the dish position in the robot 
workspace. The meal database consists of the position of each component relative to 
the plate centre (Table 1). Co-ordinate transformation for each component gives the 
actual coordinates of the place operation in robot workspace. After the sequence list has 
been updated with place coordinates in robot workspace, identification of respective 
components on the feeders starts.  
 
The assembling is done object by object in a linear sequence going through the 
optimized process plan until the meal is completed. A command to search for the on-
going component is sent to the vision system that captures an image of the feeding 
zone. The graspable object is identified and its respective pick position and orientation 
is returned. Merged with the updated information in the process plan pick-and-place 
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data are sent to the robot controller. Part of the code written in ABB’s robot pro-
gramming language RAPID for their S4Cplus controller is presented below: 

 
 
Pick.trans:=GetPos; 
Pick.rot:=GetOrient; 
Place.trans:=LeavePos; 
Place.rot:=LeaveOrient; 
 
MoveL Offs(Pick,0,0,-Z),vmax,fine,tool0; 
MoveL Pick,v,fine,tool0; 
Set DO10_2; 
MoveL Offs(Pick,0,0,-Z),vmax,fine,tool0; 
 
MoveL Offs(Place,0,0,-Z),v,fine,tool0; 
MoveL Place,v,fine,tool0; 
Reset DO10_2; 
MoveL Offs(Place,0,0,-Z),v,fine,tool0; 

 
Logistics around and within the flexible assembly cell is a difficult problem especially 
apparent for food products when sticky surfaces and fragile objects leaves traces if 
transported directly on the conveyer belt. Therefore, randomly packed objects in bins or 
more structured on trays are two preferable approaches. In both cases the remaining 
objects are moved after each pick operation. A short wait time is therefore added for 
the remaining objects to stabilize. Consequently, search for the next object in the 
assembly list is initiated shortly after the robot has picked the previous object. A longer 
discussion about transportation issues follows in Section 2.5. 
 
Data of the performed grasp varies depending on the type of gripper attached to the 
robot. More advanced grippers renders it possible to collect data about the grasp while 
the grasp is blind for simpler ones. For the simpler case there is no active way to find 
out whether the robot has succeeded with either the pick or place operation. More 
details about different grippers follows in Chapter 4 and for validation of the 
technology is a simple passive gripper used. The final goal is to assemble a meal that 
matches the initial template. After each place operation the picture of the previous stage 
is compared to a new one. If they are identical the object is either dropped or has never 
been picked at all, resulting in an alert. A similar comparison is done for the feeding 
zone and it can be determined whether the object has been grasped, if not the failed 
operation is repeated. As the camera monitors the situation before each pick-up 
operation as well as after each placement, the system implements a form of visual 
feedback.
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Figure 10. Decision flow during execution. 

 

2.5 System evaluation 
The system flexibility is evaluated by three flexibility criterions defined in Section 2.1. 
The assembly system, described in Section 2.4, is divided into a preparation phase and 
a production phase. The preparation phase is evaluated both according to on-line and 
off-line flexibility, whereas the production phase has one flexibility criterion. Each of 
these three flexibility criterions is further divided and each is described in more detail 
below. 
 
On-line flexibility in the preparation phase is evaluated by variant and product 
flexibility. New meals and meal variants are introduced to a computer vision camera 
that extracts all the necessary information for the assembling. Teaching of the new 
variants is therefore straightforward and provides operation simplicity and a high 
variant flexibility. New products are as simple to introduce if all the components are 
known to the system. Otherwise, data over recognition features must be stated before 
the actual meal teaching.  
 
Unlike preparation flexibility that is high for the system, rebuild flexibility is 
considered to a lower extent. Rebuild flexibility describes the simplicity to introduce 
new hardware or redesign of the cell layout. This is achieved by a modular design of 
the hardware as well as the software. Introduction of new grippers is the most probable 
hardware change for such a system and so far has only simple grippers been used to 
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validate the technology, see Chapter 3 for pilot implementation. However, in Chapter 4 
requirements for the grasping operation of ready-to-eat meal components are described 
and it seems that a wide range of objects can be handled with an appropriate set of 
grippers. Doing right from the beginning would therefore limit the need for additional 
hardware changes and simplify the operation of the assembly cell. 
 
The production flexibility or run-time flexibility is divided into three parts. Positioning 
flexibility is considered thoroughly in this work and is therefore high. The entire 
assembly cell is vision controlled which enables free positioning of both incoming 
components and the package, the plate, within the camera and robot workspaces. Food 
objects are characterized by natural variation in size, shape, colour and mechanical 
properties. How well the system handles the variation is associated to visual 
recognition, but also to grasping and material handling. From recognition viewpoint is 
the geometrical flexibility high, whereas the work with different gripper designs have 
not begun. In Chapter 4, however, analyses and requirements are stated in order to 
achieve a geometrical flexibility with respect to grasping. The assembly sequencing is 
described in section 2.4.1.3. A ready-to-eat meal can be assembled in numerous 
different orders and depending on the situation is one or another more appropriate.  
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3 Pilot implementation 
The developed technology for ready-to-eat meal assembly, described in Chapter 2, 
needs to be tested and validated. For this purpose, we have created a robot workcell at 
the Intelligent Control robot lab at Örebro University. The experimental set-up is 
shown schematically in Figure 11. The set-up consists of one robot and a computer 
vision system. A main computer is used to connect and control included devices. The 
program structure and communication is described in detail in Section 3.1. The pilot 
cell is designed to validate the technology not to do industrial prototype tests. Typical 
peripherals such as conveyers, different grippers, automatic gripper changers and 
cleaning devices are therefore excluded. It is, however, intended to include these parts 
in later stages, e.g. prototype building. The main parts of the system are now described 
in detail followed by a short discussion about improvements and implementation of an 
industrial prototype.    
 

Robot controller

Vision system Main computer

IRB 340

 
Figure 11. Experimental set-up. 

 
Robot 
The main task for the robot is to perform sequential pick-and-place operations. The 
robot choice is not important for validation of the developed technology, but will be in 
the future. There are different robots available on the market and the three main types 
used in the industry today are demonstrated in Figure 12.  
 
An industrial arm robot generally has six degrees of freedom with the links in a series. 
The configuration makes it possible to approach an object in space from any direction. 
This is however not needed for the task and the robot is over dimensioned and slow. 
The big construction is also more difficult to adapt to hygienic production, which is a 
prerequisite in the future.   



46 CHAPTER 3. PILOT IMPLEMENTATION 
  

 

SCARA robots and Delta robots are smaller and faster than industrial arm robots. 
These types are widely used where high speed is required, for example pick-and-place 
operations. Which is the better is hard to tell and ABB 340,”Flexpicker”, is used in our 
pilot cell. The main reason is that this robot was available at the beginning of the 
project. Moreover, there are several installations of the robot in the food industry, 
described in Section 1.1 and illustrated in Figure 3. The fact that the robot model is 
known in the food industry simplifies the industrial adaptability of the work. 
  

 
 

 

Figure 12.  Delta robot, SCARA robot and finally an industrial arm robot. 
 
