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1 Introduction
This document reports on the test results per module, regarding achieved specifications after
integration. We can distinguish the following modules in the line:









Thermoformer (Soren)
Marel Robot (Jose)
Quality Assessment Module (Wouter)
X-RAY (Wouter)
Printer (Soren)
Laser module (Soren)
Cable Robot (Jose)
Cleaning Device (Marc)

For each module it is first specified what the key functionalities are, e.g. what processes does the
module perform and what are the current flexible functionalities.
Next it the performance indicators are described for those processes. These indicators can be
objectively measured and reflect the capability of the module. Performance indicators can be speed,
quality, accuracy or flexibility for example. They might be similar as reported in D7.3, though updates
are likely to be found in this document.
The performance indicators of the functionalities are then compared before and after line integration
has been completed. Note that some modules (e.g. Laser and Package Pick and Place robot) are not
integrated by hard- and software. In those cases, the current performance is reported.
Each module section end with suggestions for further improvement during the final upcoming
months until demo 2 and more hypothetically after the project is ended.

1.1 Overall Line Performance
When all modules were integrated, the total line performance can be measured as well. In the end,
that performance will be the minimum of all modules’ performance, as the bottleneck will determine
the performance due to the sequential nature of the line. The following indicators for the complete
line can be distinguished:



Packages created per minute.
Number of fresh and processed food types.

The number of fresh and processed food types the line could handle was 2: tomato and chicken
breasts. The second indicator depends on how many trays per cycle the thermoformer creates. For
tomato, this was 3 trays per 11 seconds, or 16 packages per minute. For the chicken breasts this was
6 trays per 21 seconds, or 17 packages per minute.

2 Thermoformer

Figure T4. Thermoforming machine - Dixie Evolution 0240

2.1

Key functionalities of the thermoforming machine.

In the PicknPack flexible packaging line the thermoforming machine or so-called thermoforming
module is meant to supply the rest of the line with suitable in size and shape packaging trays. These
packaging trays should be made out of various materials, mainly A-PET and PP.
Because of the high price and long manufacturing time, it was decided that PicknPack project would
not use a specially constructed thermoforming machine; instead, an already existing packaging line
Dixie Evolution 0240 was purchased. The machine was redesigned and rebuild in order to meet all
project requirements.
The new thermoforming machine configuration is composed of four different sections (Fig. T5).

Figure T5. Thermoforming machine - sections

The forming section is equipped with foil coil (A-PET or PP), which going through the machine. Two
chains equipped with clamps ensure the movement of the foil. When the foil is moved forward, it
reaches the two preheaters. There the foil is heated to the desired (forming) temperature.

Figugre T6. Thermoformer forming section – foil heating

As next step, the already softened (heated) foil is moved to the forming chamber, where it is forced
(stretched) against the mould inner cavity by application of pressurized air and vacuum and a tray or
a set of trays (according to the mould configuration) is formed.

Figure T7. Thermoformer forming section – tray moulding

During the trays moulding, the next section of the foil is located between the heaters and prepared
to enter the forming chamber.
Once the trays are moulded and removed from the forming section, they enter the feeding section.
Here the trays are feed with products by the robot intended for use in PicknPack project (Marel Delta
robot).

Figure T8. Thermoformer – moulding and feeding section
In the next section, the packages are released from the web via longitudinal knives and then
transported to the next module.

Flexible functionalities of the thermoforming machine
To fulfil the needs of PicknPack project, the thermoforming module should be able to provide
packages (trays) with different sizes, shapes and variety of inner cavities. Therefore, a new mould
concept was designed and implemented into the existing thermoformer. This new concept so-called
Flexible Brick Mould is a set of bricks with different shapes and sizes, which can be arranged in the
all-different configurations needed in the flexible packaging line.

Figure T9. Flexible Brick Mould

Here are shown examples of different Flexible Brick Mould configurations.

Figure T10. Flexible Brick Mould 160x120x35 together with solid moulds

Figure T11. 3 Flexible Brick Mould of 240x160x75 mm

The next important requirement embedded in the project is the quick mould changeover. According
to the project documentation, the changeover from one shape of packaging to another should take
no more than 5 minutes. To be able to meet these requirements, the thermoformer was equipped
with a newly designed mould shifting mechanism. With this new device, the changeover time will be
reduced from several hours (current changeover time in the industry) to few minutes. The idea is
that a mould configuration is arranged outside the machine in a specially designed mould box. Than
the box is placed on one of the shifting mechanism tables, which is slided inside the machine. As a
next step a robotic mechanism release the currently used mould box and moved it to the second
shifting mechanism table. Than the new mould arrangement is moved to the forming section and
the old one is ready to be pulled out and rearranged for the next production need.

Figure T12. Thermoformer shifting mechanism – operating principle

In the PicknPack statement is written that the new flexible packaging line have to produce 30
packages per minute and they will be cut and sealed by a laser technology. This type of sealing and
cutting requires high quality of the tray flanges and the presence of groove around it. The groove
function is to prevent welding between the top and bottom foil during cutting. From commercial
viewpoint, the quality of the whole trays is also important and has to be taken into consideration.
These two requirements determine objective indicators- production speed or number of trays
produced per minute and quality of the produced trays.

Currently perform functionalities and indicators
The thermoformer alone
According to the Dixie Evolution 0240, attendant technical documentation the machine is able to
perform between 12-15 cycles per minute. In addition, during the testing it was observed that the
number of cycles depends of the foil material (A-PET or PP) and its thickness. If the used foil is A-PET
with thickness of around 300-400 um the number of cycles can reach 20 cycles per minute and in the
same time when the foil is PP with thickness of 500-550 um, the number of cycles is 12-14. This can
be explained by the different material properties. The moulding (forming) temperature of A-PET is
78⁰C and for comparison it is 150⁰C for PP. PP needs longer heating time before forming and
therefore lesser number of cycles can be performed.
For a better overview is important to be mentioned that the moulding area of the thermoformer is
240x480mm (length x width), which together with the Flexible Brick Mould gives the opportunity of a
wide variety of the number of trays produced per each cycle. The biggest number of trays that can be
formed per a single cycle is 16 (80x80mm) or in the same time there is an opportunity for production
of only one tray (240x480mm). According to the PicknPack board decisions the biggest tray, which
will be used in the flexible packaging line is 240x160mm. Therefore, the thermoformer can produce
three of these trays per cycle. In the worst case where the material is 550 um thick PP and the
machine runs with 12 l/min the amount of produced trays will be 36, which is already enough to fulfil
the projects requirements.

The thermoformer in the PicknPack line
The thermoformer cannot run in full speed 12-14 cycles per minute (= 36-84 packaging per minute).
The reason is that the components later in the PicknPack line will not be able to run as fast. The
system has following bottlenecks:




The quality module can only scan when the web of trays is moving. This will be a delay of
extra 1-2 seconds per cycle.
Filling process done by the Marel robot with gripper and vision camera only work when the
web of trays is stopped.
Cross-section with laser welding and cutting was not installed on the demonstration line as
the laser is too slow.

The thermoformer can easy perform more than the required 30 packs per minute. This has also been
demonstrated under testing.

Flexible Brick Mould and tray production quality
According to the PicknPack board-decisions there are two tray depths which will be used in the
demonstrations events. The ready meals will be packed in trays with depth of 35mm and for fresh
produce 75mm deep trays will be used. However during the testing of the thermoforming machine
three different mould depths has been used – 35, 50 and 75mm.

Figure T13. Testing moulds with different depths

On the picture above is shown a configuration of six moulds placed inside the mould box. The three
different mould depths are presented. The 50mm deep mould is solid; it has been used only for
testing, comparison and observation of the moulding process.
The mould design and mould production can be performed within 5 minuttes.

Testing with A-PET
Since the thermoforming machine Dixie Evolution 0240 was redesigned and rebuild, a big number of
tests has been performed.
The first tests were tentative for control system tuning, calibration of the measuring sensors and
adjustment of the forming pressure and vacuum.

Figure T14. Thermoformer – initial calibration and adjustment of the systems

After the initial calibration and adjustments, the quality of produced trays was improved but it was
still far from the project requirements (Fig. T15).

Figure T15. Thermoforming of A-PET - tests and results

Figure T16. Thermoforming of A-PET - tests and results

As it is apparent from Figure T16 the tray bottom was not clear-cut and also the required groove was
not deep enough.
By dint of subsequent testing and system re-adjustments a satisfied tray quality was achieved. The
trays have distinct shape with flat flange. The groove and the easy peel corner are also clearly
presented.

Figure T17. Thermoforming of A-PET - tests and results

Figure T18. Thermoforming of A-PET - tests and results

The first set of tests was performed with moulds 160x120mm with different depths- 35, 50, 75mm.
For the next set of test, a new mould configuration was arranged. The new mould dimensions were
240x160x75mm. These trays are the biggest which will be used in the project demonstrations and
provide the possibilities for easier testing of the rest of the flexible packaging line modules – robots,
grippers, quality assessment etc.