Vision system 
A vision system consists of image acquisition hardware, a computer and software. 
There are different solutions for the acquisition hardware, but with a digitized image as 
a result. Either an ordinary camera with a framegrabber in the computer or a digital 
camera can be used for this task. A simple web camera is used for initial tests, e.g. an 
Orange iBOT Firewire-based desktop video camera. The frame size is 640 x 480 in 
resolution which is enough for initial tests where the grasp quality is not of highest 
priority.  In an industrial prototype cell, a better camera is a necessity when the big 
work space of the robot require a camera positioning far from the workspace to cover it 
entirely. Our camera set-up covers a limited part of the workspace and thereby is a 
relatively robust image achieved, not too sensitive to noisy pixels. Today’s set-up cover 
about 50% percent of the workspace and each pixel corresponds to three millimetres in 
the real world. It is possible to have a video rate of up to 30 frames per second, which 
is more than enough. A firewire interface, IEEE 1394, is used for fast image acquiring 
for further processing in the software, described in Section 3.1.  
 

3.1 Program system 
One common conclusion from numerous studies on flexible assembly system is to have 
modularity. Modularity is sought after for two main reasons. First, It should be possible 
to change the production volume and stepwise rebuild the system for new outer 
circumstances. Second, it should be possible to use different hardware without 
extensive rebuilding and reprogramming, e.g. type and brand of both camera and robot 
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is not decided in advance. To provide for hardware flexibility the software is designed 
for simple introduction of new equipment from the beginning. 
 
The program structure is divided into three basic modules, each one running on a 
separate computer connected on a local network with TCP/IP communication. It is 
however possible to run the programs on a single PC, but to speed up the image 
processing a separate high performance PC is preferable. Figure 13 gives an overview 
with the robot controller on the right, the vision system on the left and the main 
controller and planner, shadowed, in the middle.  
 

SQL

Ingredient
database

Meal
database

Tool
Database

Control module

User interface

Production planner

TCP / IP
Vision programRobot controller

Robot
IRB340 Camera

TCP / IP

Firewire

Figure 13. Human-free assembly cell architecture. 
 
As much of the decision making and logic as possible is placed in the main program in 
order to simplify for changes and modification of the cells hardware. The main 
program is object oriented and written in C++. Two Microsoft ACCESS databases are 
associated with the food components, one for components and for complete meals. A 
third database is prepared for robot tool information later on. Communication between 
databases and the main program is through structure query language (SQL) questions. 
 
The S4Cplus controller has a main computer embedded for the robot program and 
respective communication with other devices in the cell.  The robot program is written 
in RAPID, which is the programming language used in ABB:s robot controllers. For 
this reason, the amount of code and decision making is kept as small as possible in the 
robot program. A string consisting of the respective pick-and-place coordinates are sent 
from the main program and after a control of the coordinates in the robot program is an 
acceptance sent back.  
 
A vision sensor is used for identification and location of the respective parts in the 
work cell. Details about hardware and communication are found in the introduction 
part of Chapter 3 about vision. The main task for a vision system is to identify and 
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describe an object in a scene. The core part of this thesis is not to develop new image 
recognition algorithms. Therefore, available software developed at AASS, Örebro 
University, is used and properly modified for the application. The software, CAMCAP, 
is developed as a part of a master thesis and additional libraries was used to speed up 
the development process [56]. Drivers for implementation of the firewire camera are 
taken from 1394Camera library from Carnegie Mellon University [57]. The open 
source image library, OpenCV, was used for implementation of different image 
processing algorithms [58].  
 
Information used for the assembling of the ready-to-eat meals is provided from the 
visual information taken by the camera. The vision system is therefore set as a server 
listening to a specific port via TCP/IP connection. The main program can thereby send 
commands to the vision system according to a pre-specified protocol. The protocol is 
built to fit a request from the main program, e.g. loading or tracking of an object. The 
vision program is thereafter sending the respective response back to the main program. 
The main program receives the object features as a string. At this stage, an identified 
object is associated with its position, size, area, and rotation angle with respect to the 
robot workspace. The main program is divided according to the different modes 
described in Section 3.1.1 and the received object information is treated differently for 
off-line preparation and on-line production. 

3.1.1 Modes of operation 
The assembling technology is divided into a preparation and a production phase. 
Operation of the cell is closely related to this separation and the preparation phase is 
conducted off-line, where either a new component or a new meal is introduced and 
stored in a database. The basic modes of operation in our developed system are shown 
in Figure 14, whereas Figure 15 and Figure 16 shows the decision flow during the off-
line and on-line stages. The different stages have already been described thoroughly in 
Section 2.4.  
 

Assembly of Ready-to-eat
meals

On-lineOff-line

Ingredient Meal
 

Figure 14. Different modes of the user program. 
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Figure 15. Decision flow during the off-line teaching phase. 
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Figure 16. Decision flow during the on-line execution. 
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4 Grasping of delicate food components 
The automation situation in the food industry is discussed in Chapter 1. Besides 
dedicated machinery installed in big production plants, there are very few automation 
solutions and almost none that are truly flexible. In Chapter 2 a new methodology for 
assembling of ready-to-eat meals is described and the developed pilot cell is further 
described in Chapter 3. Central part in the assembly is a robot performing all operations 
as pick-and-place movements. The pilot cell is designed to validate the methodology, 
not to do industrial test. Therefore, a simple gripper is used in previous test runs and 
the apparent difficulties of material handling are described in this chapter. Material 
handling, especially robotic grasping operations, has suffered from the lack of robust 
solutions. Chua and co workers have in [3] identified two important shortcomings in 
the food industry: 
 

• Food is often treated in a special way compared to the practice in 
manufacturing industries. It is necessary to work with food objects as 
engineering materials and identify specific features from a material 
handling viewpoint. Instead of implementing special solutions for each 
new task. 

 
• During the design phase of new end-effectors it is often an 

unstructured approach to compensate for the special characteristics of 
food objects, for example natural variations in shape and size.   

 
 
It seems that the second problem follows from the lack of understanding about relevant 
constraints of the handled material. This, however, is not specific for the food industry. 
In [59] Cutosky quotes that most designs fail not due to engineering failures, but 
because of neglecting requirements and constraints. A deep understanding of the 
materials to handle and relevant constraints are needed. A classification system for all 
components, focused on the specific application, is a good starting point to overcome 
these shortcomings. 
 
In manufacturing industries classification of objects has been common practice for a 
long time and the main goal is to minimize the number of needed tools and grippers 
during the production. However, only one relevant work is found in the food sector. 
Erzincanly and Sharp [60] created a classification based on geometrical similarities. 
They use six distinguishing features: shape, dimension, surface, compliance, 
temperature and weight. These are further divided in order to get a product specific 
code for each object. Their primary goal was to minimize the number of peripherals in 
an automated packaging cell, which is such a systems major cost despite the high cost 
of the robot itself [61]. The work in [60] can be seen as a general skeleton that needs 
further elaboration, especially for describing mechanical properties.  
 
Compared to [60], our goal is to include more than geometrical features in order to 
arrange and define requirements for material handling in a flexible assembling cell for 
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ready-to-eat meals. Examples are origin of the component and how the objects are fed 
within the assembly cell. Besides engineering aspects like mechanical properties these 
aspects are important from a product safety perspective. One of the main differences 
between the food and manufacturing sector is hygiene requirements. 
 
A survey study of the Swedish ready-to-eat meal market is described in Section 4.1. A 
classification scheme over included ingredients is done. P is the set of possible 
ingredients and M is the subset of P consisting of ingredients with similar 
characteristics from manipulation viewpoint: 
 

P = {p1, p2, … , P m} 
M = {m1, m2, … , mn}    

 
Different solutions for robotic grasping of food objects reviewed in Section 4.2 
together with an introduction to possible designs, including different gripper 
mechanisms and sensors. Finally in Section 4.4, requirements for gripper and 
automation solutions are stated for the identified set of possible objects. Future work 
continues with realisation of these design requirements in order to create a set of 
automation possibilities. 
 

A = {Grippers, Filling machines …}   
 
During the design and through out forthcoming production changes, due to new 
consumer preferences, it is a continuous optimization process in order to maximize the 
component set P and at the same time keeping A as small as possible. 
 

4.1 Survey procedure 
The assortment of the two main actors, Findus and Dafgårds on the Swedish ready-to-
eat meal market is studied. Looking at two different producers local varieties in 
commonly included components are identified, such as shape and size variation. These 
producers also have big assortments minimizing the impact from special products. 
Each meal is decomposed to its components and relevant features are extracted and the 
classification procedure based on the following features of the ingredients: 
 

• General properties 
• Geometrical properties 
• Physical properties 
• Mechanical properties 

 
The first type, general properties, forms a first general classification described in 
Section 4.1.1. The complete object classification follows and the last three property 
groups are described. Mechanical properties are not measured directly, but from other 
characteristics limitations regarding the object strength are discussed. The entire meal 
is also analysed in order to get an idea about the typical ready-to-eat meal composition.  
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4.1.1 General classification 
Several observations that simplifies the future analyse is made from a rough visual 
classification of the meals. The most obvious, ingredients in ready-to-eat meals are in 
different physical states, e.g. liquids or solids. Three groups are identified, where the 
majority of ingredients fit, with deviating material handling requirements: 
 

• Composed solids 
• Bulk products 
• Liquids 

 
The identified groups are commonly used for description in the food industry and the 
Food factory of the future project identifies the same categories [17].  Distinguishing 
liquids from the other groups is straightforward, whereas the border between composed 
solids and bulk components is fuzzy. Classification into one or another is based on 
individual size and the total amount of each component in the meal. Our assembly 
technology, described in Chapter 2, builds on sequential pick-and-place operations for 
all ingredients. A large amount of the same component is consequently ineffective to 
assemble one-by-one. Grouping in order to assemble multiple components in one pick-
and-place operation would reduce the cycle time, especially for small components. 
Therefore, bulk products and composed solids are differentiated according to size and 
quantity, as described in Figure 17. The subsequent sections will focus on composed 
solids, whereas bulk products and liquids are described in Section 4.1.6 and Section 
4.1.7 respectively.  
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Figure 17. Decision procedure for distinguishing composed solids from bulk products. 
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4.1.2 Geometrical properties 
Geometrical shape and size is often used to describe an objects visual appearance. This 
applies both to everyday explanations as well as for industrial classifications. For 
example, a box is described by its width, length and height, whereas the diameter is 
used for a sphere. Objects that are difficult to describe by basic geometrical shapes are 
either approximated as a shape or classified in a general exception group. Erzincanly 
and Sharp use nine geometrical shapes to classify food components in [60], where the 
ninth group collects unclassified objects.  Compared to the manufacturing industry 
food objects are characterized by variation in shape, size and colour, which this study 
verifies. Most people should describe a meatball as a sphere, which is not true from a 
strict geometrical viewpoint. Variations from approximately spherical to more or less 
cubical are identified. Requirements for the gripper design will most likely not differ, 
which is the main purpose of the classification. To avoid ambiguities, we propose a 
classification not based on the general geometrical shape. Instead, composed solids are 
primarily classified as either three-dimensional objects or approximately two-
dimensional laminar ones. The geometrical features used in the classification differ for 
these two groups and are described separately and summarized in Figure 18. 
 
2D objects 
The following four geometrical features are used to further classify two-dimensional 
objects: size, thickness, contour shape and surface shape. It is difficult to state the 
contour of the majority of objects, compare with the description about shape above. 
However, it is favourable to state a number of envelope groups to distinguish objects 
that are similar in other aspects. Three regular classes: round, elliptical and rectangular 
are used together with an irregular group. Object size and thickness further describe the 
object, where the object size corresponds to the surface size, e.g. width and length. Size 
and thickness are classified as small-medium-large and thin-medium-thick respectively. 
A more detailed classification of the dimensions is not appropriate, when the natural 
size variation for some objects is big enough to span over several groups, if a finer 
classification is done.  
 
The surface is defined as either regular or irregular. The regular group is further 
divided into convex, flat and concave ones, where objects with concave surfaces are 
rare. An irregular group is needed for objects with surfaces similar to for example a 
washboard. This classification is important for two reasons:  
 
• Flat and possibly irregular objects are stable on top of each other, which render the 

possibilities for transportation in layers. 
 
• Some grippers require a flat and smooth surface to create enough lift attraction, 

e.g. vacuum grippers.  
 
There is no crisp border between 2D objects and 3D objects. The surface shape, size 
and thickness mutually form a fuzzy border where thick and convex objects have many 
similarities to spherical, whereas large and flat ones are completely different. The 
geometrical classification of 2D objects is summarized in the left half of Figure 18. 
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3D objects 
The right side of Figure 18 describes the geometrical features used to classify 3D 
objects. As mentioned before, it is difficult to get a precise description over the 
geometrical shape of 3D objects. A rough classification of the shape is needed, but only 
three groups are used: cylindrical is distinguished from spherical and components not 
fitting into any of these envelopes are described as irregular. Splitting cylindrical from 
spherical is important for both grasp establishment and assembly planning when 
spherical objects are symmetrical and cylindrical is not. The size is further classified as 
small-medium-large. 
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Figure 18. Geometrical classification of composed solids 

 

4.1.3 Physical properties 
Weight, origin and composition are used to describe an object’s physical properties. 
The weight is, as for size and thickness, only divided into three groups: light, medium 
and heavy. A ready-to-eat meal has a total weight of approximately 500 grams and 
single components seldom exceed 100 grams. Objects lighter than 10 grams are most 
likely classified as a part of a bulky mass. From this discussion it seems that three 
groups are appropriate. The narrow weight range implies small impact on the gripper 
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choice. However, for certain gripper mechanisms are the grasp force proportional to the 
object weight, e.g. vacuum and needle grippers.  
 
Origin is the second physical feature used in the classification. Depending on the goal 
different detail level is of interest and the origin is needed for other reasons than stating 
gripper requirements. The main reasons for describing the origin are: 
 

• There is a strong correlation between origin and the three general types 
described above: composed solids, bulk and liquids. Usually 
vegetables and potatoes are bulk products, whereas meat, fish and 
chicken are classified as composed solids. 

 
• The origin is closely connected to the mechanical strength, which is 

important to have thorough knowledge about during the gripper 
design. For example is the tissue very different for red meat and a fish 
fillet resulting in different handling requirements. The same yields for 
surface structure and meat products are generally less sensitive to 
scratches than fruits and vegetables. 