Figure T19. Flexible Brick Mould – 240x160x75 mm

Figure T20. Thermoforming A-PET - tests and results (mould 240x160x75)

Figure T21. Thermoforming A-PET - tests and results (mould 240x160x75 mm)

Figure T22. Thermoforming A-PET - tests and results (mould 240x160x75 mm)

As it is visible from Figures T20-T22 the quality of the produced trays is again high although the used
A-PET foil is 320um thick, which is not enough for such a deep draw. The Danish Technological
Institute is committed in the upcoming weeks to find and purchase A-PET foil with thickness of 500550um with which a better rigidity of the produced trays will be achieved.

Testing with PP
As was mentioned above the packages will be cut and sealed by laser technology. Because of the
early purchase of the laser and disregard of the trends in the packaging industry, the available laser is
not able to deal with A-PET. The only thermoform-able material, which also is suitable for
cutting/sealing by this laser is PP. Unfortunately during the past several years the PP was pushed out
of the marked because of its higher price, need of twice more energy for thermoforming and worst
transparency compare to A-PET. As a result, in the present days it is almost impossible to find pure
PP foils.
With great effort, only three different PP based foils were found and several test were made. The
results are presented here.
The firs PP based foil, which was tested, is called NICE 20 PP. This is a multilayer (eight layers) foil,
composed mainly of PP and Nylon. Because of its complex structure and the complete lack of

technical information (melting point, softening point, glass temperature etc.), it was impossible to
find the proper thermoforming settings. The testing results were disappointing and the quality was
far away from the desired.

Figure T23. Thermoforming of NICE 20 PP- tests and results
The second tested material was PP-PE foil (530µ), which was found and purchased from Multivac UK.
The issue with this foil was its structure. The combination between PP and PE makes it difficult for
thermoforming because the melting temperature of PE is around 110 C⁰ and for PP it is 173 C⁰. This
means that when the PP material is ready for forming (the forming temperature of PP is between 150
C⁰ and 160 C⁰) the PE is already melting. This make the process difficult for control and is hard to
achieve high quality results.
After deeper research, it was found that the forming temperature of this material is 155 ±2 C⁰. This
makes the forming process extremely difficult and vulnerable to external influences such like minimal
changes in the surrounding temperature, duration of the production stroke, temperature of the
pressurized (forming) air etc. In addition, it puts higher requirements to the heating system- control
equipment and mainly the temperature sensors. Temperature sensing devices with such a low error
are expensive and in the same time, their implementation would lead to more costs and would take
time. The results of the carried tests are shown below.

Using forming temperature 155 ±2 C⁰ also made it impossible to use the pressurized air on the top,
because the PE on the top became a melt. Under these conditions, the film became as tape against
the top plate. Forming is then only possible using vacuum from the underside (= poor result).

Figure T24. Thermoforming of PP-PE - tests and results

The last tested PP based material was pure PP foil with 700 um thickness. This foil is thick and
appropriate for a deep draw up to 150-175mm. The issue with it is the heating procedure. Good
results in the thermoforming process can be achieved only when the used foil is heated evenly – the
temperature on the material surface and in the centre is the same. Material with such a thickness
need slow heated in several steps. The thermoforming machine suitable to operate with this kind of
foil is usually equipped with several preheating stations. Depending of the foil thickness the number
of the preheating stations can be up to 5-7. In each preheating station the temperature increase until
it, reach the desired forming temperature.

Figure T25. Stepwise heating thermoforming machine
The used in PicknPack project thermoforming machine, Dixie Evolution 0240 is equipped with only
one preheating station, which limiting the possibilities for heating. The only way to head up the
material is by increasing the stroke time – longer downtime of the foil in the heating station. During
the testing of the foil, the downtime was stepwise increased from 15 sec. up to 90 sec. The test
results are shown below.

Figure T26. Thermoforming PP 700um - tests and results (45 sec. heating time)

Figure T27. Thermoforming of PP 700um - tests and results (60 sec. heating time)

Figure T28. Thermoforming of PP 700um - tests and results (90 sec. heating time)
As it is apparent from Figure T26-T28 the best results were achieved after 90 sec heating time but
they are still not good enough and on the other hand this mean only 2 trays per minute – 15 times
lower than the project requirements.
During the last visit in The Netherlands, there was a discussion about this problem and together with
one of the project coordinators; it was decided to postpone the testing of PP based foils and to focus

the efforts on A-PET. On that way, the rest of the packaging line will be supplied with high quality
trays and different modules can be integrated and tested.

Selection of plastic film
In the beginning of 2016 all partners realised that PP film was not used more in the packaging
business for thermoformed trays. The materials DTI purchased for the project was all for either
production of ready-made trays or leftovers from the industry. The reason is that the price for PET
has been reduced over the last years to be about 30% less that the price for PP films. As PET also is
more transparent and ridged all use PET with a PE welding layer today. PicknPack has then decided to
proceed with and under film of 600µ of 550µ PET with 50µ PE for welding.
In the PicknPack project mould bricks for tray heights of 35 and 75 mm was produced. The
thermoformer can facilitate up to height 95 mm. The bricks has all a foot print of 40x40 mm. 72 of
these mould bricks are placed on a plate in order to form 1-18 packaging in one production cycle.
Each packaging on this plate can be different in all dimensions. The system just now with two
different heights has only seven different mould bricks. For each extra height three new type of
mould bricks must be introduced to the system.
The plate is placed in the automatic exchange system. Just now with place for two different plates.
The lead-time from the start of the design to start of production is between 5-10 minutes. Most of
this time is the assembling of the mould on the plate and 10-20% is shifting mould plates in the
automatic exchange system.
The thermoformer has a sandwich pre-heating system that can form batches of 240x480 mm mould
plates in a speed of up to 12 cycles per minutes. But as other system requires a limited movement
speed the real cycle time is 4-6 cycles per minute.
The total capacity can then be anything between 4 – 108 packaging per minutes depending of
packaging size and the integrated line. The thermoformer can run up to 200 packaging per minute as
an independent unit.
It is the plan to demonstrate the thermoformer in the second demo in video and all samples with the
different mould system will also be demonstrated.
The test running and demonstration in Wageningen has documented that the thermoformer has no
problems to produce all needed packaging trays for the system.
Moulds can be produced in a few minutes (less than 5 minutes as promised).
Mould exchange system was fist late in the demonstration prioritied. Until the automated system
finally was implemented the mould exchange was done half manual within the limited of the
promised 5 minutes. Normal time was 3-4 minutes. First late the automated system was
implemented in the control system of PicknPack.

The thermoformer will not be physical present in the second demonstration in England. In Holbeach
the thermoformer will be demonstrated as follows:




Roll-ups
Special video production will demonstrate the thermoformer
The brick mould will be physical be demonstrated.

After the project the thermoformer can be upgraded as follows:





The brick mould can be upgraded with an improved lock system in order to improve the
existing magnetic locks.
The mould exchange system can later be upgraded with a larger storage of mould prays and
a faster operation able to exchange moulds only using the time when the web of trays are
moving (2-3 seconds for a mould exchange). Then mould exchange will not delaying the
production.
Pre-heating system for the brick moulds can reduce bad formed packaging from the start of
producing from a new mould. The pre-heating shall only be over 400C.

3 Fresh and Processed Food Pick and Place Robot
3.1 Key functionalities
The pick-and-place robot is positioned in the line after the thermoformer above the web of trays. Its
task is to pick products from the (harvest) crates and place them in the trays. The crates and empty
trays form the physical input to the module. Trays filled with products are the resulting output.

Image 14: Left, the position of the pick-and-place robot module in the PicknPack line. Right, the robot picking a tomato truss
from the harvest crate.

This are the main functionalities of the module:
Crate infeed:

A crate enters the robot module on a conveyor belt. Using a laser sensor, the crate
is positioned in the robot’s workspace under the RGB-D camera.

Visual detection Using a RGB-D camera, a camera that provides both colour information and depth
information, vision software identifies every product in the crate. It then selects a
product for grasping and calculates the position, orientation and opening of the
gripper for grasping. In case a product cannot directly be grasped, because it
touches other products, the software calculates a robot action in order to drag the
product to an open space. The vision module sends the parameters for the grasping
action to the robot.
Picking

A gripper is attached to the robot as an end effector. Using the grasping parameters
computed by the vision software, the robot moves the gripper to the grasping
position with the appropriate orientation and gripper opening. If needed, the
robot drags the product to an open space. The product is then grasped by the
gripper and transported to the tray.

Grasping

The grippers are controlled by the robot. For pneumatic grippers, the robot controls
the force of opening and closing. For servo-based grippers, opening and closing can
be done either position controlled or torque controlled. With position control, the
gripper opening width can be accurately controlled.

Placing

The line controller notifies the robot about the position of empty trays in the
robot’s workspace. When a product is picked from the crate, the robot transports
the product to one of the empty trays, where it is places the product.

Track and trace: The robot sends tracking-and-tracing information to the line controller for every
product that it handles. When a crate enters the workspace, the RFID tag, attached
to the crate, is sensed with a RFID reader, providing the crate’s ID. This ID provides
information about the origin and producer. This information is linked to the product
that the robot picks and to the tray in which the robot places the product.
Change over

Using a quick-release mechanism, grippers can be replaced within a minute. A new
gripper allows the robot to deal with other product types. The vision and grasping
software can instantaneously switch between different products.

Weighing

When a crate is in the robot module, its weight is constantly monitored by a scale.
By comparing the weight of the complete crate before and after a pick, the weight
of the product is established. This information is added to the world model and to
the tracking-and-tracing database.

3.2 Performance in the line
3.2.1

Quantitative analysis

Grasping performance
Image 15 shows the performance of the pick-and-place robot during the demonstrations of the
complete line on May 26 and 27 in Wageningen. It shows the percentages of successful detection
and grasping of both vine tomato and chicken filet. Successful detection means that the product is
identified and a correct grasping action is proposed by the vision software. Successful grasping
means that the product is grasped by the gripper, removed from the crate and placed in an tray. In
the case of vine tomatoes trials, the crates contained three non-touching red-orange bunches. For
chicken filet, each crate contained six to ten non-touching filets. These configurations assure
sufficient free space around the product for grasping without the need to drag the product.

Detection and grasp success
N=145

N=144

N=155

N=145

100%
80%
60%
40%
20%
0%

Vine tomato
Detection

Chicken filet
Grasping

Image 15: Performance of the pick-and-place robot during the demonstrations on May 26 and 27 in Wageningen

For vine tomato, a correct grasping action is detected in all cases (N=145) and the product is correctly
grasped in 90% of the cases (N=145). In the cases of unsuccessful grasps, the product was not
successfully removed from the crate due to the product slipping out of the gripper while lifting it
from the crate.
For 93% (N=155) of the chicken filets, a grasping action was successfully detected. All unsuccessful
cases concerned filets close to the edges of the crate. In these cases, no grasping action were
detected caused by 1) the gripper being too large, making it impossible to get close to the edges of
the crate, and 2) the vision software being too conservative in taking risk close to the edges. When a
grasping action was selected (N=144), 97% of the filets were successfully grasped. In the other cases,
the product slipped from the gripper.

Grasping non-touching vine tomatoes
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Image 16: performance of pick-and-place of separated non-touching vine tomatoes

In a separate experiment, the performance of vine-tomato grasping is investigated in more detail.
Image 16 shows the results of grasping 56 non-touching trusses. The bar plot shows the success of
detection (determining a grasping action based on the RGB-D camera images), grasping (successfully
picking the product from the crate), transport (moving the product to the web of trays), and placing

(successfully placing the product in the tray. Detection was successful in all cases. Grasping was
successful in 96% of the cases (N=56). The grasp failed once completely and once the first attempt
failed, but the second succeeded. In 96% of the cases (N=55), transport was successful. In a single
case, the product slips from the gripper during transport and some tomatoes fall off the truss. In
another case, the product slips slightly, but stays in the gripper. After a successful transport, the
product was correctly placed in the tray in all cases (N=54).
In this experiment, tomato trusses were used of different colours. 18 trusses were red, 18 redorange, 8 red-yellow, 7 orange-green and 5 green. The vision methods correctly deals with all the
different colours.
Trusses had a median weight of 529 grams, with a minimum of 440 g and a maximum of 560 g.
Concerning the dimensions of the trusses, the median width was 120mm, with a minimum of 110mm
and maximum of 135mm. The median length was 190mm, with minimum of 150mm and maximum
of 215mm.

Grasping touching vine tomatoes
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Image 17: performance of pick-and-place of touching vine tomatoes.

A smaller experiment was conducted to test the performance of grasping tomatoes trusses when
they are touching. With the trusses touching, the product first needs to be dragged to an empty
space in order for the gripper to be able to grasp it. Six cases with two touching tomato trusses were
tested. The results are shown in Image 17. The dragging of the truss is half successful in five cases,
with the product displacement being less than planned. All products were grasped by the robot, but
in two cases, the grip was not fully robust, with some tomatoes dangling. Transport was generally
successful, with one occasion where the truss slightly slips. All products were eventually placed
correctly. However, in only 1 out of 6 cases, the product was not damages. In 4/6 of the cases, the
product was damaged, with punctures as a result. In 1 case, a small dent (no puncture) was the result
after pick and place. The results make clear that pick-and-place of touching vine tomatoes needs to
be further improved.
Speed
Vision software:

Image acquisition
Crate detection
Grasp pose calculation
Total

Vine tomatoes
200-350 ms
50-100 ms
200-500 ms
450-950 ms

Grape vines
200-350 ms
50-100 ms
50-200 ms
300-550 ms

Chicken breast
200-350 ms
50-100 ms
60-300 ms
310-750 ms

Complete pick-and-place cycle:
Vine tomatoes (non- Chicken breast
touching)
Filling batch of trays
12 s
21 s
Per tray
4s
3.5 s
NB. This including the transportation of trays by the thermoformer and excludes the changing of bins
(takes approximately 5 seconds).
NB. Not tested for grape vines.
3.2.2

Qualitative analysis and future improvements

In the subsections below, a qualitative analysis of the performance of the pick-and-place robot is
given. The table cells in green discuss parts that work well. Red cells point out things that need
further improvement.
Software communication
At start-up, the module announces to the Zyre network and starts communication with the line. The
module waits for a go and information about the location of trays. Once running, communication
with line is robust and works hours in a row. Internal communication in the module between vision
system and robot also works robustly.
Information about the tray type and invalid trays is ignored by the robot, which causes it to place
products in the wrong trays at change overs and when bad trays have been produced.
Once off the Zyre network, there is currently no reconnect option other than to restart the machine.
The module does not check if the right gripper and grasping procedure is loaded for the task at hand.
Grasping
The chicken gripper is fast and has a good and stable grasp on the chicken filets when there is
sufficient space.
The tomato gripper successfully grasps tomato trusses with a weight between 440 and 560 grams,
with a width between 110 and 135 mm and with sufficient space around the product. Such products
are grasped stably and without damage.
The tomato and grapes gripper has only limited working range (opening width between 90-140 mm),
which limits the sizes of products that the module can deal with.
The tomato and grapes gripper has limited grasping force, which limits the weight of products that
can be handled and results in occasional slipping of the product in the hand.
When the truss contains a tomato on one side of the stalk without a tomato at the opposite side of
the stalk, the gripper cannot get hold of that tomato and it will dangle during transportation.
Dragging the tomato trusses to open space is not always successful and causes too many damages to
the product. There is a trade-off in the height at which the gripper performs the dragging. When it is
positioned lower, the product is displaced better, but it causes damage. If the gripper is positioned

higher, there is no damage, but the product is not displaced well. With softer finger tips, a high
friction force without damage can be achieved.
Grasping grape bunches is not successful. Very firm grape bunches can be grasped. However, most
bunches tested are highly deformable objects, that slipped through the fingers of the gripper.
Moreover these bunches, when laying in the crate were usually too wide to be graspable by the
gripper.
We cannot deal with chicken breasts that are touching without sufficient free space.
Vision
Detection of vine tomatoes in the crate goes well. Tomatoes of different colour (red-orange-yellowgreen) are detected robustly and linked to the correct truss. Correction goes well for the nontouching as well as for the touching cases. A grasping position and orientation is detected
considering the dimensions of the product and the gripper and surrounding obstacles (other trusses
and the crate). The space around the truss is analysed and if not sufficient, a dragging actions is
proposed.
Detection of non-touching grape bunches goes well and appropriate grasps are proposed considering
the dimensions of the product, the gripper and other obstacles in the workspace.
Detection of single-layer non-touching and touching chicken filets and determining a grasping
position and orientation works well.
The position and orientation of the crate is correctly detected and used to avoid collisions with
gripper and crate.
Segmentation of the individual objects is not always correct for chicken filet that are very close
together or on a pile. In most cases, this results in the vision software incorrectly indicating that the
objects cannot be grasped. In some cases, it results in a wrong grasp position and orientation.
We cannot deal with grape bunches that are touching, but assume non-touching bunches.
Software can currently not deal with yellow stalk or calyces. In the period of the demonstrations ad
tests, no yellow stalk/calyx occurred, but there are periods through the year that this does occur.
Speed
A pick-and-place cycle for chicken breast is 3.5 seconds and for vine tomato 4.0 seconds. This is not
up to the 30 trays per minute objective of PicknPack. The robot can move faster, but with the risk of
more products being dropped during transport.
Changing crates takes approximately 5 seconds. Depending on the amount of products in the crate,
this adds to the total cycle time.
The cycle time is approximately 1.5 seconds slower when vine tomatoes need to be dragged before
grasping.

4 Quality Assesment Module
The main functionality of the QAS module concerns the measurement and rating of the quality of all
products that pass through the module. The term quality should be interpreted in a broad sense: It
can refer to the assignment of a product to certain quality class, but it can also concern the
measurement of more specific product properties e.g. crack detection or brix value.
This functionality is realized by applying a series of sensors which each measure different properties
of the products. These sensors are: a hyperspectral camera (HSI, 600 – 1000 nm), an RGB camera, a
3D scanner, X-ray scanner and a microwave scanner. More technical details on the sensors can be
found in deliverable reports D4.5 and D4.6.
The QAS module will be equipped with flexible self-learning software tools which should enable
operators to quickly and easily train the algorithm to deal with new products (properties). These
software tools are described in more detail in deliverable reports D4.8. and D4.9.
The performance indicators can be divided in two groups:
Performance of the module as a measuring system: This pertains to
-

The speed and accuracy at which all sensors can acquire incoming data
Spatial calibration related aspects which are important for sensor fusion
The correct behaviour of the QAS module in the PicknPack communication network.
Safety aspects
Hygienic design

Performance of the module as a processing system: This pertains to
-

The product properties that can be measured and the correctness and accuracy of those
measurements.
The ease with which the module can be operated/trained (flexibility).