 
• Safety reasons, not directly associated to grasping, are important for 

two reasons: first, different microorganisms are present in different 
types of food and cross contamination must be considered in the 
planning phase. Second, over sensitivity and allergic reactions are 
more and more common nowadays and if fully automation is sought 
after it is important to know the components origin 

 
Closely connected to origin and often overlapping is composition. An objects 
mechanical strength is determined to an essential degree by its composition. Food 
products are generally classified as processed or unprocessed and our definition is as 
follows: an ingredient is processed if the internal structure is changed significantly 
from the original state, compare a minced beef with an unprocessed steak. Processed 
products are further divided and minced meat products are illustrative. A hamburger 
can either be pressed gently to a porous beef or rigorously to a compact thin laminate. 
The base material is the same but the end product has very different appearance and 
properties.   

4.1.4 Mechanical properties 
Mechanical properties are not measured explicitly, but conclusions are drawn from the 
objects geometrical and physical features.  The most important aspects regarding the 
grasping operation follows: 
 

• 2D objects: The mechanical strength and thickness of the object is 
closely related. A thin object needs proper support from beneath, 
whereas a thick is strong enough to be grasped from any direction. 
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• 2D objects: Processed meat products are often stiffer than natural 
pieces, compare a pressed hamburger to an entrecôte. 

 
• All objects: Meat has higher mechanical strength than fish, with 

chicken in-between. Further are root vegetables less sensitive than 
other vegetables.  

 
• All objects: Different processing methods strongly influence the 

mechanical strength. Generally are fried products stronger than raw, 
whereas boiled are the most sensitive. 

 
 
Besides these one-to-one correlations’s there are a number of composed that affects 
material handling operations. From the observations above follows the most important 
conclusions used to identify the different groups in Section 4.1.5: 
 

• 2D objects: Closely related to the thickness is the correlation with the 
object’s origin and composition. As described in Section 4.1.3 is 
pressed meat product stronger than natural ones. This is especially 
important for thin objects that easily fall apart if not processed.  

 
• 2D objects: The size / thickness ration influence has big influence on 

the grasping operation. Grasping from above with a jaw gripper is not 
possible if this ratio is big. An attempt would result in a broken piece, 
if possible at all. Another type of grasping is consequently needed for 
this group of objects. This is also the main reason for the small impact 
of the contour shape.  

 

4.1.5 Classification of ingredients in ready-to-eat meals 
Conclusions from the previous sections can be summarized in Table 2 where composed 
solids, in ready-to-eat meals, are decomposed into nine groups. Each group states 
different requirements on the material handling, grasping or feeding. The columns of 
the table indicate distinguishing factors used for the classification, divided into 
geometrical and physical properties. Mechanical properties are excluded from the table, 
because these are determined out from the geometrical and physical properties. These 
relations has, however, been described in Section 4.1.4 Within each of the nine groups, 
further work is needed in order to put detailed technical specification for a gripper 
design, which is the goal of our future work. 
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Table 2. Classes of composed solids. 

 Dim 
Surface  
shape Thickness Size Weight Origin Composition 

Surface 
structure 

Group 1 3D - - Small Light 
Meat 
Chicken 

Pressed 
Natural - 

Group 2 3D - - Medium Light Potato Natural - 

Group 3 3D - - Medium Medium Meat 
Veg. 

Processed 
Natural - 

Group 4 2D Convex Thick Medium Medium Meat Pressed - 
Group 5 2D Irregular Thick Medium Medium Meat Pressed - 

Group 6 2D Flat 
Medium 
Thick Large Medium 

Heavy Meat Pressed - 

Group 7 2D Flat Thin Medium Light 
Meat 
Chicken Natural - 

Group 8 2D 
Irregular 
Convex Thick Large 

Medium 
Heavy Meat Different Breaded 

Group 9 2D Irregular Thick Medium 
Medium 
Heavy Fish Fillets 

Cream- 
topping 

 
 
3D objects 
Three of the nine groups consist of 3D objects. The difference between these three is 
mainly according to the shape. Group 1 consists of small approximately spherical 
products, dominated by minced meat objects. The uniformity and composition gives 
good mechanical strength and the rough surface is not easily damaged. This group 
seems feasible to develop fast and reliable grippers for. One problem might be the 
number of objects in each meal from this group. It is not unusual with up to ten 
components, for example meatballs. If these are assembled one by one, high speed is a 
required indicating both a fast robot and an effective gripper. 
 
Objects in group 2 are bigger and not symmetrical as the ones in the first, for example 
potatoes. The objects are further characterized by a larger natural variation. For 
example, boiled potatoes have big variation in shape, size and mechanical strength. The 
mechanical strength is also lower and objects are easily broken if the surface is 
ruptured. Altogether is a gentler material handling required than for objects in group 1. 
 
Group 3 consists of approximately cylindrical objects, for example sausages. The 
objects are often thin and long, which might cause breakage if not properly supported 
by the gripper.  
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Figure 19. Typical objects of group 1-3 from table 2. 
  
2D objects 
Group 4 form the border to typical 2D laminar objects. The convex surface profile is 
the difference from ones in group 5. Objects in theses two groups are relatively thick 
and medium sized, which is favourable for simple material handling solutions.  
 
Objects in group 6 are frequently used in ready-to-eat meals and characterized by flat 
surfaces and medium or large in size. The typical composition is minced pressed meat. 
Variation is mainly in shape, varying from round ones through elliptical to irregular 
ones. 
 
Group 7 consists of unprocessed products like pork, chicken or fish. The geometry is 
thin slices and is thereby fragile.  Compared to products in previous groups, consisting 
of processed meat, natural meat products have a lower mechanical strength and are 
more sensitive to surface damages. Further is the quality lowered and it is probable that 
the object falls apart if the surface is penetrated. 
 
The last two groups consist are characterised by a special surface structure.  Objects in 
group 8 are of similar size and shape as ones in group 5, but with a breaded surface. 
The overall strength is good, but problems with dropping parts of the breading are 
apparent, causing both hygiene problems in the production room as well as quality 
degradation of the actual product. Objects in group 9 are a bit smaller and are not 
entirely covered with an additional layer. Different fish products are typical and a fish 
portion acts as the base with a creamy filling on top of it. Neither the base nor topping 
is a typically strong material indicating careful material handling. 
 
 

   
Figure 20. Typical objects of group 4 – 6 from Table 2. 
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Figure 21. Typical objects of group 7 – 9 from Table 2. 
 

4.1.6 Bulk products 
Objects in the group of composed solids are in majority of cases most effectively 
handled one by one. This however, is not the case for bulk products. Imagine the 
number of operations needed to place a portion of pasta, potato wedges or peas on a 
plate by single object pick-and-place operations. Therefore, from manipulation 
viewpoint the size distribution of bulk products is of more interest than the size of each 
individual piece, as well as the total quantity. Hence, classification into groups similar 
to the composed solids is not done. Three groups were identifies from the meals studied 
and the classification is based on origin, which is strongly related to the characteristics 
important for manipulation. There is especially a connection between origin and 
mechanical strength, but also to size distribution. At one edge of the spectrum potato in 
different shapes like wedges, spheres or halves can be allocated. At the other edge of 
the spectrum traditional bulk products like rice and pasta, which form homogenous 
lump, take place. In the middle a mixture of chopped vegetables can be placed. The 
composition varies from one meal to another, but the entire mass can be considered as 
a type of homogenized lump. Due to the small size and amount of each type partly 
broken pieces is not lowering the quality noticeably. Collecting the ingredients within 
these groups before assembly reduces the cycle time significantly. 