Figure QAS1 gives a schematic overview of the working principle of the QAS module, as integrated in
the line. The module comprises of two separate submodules:



Submodule A: contains the hyperspectral camera (HSI), RGB camera, 3D line scanner and
microwave scanner.
Submodule B: contains the X-ray scanner and appropriate shielding to ensure user safety.

QAS submodule A

QAS submodule B

Camera trigger

Camera trigger

Devices

FPGA
Controller

HSI

RGB/3D
Data

X-ray

microw
Data

Data

Data

Encoder

Encoder
Transport system

Module

Device 1

Device 2

Device 3

Device 4

Zyre

Module controller

PicknPack Line/Worldmodel

Figure QAS1. Topology of the PicknPack QAS module.
Each QAS sensor is connected to a dedicated computer unit (called a “device”) which collects and
processes incoming data. Data acquisition is controlled by an FPGA controller which translates the
speed of the line as captured by encoders into a trigger for the sensors.
The devices are connected to a central module controller which also interacts with the PicknPack line
as a whole. Communication is done according to the protocol developed in the PicknPack project
(based on the zyre protocol).
Performance of the module as a measuring system:
Communication network
The communication protocol developed in the PicknPack project has been successfully implemented
and tested in the QAS module. The network topology used is shown in Figure QAS1: The PicknPack
line communicates with the module controller which in turn communicates with the QAS devices.
A more detailed overview of the most important capabilities of the module controller and the
devices is listed here:
QAS module controller
- Monitors the presence and activity of QAS devices and acts appropriately
- Sends/Receives information from the line/world model and redistributes as needed
- Collects/stores processed data
- Calculates new features by combining data from the devices (sensor fusion)

Devices
- Exchange information/data with the module controller
- Acquisition and processing of (raw) data
The communication protocol was implemented for the module controller (LabVIEW), HSI camera
(LabVIEW), RGB camera (C++), 3D scanner (C++) and microwave scanner (C#). The communication
protocol could not be fully implemented on the X-ray unit due to the late stage at which InnoS joined
the PicknPack project. However, given that the communication protocol works well on the other
devices, it is safe to assume that the protocol can be successfully implemented on the X-ray unit as
well if more time can be spent.
Speed and accuracy of data acquisition
All sensor systems were able to deal with the stop and creep regime as dictated by the PicknPack
line. More specifically this pertains to a stop phase of about 10 s and a creep phase under 2 s long,
during which a maximum speed of about 16 cm/s is reached and a total distance of 250 cm is
traversed.
During acquisition the FPGA controller (Figure QAS1) monitored the movement of the line and
produced correct custom trigger signals for all sensors. No data lines were missed and images of
products/trays/punnets could be correctly reconstructed from the raw data feed.
The sensors achieved the following resolutions:
-

HSI: 0.4 mm / pixel
RGB: 0.25 mm /pixel
3D: 1 mm / pixel
Microwave: 2.1 mm / pixel in direction of motion, 21 mm / pixel in perpendicular
direction
X-ray: 0.135 mm / pixel (= 0.027 mm / pixel @ 5x binning)

Spatial calibration
All sensors were calibrated spatially, i.e. the relation between the local coordinate system of each
sensor was determined relatively to the coordinate system of the line as a whole. Using this
calibration, the sensors were able to correctly extract regions of interest (ROI’s, being trays/punnets)
from the recorded data at runtime, based on the tray information provided by the world model/line
controller. In Figure QAS2, three examples of the ROI extraction are shown.

(a)

(b)

(c)

Figure QAS2. (a). ROI as extracted from the RGB data. Quality features are printed on top of each
tomato. (b) ROI as extracted from the HSI data (fake color image, only a single waveband is shown).
(c) ROI as extracted from the dual X-ray data.
Safety related aspects
Safety was taken into account during the operation of the module. The most important safety
measures were:
-

Installation of emergency stops
Installation of door sensors that shut down the laser system of the 3D scanner as soon as
the doors of the module are opened
Appropriate shielding of the X-ray and microwave scanners
Examination and approval of the QAS module by a designated safety inspector

During operation of the line the safety systems performed as expected.
Hygienic design
Both QAS submodules were designed with hygienic criteria in mind, e.g. by using stainless steel as
construction material or by making all surfaces slanted to avoid build-up of contamination.
Submodule A of the QAS module (see figure QAS1) is equipped with a tunnel which was designed
according to industrial design criteria. The sensors are installed above the tunnel so the part of the
module that comes into contact with food products can be cleaned properly and safely.
The X-ray unit (submodule B) was also designed according to industry standards and thus is fully
cleanable.
At the time of the demonstration, the cleaning of the QAS module had not yet been fully tested.
Quality measurements as added value for consumers
The quality information gathered online in the QAS module about every product on the line is send
to the line controller. The line controller forwards this information to the printer module, which

prints a QR code, including a link with which the consumer has access to all available quality
information (see Figure QAS3).

Figure QAS3. Examples of prints produced by the PicknPack line including a QR code, which contains
a link to an image containing more information about the product as measured by the QAS module.

Performance of the module as a processing system
The capabilities of the QAS module described in the previous paragraphs serve as a basis to be able
to correctly process the incoming data. More specifically, the QAS module and its devices acquire
raw data and extract from it ROI’s per tray/punnet which are linked to information obtained from the
worldmodel (position, content). This data is then processed using the various data models previously
developed. Once the processing is completed, the features obtained per tray/punnet are uploaded to
the worldmodel for storage or further use down the line (e.g. printing of custom labels).
Measured product properties
In this paragraph, the results obtained are discussed for each of the sensors separately. Generally
speaking for each sensor, first a segmentation step is performed to separate the plastic tray

background from the objects of interest and to split an object (e.g. tomato truss) into its components
(e.g. individual tomatoes and stalk). Further processing is then conducted on the segmented objects.
Hyperspectral Imaging Sensor

Tomato trusses
Tomato trusses are segmented by applying a PCA model that differentiates between stalks and
tomato flesh. Subsequently, individual tomatoes are segmented by spatial processing (based on the
Hough transformation).
The HSI setup was used to create models to determine:
-

the brix-value (sugar content) of individual tomatoes
The ripeness of individual tomatoes
the presence of skin damage

Figure QAS4 shows the results achieved by the model that determines the Soluble Solid content (SSC)
(expressed as Brix-degrees). An R²-value of 0.53 was achieved (Table QAS1). This low value is
explained by the fact that for tomatoes the variation in sugar-content between tomatoes is generally
low.

Figure QAS4. Model that predicts the Brix-value in tomatoes. Measured soluble solid content versus
predicted.

Table QAS1. Overview of the results obtained by the data models for determining tomato brix values
(SSC) and colour (Hue H*).
R²

R²p

RMSEC

RMSEP

L*

0,86

0,86

1,56

1,57

a*

0,95

0,93

1,86

1,89

b*

0,55

0,42

1,92

2,29

H*

0,97

0,95

3,01

3,35

SSC

0,53

0,23

0,25

0,31

The colour of the tomatoes is predicted by estimating the L-, a- end b-values of the tomatoes in the
Lab colour space. The predicted a- and b-values are then used to estimate the Hue value for each
tomato (Figure QAS5 and Table QAS1). A good correlation (r² of 0.97) was obtained. This hue-value
can then be linked to the ripeness class of which the tomato is a member.
RGB-image

Reconstruction of RGB

Hue-calculations

Figure QAS5. Hue prediction for tomatoes. The hue-value is calculated as the tangent of the b- and avalue of the Lab-colour space.
Finally, figure QAS6 shows an example of damage detection in tomato trusses. These results were
obtained offline, but can be implemented online according to the same methodology used for the
ripeness and brix-values.

Cutting damage

Puncture damage

Figure QAS6. Determination of cutting and puncture damage in tomatoes. The left images show an
RGB image of a truss. The middle images are a fake colour reconstruction of the trusses. The right
side images show the results obtained (red= tomato flesh, yellow= gloss, greed = stalk, black
=damage).

Grapes
Similar to the methodology described above for tomatoes, a model for the sugar content (brix) of
grapes was developed. In Figure QAS7 and Table QAS2, the results obtained are shown for white
grapes. A good correlation (r² = 0.95) between measured and estimated SSC (soluble solid content)
was obtained. For red grapes (r² = 0.35, see Table QAS2), no good predictive model could be fit.

SSC Predicted (°)

R² = 0,95

SSC Measured (°)
Figure QAS7. Measured versus predicted soluble solid content (SSC, Brix) for white grapes.
Table QAS2. Overview of the results obtained by the data models for determining grape brix values
(SSC).
R²

R²p

RMSEC

RMSEP

SSC (white)

0,95

0,73

0,64

1,33

SSC (red)

0,35

0,31

1,36

1,72

Chicken and turkey
A classification model was built that could discriminate between uncooked/cooked turkey and
chicken. The model was built by means of partial least squares discriminant analysis (PLSDA). Figure
QAS8 and Table QAS3 present an overview of the results obtained. Overall, about 90 % of the objects
can be assigned to the correct class.

Hyperspectral
Virtual RGB-image
imaging
Raw Meat

Background

Raw Chicken

Cooked Meat

Raw Turkey

Cooked Chicken

Cooked Turkey

Figure QAS8. Example of the classification between raw or cooked chicken and turkey. Each pixel is
assigned a colour to mark to which class it was appointed by the model.
Table QAS3. Summary of the results obtained for the classification model for cooked/raw chicken and
turkey.
Ground truth

Raw Chicken

Cooked Chicken

Raw Turkey

Cooked Turkey

Raw Chicken

88

0

5

0

Cooked Chicken

0

93

0

9,2

Raw Turkey

12

0

95

0

Cooked Turkey

0

7

0

90,8

RGB and 3D sensor
Imaging data and segmentation
In a calibration procedure, the transformation from world coordinates to coordinates of the RGB and
3D sensor systems is established. Using these transformations, the region-of-interest of each
package, i.e., the coordinates of corner points of each package, are translated into RGB image
coordinates and to the 3D sensor coordinates, so that both types of data can be recorded for every
package that runs on the line.
Based on a small number of examples, a segmentation method is trained, which segments the image
into background, tomato and stalk/calyx based on colour information stored in Hue-Saturation

histograms. As both stalk/calyx and tomatoes can be green, a further refinement of the stalk/calyx
segmentation is done use shape information, looking for elongated structures in the image.
Furthermore, individual tomato segmentation is achieved by detecting circular/elliptical shapes in
the image. Segmentation of individual tomatoes and stalk works robustly. Some examples of data
recorded on the line are shown in Figure QAS9.

Figure QAS9: Examples of segmentation of the raw image data to the separate packages (orange
boxes), identification of the individual tomatoes (blue ellipses), and stalk/calyx (blue dotted regions).
An example of the data recorded by the 3D sensors can be seen in Figure QAS10. Using the
transformation matrices for the 3D sensors, the package ROIs are translated to the coordinates of
the 3D sensor, which is used to get separate 3D for each package.

Figure QAS10: Example of 3D data recorded by the QAS module.
Colour-class determination
Using the segmentation of the individual tomatoes, the colour of each tomato is determined by
taking the median Hue value over all pixels of the tomato area. This median Hue value is than used to
estimate the colour class of each tomato on a human-readable colour scale using a polynomial
regression model. The regression model was trained and tested on ground-truth data acquired by
two human experts that established the colour class of 214 tomatoes on a scale from 1-12.

Estimated color class (-)

Estimation of colour class (N=214)
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Ground truth color class (-)

Figure QAS11: Estimation of colour class on a scale from 1-12. Average error is 0.55.
Figure QAS11 shows the results of estimation of colour class per tomato on the vine. The estimations
made by our method correlates well with the ground truth measurements, with R2=0.95. The average
prediction error was 0.49. The ground-truth measurements were done by two experts and the
predictions are compared to the average of the two. It must be noted that the human judgement of

colour class was not fully consistent over the two experts, with an average difference of 0.56 colour
class. It can thus be noted that the prediction error is smaller than the disagreement between the
experts. It is difficult to say which part of the prediction error is due to human error and which part
to machine error.
Weight estimation
Based on the segmentation of the individual tomatoes, some parameters of the shape and size of the
tomatoes are determined. Specifically, we take the length of the major and minor axes of the ellipse
fitted to the contour of each tomato. Based on this information, a regression method is trained to
predict the weight. The learning and testing is performed on ground-truth data, which is collected by
measuring the weight of each tomato with a scale.
Figure QAS12 shows the results of weight estimation in the PicknPack line. The results show an
average prediction error of 5.0 g, with a R2 of 0.53. Results of an earlier off-line experiment with
more elliptic tomatoes are shown in Figure QAS13, indicating an average prediction error of 3.9 g.
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Figure QAS12: Estimation of weight of individual tomatoes. R2=0.53. Average prediction error is 5.0 g.

Figure QAS13: Weight estimation in an earlier off-line experiment, with an average prediction error of
3.9 gram.
Microwave scanner
The microwave sensor scans food products to obtain its dielectric properties and evaluate the food
quality by means of the associated Equivalent Dielectric Value (EDV). Both the mean value and
maximum EDV values are calculated for analysis and evaluation.
The microwave sensor can discriminate between food samples which differ in moisture content,
which can for instance be used to evaluate the freshness and predict the product shelf life.

Chicken
The microwave was used to determine the cooking stages of chicken filet. In Figure QAS14, chicken
breasts of different cooking stages are shown, being: raw chicken and chicken cooked with a
microwave oven for 5, 10, 15, 20, 25, 30, 35, and 40 minutes. In these samples, sample 5 (cooked for
20 minutes) is properly cooked, sample 1 is uncooked (raw), 2-3 are insufficiently cooked, and 6 to 8
are over cooked.

Sample 1 Raw Chicken breast

Sample 2 Cooked 5 minutes

Sample 3 Cooked 10 minutes

Sample 4 Cooked 15 minutes

Sample 5 Cooked 20 minutes

Sample 6 Cooked 25 minutes

Sample 7 Cooked 30 minutes

Sample 8 Cooked 35 minutes

Figure QAS14. Chicken breast samples of different cooking stages

Sample 9 Cooked 40 minutes

The test results of the samples in Figure QAS14 are given in Figure QAS15.
EDV mean: 0.1149 EDV max:0.74043

9.6

9.6

9.6

4.8

2.4

Size - Y (cm)

12

7.2

7.2

4.8

2.4

1.8

3.6

5.4

7.2
9
10.8 12.6 14.4 16.2
Size - X (cm)

18

1.8

4.8

3.6

5.4

7.2
9
10.8 12.6 14.4 16.2
Size - X (cm)

18

1.8

Sample 2
EDV mean:0.115
EDV
max:
EDV mean:
0.0832920.740
EDV max:0.46207
12

9.6

9.6

9.6

4.8

Size - Y (cm)

12

7.2

7.2

4.8

2.4

2.4

1.8

3.6

5.4

7.2
9
10.8 12.6 14.4 16.2
Size - X (cm)

Sample 4
EDV mean:0.088
EDV
max: 0.487
EDV mean: 0.059655 EDV max:0.31189

3.6

5.4

7.2
9
10.8 12.6 14.4 16.2
Size - X (cm)

18

1.8

9.6

9.6

Size - Y (cm)

9.6
Size - Y (cm)

12

7.2

4.8

3.6

5.4

7.2
9
10.8 12.6 14.4
Size - X (cm)

16.2

18

5.4

7.2
9
10.8
Size - X (cm)

12.6

14.4

16.2

18

7.2
9
10.8 12.6 14.4 16.2
Size - X (cm)

18

7.2

4.8

2.4

2.4

1.8

3.6

Sample 6
EDV mean:0.066
EDV max: 0.337
EDV mean: 0.055551 EDV max:0.27696

12

2.4

18

4.8

12

4.8

7.2
9
10.8 12.6 14.4 16.2
Size - X (cm)

7.2

Sample 5 (properly cooked)
EDV mean:0.083
EDV max: 0.462
EDV mean: 0.058347 EDV max:0.28257

7.2

5.4

2.4

1.8

18

3.6

Sample 3
EDV mean:0.108
EDV
max: 0.655
EDV mean: 0.065905 EDV max:0.33662

12

Size - Y (cm)

Size - Y (cm)

7.2

2.4

Sample 1
EDV mean:0.121
EDV
max: 0.732
EDV mean: 0.088155 EDV max:0.48749

Size - Y (cm)

EDV mean: 0.1078 EDV max:0.65451

12

Size - Y (cm)

Size - Y (cm)

EDV mean: 0.12126 EDV max:0.73224
12

1.8

3.6

5.4

7.2
9
10.8
Size - X (cm)

12.6

14.4

16.2

18

Sample 7
Sample 8
EDV mean:0.060
EDV mean:0.058
EDV max: 0.312
EDV max: 0.283
Figure QAS15. EDV measurement of chicken breast with microwave sensor
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The trend of EDV mean and EDV max with cooking time are given in Figure QAS16, and Figure QAS17.