4.1.7 Liquids 
The liquid component in a ready-to-eat meal is consisting of different types of sauces, 
either a plain liquid with varying viscosity or a liquid with added pieces. Classification 
is therefore only done in the manner of distinguishing theses two cases.    

4.1.8 Meal classification 
At a first glance, ready-to-eat meals seem to be composed very differently. However, a 
more detailed analysis shows that there are some common building blocks. All meals, 
with few exceptions, are composed of the three general groups described in Section 
4.1.1. Half of the 32 meals in this study are composed of four different components and 
seven meals each are identified to include three or five. The final two are divided 
between meals composed of two and six components. Hence, we can summarize that a 
typical meal is composed of 3-5 different components with the following content: 
 

• One type of composed solid, consisting of one or more pieces of meat, 
chicken or fish. 
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• Two or three types of bulk products, one part with potatoes, rice or 
pasta and one or more with different vegetable mixtures.  

 
• One, occasionally two, types of liquids, e.g. sauce. 

 

4.2 Robotic grasping of food objects  
A robot must be equipped with an end effector to interact with its environment. The 
end effector (gripper) is the link between the robot and the grasped object. Grippers are 
often a neglected part in the design of a new production cell. Even though it is a 
considerable part of the total investment cost, especially if not enough work is done 
before the actual design phase. Deep understanding of the materials to handle and 
relevant constraints is a necessity. This knowledge is collected in Section 4.1. 
 
A wide range of products with very different properties must be grasped effectively 
during the assembly of ready-to-eat meals. A human operator is most appropriate from 
technical viewpoint. The development of dextrous robot hands that mimic the 
performance of a human hand would provide an end-effector for the majority of tasks. 
An alternative option is to have a selected subset of dedicated grippers designed for a 
limited number and types of operations. This compromise dilemma described by 
Newman and co-workers in [62] is prominent for different design issues in flexible 
assembly cells, such as gripper design and transportation solutions.  
 
It is clear from the review, about state of the art in food automation, in Section 2 that 
the food sector is sparsely robotized. Installed solutions are further intended to solve 
repetitive tasks seven days a week. These systems have little focus on the grasping 
operation. As a consequence, not many attempts are done to develop gripper solutions 
for more general types of food components, e.g. objects classified as composed solids 
in the previous section. A number of research groups, however, have developed 
grippers for a small segment of objects. These systems are reviewed in next section. 
Some of the work is not directed to the food industry, but the solutions imply a possible 
implementation. 

4.2.1 Selection of grippers for handling delicate objects 
In the following couple of pages the most significant advances in gripper design 
intended for the food sector or closely related areas are described. The systems have 
different focus, ranging from mechanical design to control issues. Among handled 
objects are cherries, eggshells and breaded fish portions.  
 
Handling sticky objects 
Handling sticky objects is problematic in several ways. It is generally not as difficult to 
pick and move the object, as it is to release it. Problems with left traces of the object on 
the gripper are also apparent, causing hygiene and quality problems. With this 
background a research group at Silsoe has developed a gripper for this task [5]. A two-
fingered jaw gripper with a moveable polyester film attached to its surfaces is used. 
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When the jaws are opened during the release operation and the gripper is raised the 
object is kept in place by its own stickiness. The filmstrip is simultaneously rolled 
away and the object is kept in place. Finally is the last piece of film retracted and the 
place operation is finalized. The film is wounded after each operation to ensure that a 
new piece of strip is used for the next operation.  The gripper is tested to put small 
sticky objects on a cake, in this case a cherry. Both the gripper mechanism and the 
actual gripper are visualized in Figure 22. 
 

 

 
Figure 22. Retraction of the polyester film as the gripper rises [5]. 

 
Handling components with size variations 
Friedrich, Lim and Nicholls have developed a gripper system for variable product 
handling. Their motivation was to solve the problem of automatic handling of variable 
products such as fruits and meat products. Their work focuses on sensing and control 
issues, but a mechanical design is also developed. The gripper consists of three 
modules: drive system, sensor system and the fingers. The gripper is driven with small 
DC-servo motors with encoders for position measurements. The two parallel fingers 
are flat and rectangular and a textured surface is attached to secure the grasp. Optical 
encoders are used for continuous control of finger positions and tactile sensing is used 
to establish the grasp and detect any slippage. A local micro controller enables 
independent operation from the manipulator attached to. Acceptable results are 
conducted for oranges and eggshells, see Figure 23 for an application snapshot and the 
mechanism. The cycle time seems to be long, but some of the sensing and control 
principles has been implemented in real industrial applications [63],  
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Figure 23. Two-fingered gripper for grasping variable objects [63]. 

 
Non-contact material handling 
Erzincanli and co-workers have developed a non-contact end effector consisting of 
radial air outflow nozzles [64][65]. A high-speed fluid flow between the nozzle head 
and the surface of the lifted material creates a vacuum that lifts the object. A schematic 
diagram of the radial outflow configuration is shown in Figure 23. The advantage with 
the gripper is the non-contact principle, which makes it possible to lift both rigid and 
semi-rigid objects. It is further possible to handle slippery and adhesive surfaces as 
long as the objects are laminar and flat. The non-contact principle minimizes 
contamination during the handling, which makes the authors believe it is suitable for 
food applications. However, no tests on real food objects are found and in the last 
results found by the authors the focus has changed towards fabric handling [66]. The 
reason might be that food objects have too irregular surface, as well as the weight is too 
high. Another problem with this gripper for assembly of ready-to-eat meals might be 
the cycle time, which is not to be found in any reported paper. 

 

Figure 24. Principle of a non-contact end effector working under 
 the radial outflow phenomena [10]. 
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Handling planar objects of varying shape 
Rowland and co-workers has developed a system to grasp previously unseen thick 2D 
laminates [67] [68]. An algorithm based on Powers perceptual control theory [69] is 
used. The gripper used for testing the algorithm is symmetrical and contains of three 
fingers operated by one pneumatic cylinder. The algorithm is run in a simulation 
environment with a binary image of the object to be grasped as input. Three pairs of 
virtual sensors, one pixel in size at each side of the fingers, are used to optimize the 
grasp. Positions of the virtual sensors are compared with the picture and a crisp value 
of zero or one is given if the sensor is in contact with the object or not. Errors between 
the three pairs of sensors are calculated and different reactions are trigged depending 
on the error values. Before signals are sent to the robot tests are made to ensure that the 
simulated gripper motion is possible. Experimental tests are done on frozen breaded 
trapezoidal fish portions, see Figure 25. 
 

 
Figure 25. Three-fingered gripper used to grasp previously unseen objects [67][68]. 