Figure QAS16. Trend of EDV mean values of chicken breast

Figure QAS17. Trend of EDV maximum values of chicken breast
From Figure QAS16 and Figure QAS17, we can see that there is a good agreement in EDV mean and
EDV max with the cooking time. The developed model can thus be used to evaluate the degree of
cooking of chicken breast. The same methodology is expected to be applicable for other food
products.
X-ray scanner
Considerable effort has been spent to allow accurate imaging in a stop-and-creep environment as
implemented in the PicknPack system. The sensors were appropriately triggered by an encoder in
direct contact with the web of trays. The resulting images needed various types of calibration and
normalization, as shown in figure QAS18(a). The wavy patterns in the vertical direction are caused by
small variations in exposure due to the stop and creep motion. The horizontal binary bands are the
result of the detectors being overexposed due to hardware constraints at very low speeds of the web
of trays just before and after the web stops and starts respectively. The vertical black bars that are
visible in the images are caused by the web of tray supports passing between source and detector
and were simply cropped out. Figure QAS18(b) shows the corrected X-ray images. The wavy patters

have disappeared completely but some image degradation is still visible in the regions of low web
speed. The cause has been identified and future detector firmware upgrades should solve this issue.

(a)

(b)

Figure QAS18: Uncorrected (a) and corrected (b) X-ray images.
The X-ray scanner is currently capable of detecting foreign bodies in trays filled with tomato trusses,
grapes or chicken breast as shown in figure QAS19(a) in red. Based on the stereo-images, 3D position
and size of individually detected objects (figure QAS19(a), blue) can be assessed. Note that size
estimation does not encompass shape reconstruction.

(a)

(b)

Figure QAS19: Detection of foreign bodies – in this case a metal washer - (in red, a) in trays filled with
tomato trusses (detected contours in blue) and a 3D rendering of estimated tomato size and position
(b).
Advanced algorithms for internal defect detection and shape reconstruction have been developed
but still need integration with the 3D-vision system before online implementation is possible. This
integration relies on deploying the communication software as developed for the QAS module on the
X-ray module which was delayed due to the postponed join date of InnospeXion in the PicknPack
project.

Offline simulations for a system with a 0.5 mm detector pixel size show that these methods can
reliably detect small defects with limited variation in density as shown in figure QAS20.

Figure QAS20: Detection rates (%) of defects for a detector with pixel size 0.5 mm. Columns show the
defect size in mm while rows show the defect density in relation to sample density (i.e. samples in the
bottom row don’t contain defects).

QAS module
As described in the previous paragraphs, each of the sensor measures certain features per
tray/punnet or per object and sends these to the module controller. The module controller can then
be used to calculate new features based on the combination of the features received.
As an example of this approach, an algorithm was developed and implemented online that could
assign products in a tray to a user specified quality class. An object is assigned to a certain quality
class (in this example “premium quality”, “acceptable quality” and “not acceptable quality”) by
checking for a number of pre-defined product properties if they fall within a desired range
(selectable by the user of the system).

In figure QAS21 an example is shown for tomato trusses. The brix value (HSI), colour (RGB) and
weight distribution within the truss (3D) are measured by different sensor systems and sent to the
QAS module controller. For each quality feature a desired range is defined (green = desired, orange =
acceptable, red = not acceptable). If a product scores in the ‘green zone’ for all features, it is
considered premium quality. If it score in the ‘red zone’ for a single feature, it is considered not
acceptable. In the other scenarios (combination of green and orange ‘zones’) the product is
considered of acceptable quality.

Figure QAS21. Screenshot of (a part of) the user interface to define quality classes for tomato trusses.
The colours on the sliders indicate the desired values for each feature (green: premium quality,
orange, acceptable, red: not acceptable).
The methodology described here is flexible, in that any of the features that are measured can be
selected as part of the combination of features which are used for quality grading. Likewise, the
ranges that determine each ‘zone’ on the quality scale (green/orange/red) can be quickly changed in
function of the current needs of the production line.
Flexibility

Semi-supervised learning
To assist an operator at building new classification models for predicting (new) quality features for a
(new) type of product, a semi-supervised segmentation algorithm was developed. This combines the
discriminating power and ease of use of unsupervised segmentation algorithms, like k-means
clustering, with the calculation speed of supervised classification algorithms, like PLSDA. In a first

step, an operator should decide on which algorithm gets the best unsupervised segmentation result.
Based on this input, the algorithm will build a supervised model to classify the pixels. Then the
operator has to decide on 10 new images if the segmentation, resulting from the supervised
classification, of these images is correct. Otherwise, the training set should be extended using an
unsupervised segmentation algorithm, like in the first step. This leads to an iterative procedure to
build a robust classification model. In Figure QAS22, an example of this methodology is shown for
tomatoes and grapes.
This algorithm was not yet implemented on the line but demonstrated stand alone. More detailed
information can be found in deliverable report D4.8.

96,95 %

98,52 %

Figure QAS22. Example of the results obtained for the semi-supervised segmentation of tomatoes
(left) and grapes (right). The top figures show a fake colour image of the measured products. The
bottom figures show the results of the segmentation. The percentages represent the number of
correctly classified pixels.

Easy changeable configuration
The QAS module was designed to allow for an easy and flexible change of the configuration it is used
in. This effect plays on different levels:

-

-

-

The QAS module as a whole can be easily relocated to another position in the line. The
software of the module was designed to automatically cope with this change with
minimal user input.
The sensor configuration can be easily changed. Sensors can be removed or added or
their relative configuration can be changed as desired. As the devices that control the
sensors use the same software design as that of the module, this reconfiguration is
similar to the reconfiguration of the module described above.
Sensors can be quickly assigned new capabilities in terms of models that are available for
processing new features/product types. The processing chain is designed that it can
assign any of the available models to a tray/punnet and use that model to calculate the
desired features for that model. Models can be easily added or removed without
changing the software of the processing chain itself. New features or product types that
are added are handled automatically according to the standards described in the
PicknPack protocol.

Performance of the module as a measuring system:
Communication network
Upcoming months:
The basic framework of the network protocol has been completed for demo 1. If desired, new
behaviour/message types can be added relatively easy according to the standards of the developed
protocol.
After the end of the project:
The communication protocol can be fully implemented on the X-ray unit. This would allow to
implement data fusion with other sensors and deploy advanced processing algorithms for internal
quality inspection and shape reconstruction.
Besides this, new behaviour can be added to each module/device/line on a case-specific basis.
Speed and accuracy of data acquisition
After the end of the project:
At this point, the maximum acquisition speed (at maximum line speeds of 16 cm/s) is relatively low
compared to industry standards (m/s). Furthermore, some food lines work continuously instead of
moving in a stop and creep regime.
However, the same sensing system can be reconfigured to work under these conditions as well. For
example, by using a different lens and position of the sensors relative to the line, higher acquisition
speeds can be reached, though this usually comes at the cost of a lower spatial resolution.
Notwithstanding, the images produced this way will still have a sufficient high resolution since in the
current setup the sensors are configured to achieve sub-mm resolution is, which may not be required
for most applications.

Spatial calibration
Upcoming months:
At this stage, sensor fusion has been realised on a tray/punnet level, i.e. each device can extract and
process the data extracted from pre-specified ROI’s of trays/punnets. Using this information, global
features per tray/punnet (e.g. entire tomato truss) or per object ( e.g. single tomato) can be
calculated and forwarded to the QAS module controller who can calculate new features per
tray/punnet or object (data fusion).
In a next step, this procedure will be taken one step further by combining data from different sensors
on pixel level, i.e. mapping of raw or processed data to a single ‘image’.
Hygienic design
After the end of the project:
As the QAS module was designed as a research setup, it may not yet be fully compliant with all
industrial standards maintained in the food industry.
Since most of the sensor systems were developed by different partners, the design choice was made
to incorporate a computer per partner in the QAS module to ease development. This could be easily
replaced with a more compact computing system allowing for a more optimised, compact and
hygienic design of the QAS module itself.
Performance of the module as a processing system
Measured product properties
As described above, new data models can be easily added to the developed framework without
significantly changing the processing chain. New features or products can therefore be easily added
and processed.
RGB and 3D sensor
Upcoming months: we aim to merge data from different sensors. In particular, we will merge the
data from the hyperspectral camera, data from the RGB camera on to the 3D data. We will develop a
spatial calibration method that calculates how data from the hyperspectral and RGB camera can be
mapped onto the 3D points resulting from the 3D sensor. This gives very rich spectral, spatial and
shape information at every point on the product. Based on that, we will develop method for
segmentation of the product and detection of defects based on classifiers that use the information
from all sensors.

X-ray scanner
In the near future, the X-ray will be used to measure the following product properties:





Foreign bodies
3D size and position
Internal quality
3D shape

Microwave
Further investigation regarding the degree of cooking of chicken and other food samples will be
conducted.
QAS module
At the present stage, sensor fusion was realized by combining features calculated per tray or object
in that tray. In a next step, the goal is to realize sensor fusion on the pixel level. This means that raw
or processed image information is transmitted and mapped to a single new data model so each pixel
in that model contains the information of various sensors. Additionally, advanced algorithms for
sensor fusion between X-ray and 3D imaging are available which enable internal quality inspection
and shape reconstruction.

5 Printing Module
5.1 Design and key functionalities
The printing module, as an integrated part of the PicknPack line, generates flexible decoration onto
the top film of the food packages, before the film is sealed to the tray. The printed decoration can
include a variety of product data and quality information, as well as different barcodes that enable
product tracking and provision of additional information. This is combined with flexible graphical
designs, which can vary for different product types and quality classes and can be different for batch
sizes down to single packages. The ability to use different packaging materials for the top film, as well
as the complete software control and interaction with the line controller, is in line with the adaptive
packaging concept of PicknPack.