 
Handling with ice 
Another interesting approach comes from the textile and clothing industry. Stephen and 
Seliger have developed a cryo-gripper for handling of flexible fabrics [70]. The 
principle is to rapidly freeze added water vapor at the contact point. The object is 
released when the frozen vapor is liquefied. Blowing compressed air on the contact 
point speeds up the process. Tests on fabrics indicate pick-up times of at least one 
second resulting in a total cycle time of at least a couple of seconds, which is to long 
for industrial pick-and-place assembly of ready-to-eat meals. No documented tests have 
been found for food products in the literature but different researchers indicate interest 
for the technique [3].   
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Figure 26. Conceptual design of the cryo-grippers mechanism [70]. 

 
 
Other solutions 
Besides gripper developments there are examples in the literature of other automation 
solutions. Research groups in United Kingdom are involved in different areas of the 
production of sandwiches. A sandwich is composed of different layers of filling with 
bread slices in between. Fillings do often consist of thin slices, such as cheese, ham, 
lettuce and other vegetables. At Silsoe research institute in UK thin objects, such as 
cucumber slices and biscuits are handled with smart conveyers [71]. The system can be 
used to place slices onto a sandwich or a pizza. This method is cheaper than a robot 
solution and higher production speeds are achievable. However, the solution is limited 
to a narrow product segment. 
 

4.3 Gripper design guidelines 
The previous sections describe the main difficulties apparent during food handling and 
developed grippers used for food applications are reviewed. The description has 
focused on available designs and no general discussion about possible mechanisms, 
sensors and materials is given. There are, however, different gripper types used in other 
industries, which are more or less applicable in the food industry. Modification of 
previous classifications [59] [72] gives a more application-based taxonomy of end-
effectors, directed towards assembling of ready-to-eat meals, see Figure 27.  
 

Surface attraction Intrusive Mechanical surface

Passive

Dipper

Active

Robot Grippers

Dexterous hand
 

Figure 27. End-effector taxonomy aimed at food assembling. 
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Passive end-effectors can hold parts, but not manipulate them or actively control the 
grasp force as active ones [59]. These basic designs are described below with details 
about advantages and disadvantages in flexible grasping of ready-to-eat meal 
components. Besides geometrical and mechanical constraints of the material to be 
grasped more task-specific aspects are considered, such as transportation possibilities 
and hygiene considerations. 

4.3.1 Dextrous hands 
The most sophisticated approach to grasp objects is to use an artificial hand. A dextrous 
hand is defined as a hand consisting of multiple fingers each consisting of two or more 
joints. It should further be equipped with force sensors and possibly tactile sensors. The 
result is a hand that can fine manipulate the object and control the grasp force in order 
to prevent slippage and damage in the object. There are numerous hands in different 
research laboratories and among the first and most known are the Salisbury hand [73] 
and the Utah/MIT hand [74]. These hands have been in use since the mid-eighties and 
the research community has done plenty of work on control and sensing issues. Despite 
these extensive efforts operation of these hands are slow and not suitable for repetitive 
industrial applications.  
 
An apparent problem for food applications is the hygienic requirements. The hygiene 
between product changes must be secured and the dextrous hand must consequently be 
cleaned. The advantage of using a multi-purpose gripper is thereby lost and this time 
loss is comparable to an ordinary gripper change. Hygienic issues together with a high 
investment cost and slow cycle times makes these devices less probable to use for 
assembling of ready-to-eat meals. 

4.3.2 Specific purpose grippers 
Different criteria’s can be used to classify passive grippers. The physical grasp 
generation is commonly used to classify available grippers into three basic groups. 
Moreover is an extra group used to collect special grippers. The three basic groups are: 
 

• Mechanical surface grippers 
• Surface attraction grippers 
• Intrusive grippers 

 
 
Mechanical surface grippers 
A two-fingered jaw gripper is the simplest gripper with mechanical surface attraction. 
Opening and closing of the fingers can be either parallel or angular. The fingers slide in 
the same plane for a parallel gripper, whereas the fingers pivot about a base point for an 
angular. Adding an extra finger would increase the working range of the gripper 
significantly and according to [75] can a three-fingered gripper perform 90 % of the 
part shapes a human hand can handle.  
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Which is the better of these gripper types depends on the situation. Before different 
applications are discussed different finger actuation is briefly described. How the 
fingers are actuated have big influence on the precision. The simplest and fastest 
approach is to use pneumatic actuation, which is controlled as on/off. The clamp force 
can not be varied and this type is ideally used for objects of the same size. If objects of 
different size and shape are present electrically or hydraulically actuated fingers are 
more appropriate. The main drawback is reduced closure and opening speed resulting 
in a longer cycle time, as well as an increased investment cost. 
 
How the objects are introduced to the robot is important when appropriate grippers are 
chosen for an application.  Different problems are apparent if the objects are 
transported one by one on a conveyer belt or closely packed in a bin. Common for all 
jaw grippers is that some extra space around the object is needed to implement a grasp. 
The space needed to approach an object and establish a grasp is called footprint and 
Causey gives a detailed description in [76]. A simplified definition is the space needed 
around an object to accomplish a grasp. Generally, the more finger of the gripper 
bigger space around the object is needed. Moreover, parallel grippers have a larger foot 
print than angular. 
 
Precision of the grasp is also an important aspect and parallel grippers are the most 
accurate, which is one of the factors contributing to its popularity throughout the 
industry. Related to the precision is security of the grasp. This is strongly associated 
with the generated grasp force and finger design. However, a three-fingered gripper is 
more robust than the other two. The extra finger also encapsulates the object better and 
more contact points render the possibility of lower contact forces, without loosing in 
grasp security.  
 
Regardless of type the gripper mechanism, finger design and additional sensors are 
determining the application range and success of the grasp. The simplest solution 
includes flat fingers and upcoming friction forces secure the object. An improvement is 
to use curved fingers that encapsulate the object. Lower friction forces are needed, 
which is desirable for food objects that are characterized by a low mechanical strength. 
A comparison is illustrated between these finger designs in Figure 28. A drawback with 
curved fingers is the extra space needed during the grasp establishment, e.g. a larger 
foot print.  
 

 
Figure 28. Principle finger design for friction respective encapsulated grasps. 
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The finger stiffness affects the grasp quality. A stiff finger secures the object well, but 
does not leave any room for size variation in the grasped object. Stiffness is closely 
related to actuation and additional sensors. Electrical actuation enables fine control of 
the closure. In combination with a contact sensor, indicating contacts between gripper 
finger and object, can size variation of the objects be compensated for. In this case is 
stiffer finger more appropriate. On the other hand, a pneumatically driven gripper has 
the same closure size. Hence, more compliant fingers of o softer material can introduce 
some adaptability to varying objects, but security of the grasp will in the majority of 
cases be reduced. 
 
Besides the finger design described above more aspects are important regarding the 
finger design. The surface material affects both hygiene issues and the grasp quality, so 
does the surface structure. A rough texture reduces slippage of the object, but it is more 
likely that traces from the grasped food object are left on the finger surface.  
 