Figure 1 has following illustrations:
a) shows the design of the printing module, including the web transport, inkjet printheads, ink
system and control electronics.
b) the printing module (on the left hand side) can be seen integrated with other parts of the
PicknPack line, including the cross section part and the laser for sealing and cutting. As the laser
station has been demonstrated separately from the line, the performance testing has been carried
out in the configuration as show in
c) and d), where the printed foil is fed over the cross-section in a stop & go motion, and then rolled
up again. The printing module can be seen with all side panels removed in Figure 1 c), and in Figure 1
d) with the side panels including a tinted foil for UV-shielding on the semi-transparent front panels.
e) One printed block of tray-lids as it is fed to the cross-section is shown in Figure 1 e).

a)

b)

c)

d)

e)
Figure 1 – (a) Design drawing of the printing module, (b) Picture of the printer together all
components of the line, including cross section and laser sealing, (c) Configuration as used for
performance tests and demonstration without laser module, with side panels removed, (d) Same
configuration with all side panels in place, including UV-shielding on front panels, and (e) Printed top
film at the cross-section, with one block of trays in 1 x 3 configuration.

The central component of the printing module is the inkjet print bar, which is identical for each
colour and holds four Xaar 1002 printheads side-by-side to cover a total print width of 282 mm.
These printheads allow highest reliability for single-pass applications as implemented here in the
PicknPack project, as they utilize a through-flow principle and continuous ink recirculation that
allows self-recovery of failing printhead nozzles.
The concept and implementation of the print bar can be seen in Figure 2 and Figure 3 . Specially
designed alignment features allow the fine-adjustment of the position of each printhead, and
additionally it is possible to raise and lower the whole print bar for adjustment of the printhead-tosubstrate distance and for access to the printheads for cleaning and maintenance purposes.

Figure 2 – Design drawing of the print bar module for four Xaar 1002 printheads

Figure 3 – Print bar module as integrated in the printer, together with drive electronics and tubes
from ink supply system

The key functionalities of the printing module are:


Inkjet printing of flexible decoration and variable information onto the packaging top film,
using state-of-the-art piezoelectric inkjet printheads with reliable and high quality single-pass
printing capability



Variable data and decoration includes:
o Quality information that is obtained at the Quality Assessment modules
o Product weight data, obtained at the Marel robot
o Tracking information (printed in the form of text, barcodes or QR-codes)
o Changeable graphical design, depending on product and quality class (e.g. different
design for a luxury, standard and budget versions of a product)



Currently printed in two colours for the demonstration workshops and for testing (white and
black ink); design of printing module would allow extension to 5 colours



Use of low migration UV-curable inks, approved for food packaging (aspect of food safety)



Curing of the inks with integrated UV-LED lamps



Wide range of printing speed possible, capable to match or even exceed maximum speed of
the rest of the PicknPack line



Possible to use the printing module with different top film materials (PP, PET, composites
etc.), materials supplied in reel-to-reel fashion, automated web handling



Capable to print either with continuous web speed, or in a stop & go fashion, or with an
integrated web buffer solution (converting a continuous web speed at printing to a stop & go
motion at laser sealing; but this function was only partially implemented and not
demonstrated during the workshops). Printing speed and stop & go times can be adjusted by
software to match the speed of the rest of the line.



Software control of printer functions and web movement, interaction with the line
controller, and automated composition of print images at the printer computer.

Flexible functionalities of the printing module:
One of the major aspects in PicknPack is the flexibility of the packaging line. The flexibility of the
printing module is achieved in terms of:


Printing of variable data, which includes quality information obtained at the sensing
modules, product weight, tracking information in form of text and barcodes, individually
determined expiry dates, etc.



Flexible decoration, meaning that graphical design can be varied for each individual package
depending on content and quality class



Size of printing area can be adapted for each individual package. In our case, the top lids for
one block / batch of trays as it is produced in one stroke of the thermoformer are always
printed together (dimensions 480 x 240 mm), and could contain 1 - 18 packages depending

on the configuration of the mould; but the size of the batches could be even varied freely
outside these borders, to include other product configurations


Different top film materials can be used, both in terms of material type and thickness



A wide range in printing speed can be utilized, and is synchronized with the speed of the rest
of the PicknPack line



Different ink types could be printed with the inkjet printheads; however, for the
demonstration and current testing only one specific type of low-migration UV inks was used



Composition of print pattern, download of print pattern to printheads, and the functionality
of the printer components is all controlled by software. With the software concept
developed in PicknPack, the printing module interacts with the line controller and gets all
relevant information directly from the World Model, which allows the compilation of a
personalized print image in-line and synchronized with the rest of the packaging line.

In Figure 4 an example of a print pattern is shown as it could be used for one block consisting of six
trays with dimensions of 160 x 120 mm. The print bitmap shown here is only a test image, the print
bitmaps generated by the PicknPack software for the real products are shown in the results section.
In the final print images, the barcode and label information will be individual for each single package,
and the graphical design including the white background is adapted to the type of product and
quality class of the content.

Figure 4 – Printing design as an example for top film decoration of six 160 x 120 mm trays

5.2 Specifications and performance indicators:

Table 1 lists the major performance indicators and specifications of the printing module. Some of
these parameters, like the required print speed, might be variable in the final application, and they
also depend to a large extent on the finally achievable speed and performance of other modules in
the PicknPack line.

Performance indicator
Printing area

Targets
One block of trays (from
thermoforming):
480 x 240 mm (length x width)

Remarks
Max print width is 282 mm
Endless dimension in print direction
possible

More than 240 mm print width
might be required if alignment
marks are printed
Print speed /
web speed for top foil

Around 6 m/min (100 mm/s)
max. web speed if web buffersolution is implemented
(based on three 240 x 160 mm
trays per block, and 10 blocks per
minute)
Faster speed, up to 10-15 m/min, is
required if stop & go motion is
used, but no buffer solution
implemented

Alignment accuracy of
printheads

High print quality requires good
alignment of printheads
50 µm max. alignment error
between printheads of the same
colour

It was decided not to implement the
foil-buffer solution for the current
demonstration and testing, meaning
that the higher speed range is
required.
The actual print speed might also
vary during the packaging run, if
there are strong variations in the
cycle time of other modules.
Max print speed for printheads is
400 mm/sec, but limitations are also
given for the UV-curing of the inks
Alignment accuracy between
printheads depends also on encoder
accuracy and quality of web
transport and web tension

Rotational alignment > no streaks
visible in printed layers
Print quality /
resolution

Close to photographic quality
desired, sharp text

Printed in 360 dpi & 8 level
greyscale with Xaar 1002-GS6 inkjet
printheads
corresponds to > 1000 dpi in
apparent resolution due to greyscale
printing

Number of colours

2 colours (white and black)

Design of printing module would
allow extension to 5 colour printing
(not demonstrated within
PicknPack)

Ink types

Low migration inks for food safety
reasons

UV-LED curable low-migration inks
from Agfa used for current
development; other inks would be
possible to use as well

Thickness of top film

Typically in a range of 40 – 80 µm

Two type of top films testes so far
from Bemis:
TER HB 50 PP EZ PEEL (62 µm thick)
OPALEN 45 AF PP (45 µm thick)

UV-curing

Inks have to fully cured after final
cure (to ensure food safety)

Available UV peak irradiance:

Capable of running the printer
module automated and under
control of the line controller

For testing purposes the printer
should also be capable to run fully
stand-alone, in addition to the
control by the line controller

Software control

Composition of actual printing
images synchronized with the rest
of the line & with the correct data

 5.0 W/cm2 for pre-curing of
white ink
 12 W/cm2 for final cure

Table 1 – Specifications and performance indicators of the printing module

5.3 Test results and performance of the printing module after integration
into the PicknPack line
Evaluation of print speed range and UV-curing of the printed layers:
Different test series have been performed, to evaluate the achievable performance of the printing
module in respect of achievable print speed range and obtainable print quality. All tests were
performed on the TER HB 50 packaging film from Bemis.
It was decided to demonstrate the printing module in the PicknPack line in a stop & go motion
without a web-buffer. That means that one printout will be made, consisting of the lids for one
complete block of trays as produced by the thermoformer, and after that the foil is stopped until the
start of the next printout is triggered again.
However, this implies that there will be a larger unprinted space after each printed block, as the
printout of both white and black inks have to be finalized first, and then additionally the prints have
to be fully UV-cured, which requires the foil to be moved an additional distance. The longer printing
distance means that the print speed has to be higher as well, in order to have a long enough stoptime at the cross-section, during which the foil can be sealed or processed.
The minimum time for one cycle of the whole PicknPack line is mainly determined by the time the
thermoformer needs to form one block of trays during a “stop” motion, and the time the QAS
module and other parts of the line need to perform measurements during the “go” or “creep” part
with constant movement. But in reality this cycle time will be longer, due to the time the Marel
robot needs to successfully fill the trays with the products, and it can also vary from cycle to cycle.
For the current performing testing of the line, a minimum cycle time of 10 seconds could be
considered as realistic. The above mentioned requirement of an additional movement of the foil
after each printout leads to a moving distance of the top film of roughly 1500 mm per print stroke
(instead of otherwise 500 – 600 mm, i.e. 480 mm + some extra space, if a foil buffer would be used).
From this, following stop & go times for the printed top film can be calculated:




10 sec cycle time, 6 sec stop time of the foil: 22.5 m/min print speed
10 sec cycle time, 5 sec stop time of the foil: 18 m/min print speed
10 sec cycle time, 4 sec stop time of the foil: 15 m/min print speed

Ideally, the stop time should be kept as long as possible to allow sufficient time for sealing and
processing of the foil, even if the foil was only re-winded in our test case, and the laser-sealing was
performed separately from the line. The inkjet printheads would allow a maximum print speed of
0.4 m/sec (24 m/min), but there is a trade-off for the print quality versus print speed, especially as
the distance of the printheads to the substrate had also be kept slightly larger due to imperfect web
tension and curling of the foil (distance was 2 - 3 mm, normally a print distance of 1 mm would be
recommended).