Surface attraction grippers 
Mechanical surface grippers are, as mentioned above, problematic to use for closely 
packed objects, for example bin picking. Grasping objects strictly from above with 
surface attraction is a good alternative. Different types are commercially available, but 
vacuum grippers are less suitable for the food sector. Vacuum grippers are 
implemented and used successfully for handling fruits, frozen products, chocolates and 
cookies. The gripper is limited to objects with at least one planar surface that is rigid 
enough to generate the needed surface attraction. This is a problem when the majority 
of components in ready-to-eat meals are irregular. Another identified problem is related 
to hygiene. Most of the applications today handle frozen products. Chilled products are 
more prone to have loose material parts on the surface. This is especially apparent for 
porous materials, such as minced meat and fish products, which is a frequently used 
component in ready-to-eat meals. The vacuum nozzles can hereby get clogged, causing 
cross contamination. Vacuum grippers are, however, appropriate for pre-packed 
components, as proposed for liquids and bulk products in Section 4.1.6 and Section 
4.1.7.  
 
There are other surface attraction grippers used in other areas. Several are however not 
applicable to the food industry due to the material characteristics of food objects, e.g. 
magnetic and electrostatic grippers. In Section 4.2.1 a number of developed grippers 
are described and the cryo-gripper is a surface attraction gripper with possibilities for 
the food sector.  
 
Intrusive grippers 
Pins and needles that penetrate the surface are commonly used for fabric handling 
operations [72]. This type of gripper is often rejected for food applications, in the 
literature, due to the surface damages it causes on objects [3]. This is first and foremost 
true for fruits and vegetables. Fortunately, one of the main ingredients in ready-to-eat 
meals is pressed minced meat in different shapes and penetration of several needles 
will not affect the quality negatively. Grippers with needles, together with vacuum 
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grippers described above, are suitable for grasping closely packed objects. Hygienic 
problems with clogged nozzles are excluded, but on the other hand the needles are 
contaminated at each intrusion. Proper cleaning of the needles is therefore needed after 
a certain number of operations or in-between different products. Even more important 
is to secure that the needles stay intact and not breaks during the operation and get 
stuck in the food. This would be devastating and each needle must therefore be 
controlled regularly. 
 
Special purpose grippers 
The mechanisms described are conventional and are commonly used in different 
industrial applications. However, it is a danger to look blindly at these and neglect how 
a human operator would solve the task. The most natural way for a human to poor a 
portion of sauce on a plate is to use a dipper, the same yields for a heap of peas. The 
question is why this approach can not be used even for a robot arm. Apparent problems 
are to dose the correct amount and at the same time avoid spillage during the operation.  
 
The same similarities yield for a chef frying slices of meat. He or she is most likely to 
use a type of spatula or a tong. It would therefore be possible to use a similar end-
effector for these assembling tasks. The transportation solutions must be properly 
designed to get under the object and establish a grasp. An important advantage is that 
the object is properly supported from below during the operation, which is set as a 
prerequisite for some identified object groups. 

4.3.3 Additional sensors 
Much of the research on grasping and manipulation focus on dextrous hands, described 
in Section 4.3.1. For more traditional grippers are advanced sensing uncommon. In the 
previous section benefits from sensory usage is briefly introduced. This discussion is 
now expanded and relevant sensors are described.  
 
Vision 
Vision is the dominating sensor used in the industry today and is invaluable in 
recognition and identification tasks. Machine vision has been defined as the “automatic 
acquisition and analysis of images to obtain desired data for interpreting a scene or 
controlling an activity” [77]. Quality control of manufactured pieces and identification 
of randomly ordered components are the main areas for machine vision system today. 
The identification task is mainly related to conveyer tracking where objects are 
recognised on a belt moving at constant velocity. Appropriate picking positions are 
thereafter calculated and grasped, see Figure 3 in Chapter 1. Common for all visual 
recognition tasks in the industry is that a fixed camera is used. Consequently, visual 
information gives good information about the scene, but misses details needed for the 
grasp establishment. This problem is especially apparent if there is no exact model of 
the object, which is the case in the food industry. Natural variation in shape or size 
requires a more detailed description of the object, which is not feasible by only a vision 
sensor.  
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Tactile 
In many situations visual information is not enough to establish a stable grasp of an 
object. Visual information is good to get an overview of the scene and for rough 
position calculations. The resolution is often too low to see if a contact has occurred 
and not. A contact sensor of any kind is appropriate for this task, e.g. force or tactile 
sensors. Lee [78] defines a tactile sensor as a device that can measure a given property 
of an object through physical contact between sensor and object. Contact sensing 
covers both force and tactile sensing. Tactile sensing is the more sophisticated type 
being able to feel texture and hardness of the object. Force sensors, on the other hand, 
senses forces and torques in the contact, which is of great importance in grasping and 
manipulation. 
 
In [78] Lee gives a retrospect of the research activities within the tactile sensing area 
and research on tactile sensing emerged in the 1970s. Initial challenges and directions 
are summarised by Harmond in a number of publications from the early 80s [79] [80]. 
At this time, there where high expectations on tactile sensing for different areas of 
industrial automation, e.g. assembly, grinding and inspection. Majority of the research 
in the 80s was focused on developing better sensor technology and at the time of 
Nicholls and Lee’s review paper [81], in 1989, there where no significant use 
throughout the industry. In [81] it was stated that the tactile sensing technology was 
ready for industrialisation due to promising solutions in different research laboratories. 
However, despite the large number of publications and the shift from technology 
development to system design including robots and dexterous hands, there are up to 
today few if any industrially used tactile sensors [78].  
 
There are many reasons for the lack of interest from the industry. Industrial automation 
has grown steadily and new areas are continuously automated. The environment is 
often calibrated and there are relatively few uncertainties. The majority of applications 
in the manufacturing and electrical industry are moreover to handle well defined rigid 
objects. Generally, these situations do not require tactile sensing, visual information 
possibly with simple contact sensors are enough. Advances in different robotic areas 
such as dexterous hands and mobile navigation have opened new application areas 
where advanced contact sensing is required. In [78] Lee describes the future challenges 
for tactile sensing and some areas where the need is prominent. Automation of 
agriculture and food processing is one of these areas. Different textures and hardness, 
as well as variance in shape and size characterize food objects. Grasping and 
manipulation of such objects require advanced sensors for hardness, texture and surface 
properties. 

4.3.4 The appropriate compromise 
The main drawback with a too complex gripper is long processing times before data 
from all sensors are fused and appropriate signals are sent to the control system of the 
hand. On the other hand, it is not possible to grasp more than a very limited number of 
products with dedicated gripper. Hence, using a limited set of sensors with a simple but 
appropriate gripper mechanism would solve the problem without loosing productivity.
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4.4 Gripper requirements  
Food assembling does not require high either initial or final accuracy of the grasp. It is 
thereby possible to use a simple construction and it seems to be a waste of money, time 
and capacity to use dexterous hands. The main advantage with dexterous hands is its 
ability to actively manipulate the object and reorient it in order to perform the next 
operation. All operations in ready-to-eat meal assembling are pick-and-place operations 
approached from above. It seems that available resources are better utilized if simple 
constructions are equipped with advanced sensors. However it is recommended that the 
end-effector centre the part [59] 
 
Grippers appropriate for the identified groups above 
Different types of objects in the three dimensional groups are all of approximately the 
same size and composition. Their mechanical strength is relatively high and the surface 
requires no special care, therefore angled jaw grippers are suitable as the grasp 
reliability increases without increasing the grasp force, compared to parallel jaws. 
Additional needles could help the handling, especially in bin picking, where the space 
for jaw grippers is not available. 
 
The border to 2D items is fuzzy and group 4 is similar with the main difference that 
they are bigger and a bit flattened. Similar objects are in group 5 with the only 
difference that they have flat surface instead of a concave, with the advantage of being 
able to be organized in layers. The grasping size is twice of 3D ones. Due to their 
thickness it is possible to grasp them with a jaw gripper, but needle grippers works as 
well. 
 
The last four groups are all large or medium sized laminas with differences in 
thickness, composition and surface structure. Grasping from above with a jaw gripper 
is excluded due to the big thickness/size ratio. A needle gripper is preferred as small 
penetration is allowed. This is however not possible for breaded objects or pieces of 
unprocessed meat. The most natural way to put a hamburger on a plate is to use a 
spatula. It is possible when the objects are transported in layers in an open box, which 
can be approached from the side. This is also suitable for fragile objects that need 
proper support from underneath as well as for objects with creamy surfaces on the top. 
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5. Conclusions 
The ready-to-eat meal segment in the food industry has increased rapidly over the last 
years and market analyses around the world does not point to a change. A higher 
production rate together with a continuously growing product assortment put new 
requirement for the food producers.  The automation equipment present today in the 
food industry does not fulfil the flexibility requirements for the future. Different review 
articles over the last five or ten years have stated the need for more research within this 
area. Despite this, we are only aware of few groups working in this area. Therefore, we 
conclude that this licentiate thesis is a further contribution to the area of flexible 
automation practices for the food industry. This work is furthermore part of larger 
research and development project between SIK, the Swedish Institute for Food and 
Biotechnology, and AASS, the Center for Applied Autonomous Sensor Systems at 
Örebro University. 
 

5.1 Summary 
This licentiate thesis demonstrates promising results towards almost human-free 
technology for ready-to-eat meal preparation and assembling. The work is divided into 
two core areas. First, development of the assembling technology. Second, initial work 
on grasping of food components.  
 
Our developed technology for flexible assembly of ready-to-eat meals includes an 
automated chain form meal design to a visually controlled assembly. In the first stage a 
computer vision camera captures an image of a hand prepared meal prototype. A meal 
drawing is automatically generated from this image and its corresponding component 
list (CAD). In the consequent step the meal drawing is prepared for assembly. A series 
of co-ordinate transformations are conducted to transform the drawing into robot 
workspace coordinates (CAM). In the final preparation step the final assembly plan is 
created on the basis of present constraints. The assembly plan is optimized with aspect 
to the total assembly time and considers gripper changes and cleaning operations in the 
optimization process (CAPP). Besides reliable assembly plans this approach offer 
customer focus and high flexibility. Free specification of different meal variants with 
different type, amount and allocation is possible without extensive reprogramming. 
Simple and continuos monitoring of the working environment by a vision system 
enables free positioning of both incoming components and the empty package. 
 
Then we introduce apparent grasping and material handling problems in the food 
industry. First a thorough analyse is done on commercial ready-to-eat meals on the 
Swedish market. Each meal is decomposed to its components and classified with 
respect to geometrical, physical and mechanical properties. A classification scheme is 
created and identified groups are based on similarities related to robotic grasping. From 
this classification, requirements for robotic grasping and assembling of ready-to-eat 
meals are stated. These requirements are based on a review of available grippers 
developed for food applications as well as ones for closely related areas. Moreover 
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feasible gripper mechanisms and sensors are described and related to assembling of 
ready-to-eat meals.  
 
The main contributions of this licentiate thesis include: 
 

• A review about state of the art in automation for the food industry from 
the viewpoint of assembling of ready-to-eat meals. 

 
• A review about feasible solutions for grasping fragile and soft 

materials, such as food. 
 
• Analysis and classification of common ingredients in ready-to-eat 

meals with respect to robotic grasping and automatic material handling. 
Design requirements for grippers in a flexible assembly cell for ready-
to-eat meals [1]. 

 
• Development of an almost human-free technology for ready to-eat meal 

assembling including an automated CAD/CAM/CAPP chain in the 
preparation phase [82]. 

 
• Optimization of the process plan in order to find the optimal assembly 

sequence [83]. 
 

• A visually controlled robotic assembly enabling free positioning of 
both incoming components and the empty package [82][83][84]. 

 

5.2 Future work 
This licentiate thesis contributes with new knowledge in the area of flexible automation 
in the food industry, with specific focus on the ready-to-eat meal segment. However, it 
is not possible to cover all areas within this topic and this licentiate thesis has focused 
on the development of a functional flexible technology rather than an industrial 
production cell. This technology needs to be expanded in different areas in order to be 
adopted by the food industry. The main parts we intend to include in our future work 
are: 
 

• Design, implementation and test of grippers according to the stated 
requirements, such as hygienic design, fast cycle times and appropriate 
sensors to compensate for variation in size, shape or mechanical 
properties of grasped objects 

 
• Improve today’s laboratory set-up and create a complete assembly cell. 

Different layouts and additional peripheral equipment must therefore be 
introduced, for example conveyers and automatic tool changers.  
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The aspects listed above are related to the physical layout and appearance of the 
assembly cell. The second part of our future work is directed towards system 
improvements by introducing more intelligence, such as: 

 
• Integration of advanced visual recognition algorithms working in real-

time to increase robustness and enable for more advanced products. 
 

• Introduce more expert knowledge in the CAD/CAM/CAPP chain and 
merge the assembly planning with tools for choosing the appropriate 
gripper.  

 

5.3 Publications 
Main parts of this work have been presented at a number of conferences. The 
interdisciplinary and applied nature of the work resulted in publications in robotic and 
food engineering conferences. Published papers including parts of this licentiate thesis 
are: 
 

• I. Kalaykov, A. Ananiev, L. Jennergren, Human-free flexible 
assembling of ready-to-eat meals, In Proceedings of IASTED 
International Conference on Robotics and Applications, pp. 143-147, 
Salzburg, Austria, 25-27 June 2003. [82] 

 
• L. Jennergren, I. Kalaykov, L. Ahrné, Requirements for assembly or 

ready-to-eat meals, In Proceedings of ICEF9 International Conference 
on Engineering and Food, Montpellier, France, 7-11 March 2004. [1] 

 
• L. Jennergren, I. Kalaykov, A. Ananiev, Optimizing the flexible 

assembly of ready-to-eat meals, In Proceedings of International 
Conference on Intelligent Manipulation and Grasping, Genoa, Italy, 1-
2 July 2004. [83] 

 
• L. Jennergren, I. Kalaykov, Human-free flexible assembly of ready-to-

eat meals using visual feedback, In Proceedings of Food Factory 
2004, France, 6-8 October 2004. [84] 

 
 
Besides the above conference contributions parts of the work were presented in local 
reports and at different seminars at SIK, Örebro University and the Scandinavian 
seminar on flexible automation in the food industry, May 2003. A forthcoming 
presentation will also be given at the Nordic network on advanced and sustainable food 
manufacturing seminar on flexible automation, October 2004.   
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