Printing tests have been performed in a range of 6 to 24 m/min (corresponding to 0.1 to 0.4 m/s)
with 6 m/min steps. All tested print speed settings allowed very good print quality, apart from the
highest print speed of 24 m/min where some onset of printing defects could be observed, and also
more “satellite drops” were visible, i.e. a tiny unwanted drops that land next to the printed pattern.
In an additional test step it was confirmed that 21 m/min (0.35 m/sec) still allowed a good print
quality.
Following figures show some results of this test series.

Figure 5 - Test print of vine tomato labels at 12 m/min (0.2 m/s)

Figure 6 - Test print of vine tomato labels at 18 m/min (0.3 m/s)

Figure 7 - Test print of vine tomato labels at 24 m/min (0.4 m/s); some printing defects are visible at
close-up look

An equally critical parameter that determines the maximum applicable print speed of the printing
module is the UV-curing of the ink. The printing module has two stages for UV-curing:
First stage is the pre-curing or “pinning” of the white ink. The right UV-dose is important in order to
achieve a good print quality of the subsequent black ink pattern that is printed on top of the white
layer. For this pre-curing a FE300 lamp from Phoseon Technology is used with a peak irradiance of
5 W/cm2.
The second step is the final curing of both white and black ink layers. It is very important that the ink
layers are fully cured, otherwise the printed layers wouldn’t guarantee the low-migration
specifications of the ink. Furthermore, a not fully cured layer could be slightly sticky, or the layers
might peel of the substrate. For the current tests a FJ200 lamp from Phoseon Technology with a peak
irradiance of 12 W/cm2 was used, and for further tests a version with 16 W/cm2 will be available as
well.
Within a test series with different printing speed it was evaluated which UV-irradiance is required for
sufficient pinning of the white ink and full curing of the final layer (criteria was that the layer should
not be sticky anymore directly after printing). The resulting required output of the UV-lamps can be
found in Figure 8.

Figure 8 – Required output of the UV-lamps for pre-cure/pinning and final curing, in order to achieve
optimized results

As it can be seen from the graph, the maximum print speed has to be limited to 18 m/min (0.3 m/s)
due to the limits in peak irradiance of the FJ200 UV-lamp together with the currently used inks.
It is also important to regulate the UV-output accordingly to the current print speed. This was
implemented by adding a fully automated control of the UV-lamps via C-series modules that were
added to the existing CompactRIO controller. In this way it is possible to switch the lamps on and off,
control the intensity and read the lamp status.

Figure 9 and Figure 10 show some additional test prints that were performed for the top lids for
chicken breasts and for grapes. These prints were all performed at 12 m/min.

Figure 9 – Test print of labels for grilled chicken breast, print speed 12 m/min (0.2 m/s)

Figure 10 - Test print of labels for grapes, print speed 12 m/min (0.2 m/s)

Evaluation of printhead alignment / print quality:
For the alignment accuracy of different printheads within the print bar of one colour, it is typically
assumed that any error there should be in the order of 50 µm or less (which is selected to be less
than one pixel alignment error at 360 dpi resolution). Any errors larger than this could be easily
detected by eye.
As previously reported in deliverable D7.3, during earlier tests the general alignment accuracy of the
printheads was typically within this range, but could suddenly vary by up to 100 – 150 µm during the
same print run.
During the integration of the printer into the PicknPack line, several changes and improvements have
been made with respect to the control of the web movement:





Better alignment of the rolls for the web transport, and improved web guiding and tension
control
Replacement of the roll where the encoder signals are detected with a different roll with
non-slipping surface coating (it was suspected that slippage of the foil at this spot was one of
the major causes for the alignment variations)
Improved control of the motors of the web transport, to allow smoother acceleration and
deceleration

The test runs after all modifications were in place confirmed that a mayor improvement of the
alignment accuracy was achieved, and the previously observed stitching errors were now strongly
minimized. Figure 11 shows a print pattern under the microscope, where the “stitching line”, i.e. the
spot where two neighbouring printheads print next to each other, is visible (each single dot in the
image represents one ink drop, roughly 100 µm in diameter). This image shows that the alignment of
the printheads was nearly perfect. In f another printout from a consecutive print run of several print
samples is visible. In this case, a stitching error of around 50 µm was suddenly visible, for the same
mechanical alignment of the printheads. This is probably still caused by a non-perfect web handling
and some residual slippage of the foil. However, the errors in this range are hardly detectable by
bare eye, and can be considered as non-significant.

Stiching line between head 3 and 4

Figure 11 – Stitching line between head 3 and head 4 of the print bar with black ink; nearly perfect
alignment

Stiching line between head 3 and 4

Figure 12 - Stitching line between head 3 and head 4 of the print bar with black ink, different sample
from a series of consecutive print runs; some stitching error in the order of 50 µm is visible.

These tests were performed on generic test pattern, as shown in Figure 13. These test prints also
confirmed that the printing module is able to produce defect free printouts over the whole print
width of 282 mm. The test pattern included different greyscale levels, and the test results confirmed
that all grey level produced good and consistent print quality. Furthermore, this test showed that the
rotary alignment of the printheads was within narrow tolerances, otherwise streaks would be visible
in the printed layers.
It was also confirmed that the print quality was very consistent, as no degradation in print quality
was seen during longer test runs of several hundred printouts.

Figure 13 –Printed test pattern for evaluation of print quality and printhead alignment, print speed
was 6 m/min

Generation of print images and triggering of printouts:
A software module was implemented, which allows to extract data from the World Model and to
compose the printing images with variable information like product data and barcodes with tracking
information and e.g. links to a web page with pictures of the actual products. Additionally different
graphical designs can be combined for the top lids of one block of trays, if different quality classes
are present (luxury or budget products). The print images will also be set up accordingly for the
different tray sizes that are produced by the thermoformer, e.g. as a block of 3 x 1 trays for the larger
trays, or 3 x 2 for smaller trays. Two examples are shown in Figure 14 and Figure 15.

Figure 14 – Generated print pattern for vine tomatoes

Figure 15 – Generated print pattern for grilled chicken breast
However, at the current testing the full functionality of the bitmap generation was not implemented
yet. Bitmaps could be generated, but not yet fully flexible with the connection to the World Model,
and most data input was in a semi-manual way. But this is expected to be fully implemented for the
2nd demonstration in Holbeach.
Another important aspect is the synchronisation of the printout with the rest of the PicknPack line. It
is necessary that the right information is printed at the right time, and that always a new printout is
started for each cycle, after the web of trays is forwarded by one step.
The synchronisation with the line controller was implemented, and worked reliably on most
occasions. A new printout was started as soon the web of trays was forwarded one step, and the
printout stopped at the correct position at the cross-section. However, sometimes there were still
problems with the communication with the line controller and triggering of the printouts. It
happened a few times that the communication stopped, and also at some rare occasions the printing

continued back-to-back even without being triggered. This will still be addressed in the remaining
time of the project.

Status and performance of the software and communication with the line controller and World
Model
The software is built around a LabVIEW implementation of the PnP Pattern, using a cRIO-9030 as
target controller.
One of the major challenges with the printer software, was the integration of 4 different software
applications:





LabVIEW code to control the motors of the printer and allow manual testing.
LabVIEW code to communicate with the Line.
LabVIEW code to control the actual printing (printheads, UV lamps).
Windows executable for generating the .bmp images for printing.

For the first demo, these four applications were mostly separate and loosely coupled through a few
network shared variables. For the second demo and final state of this module, the three LabVIEW
applications have been merged into one project (the bmp generator is still separate), allowing for a
more stream-lined workflow and more reliable communications. While still untested with other
modules, the initial tests with the simulated Line Controller has shown a marked improvement in
reliability, and the communication during the Holbeach demo is expected to be flawless (contrary to
the Wageningen demo).
The HMI for the printer allows for both manual and automatic control (by Line Controller) of the
printing process. Speed, distance and delay of each motor is available for adjustment directly, and a
number of indicators communicate the state of the software and hardware alike, as well as
displaying a log of the line communications.
To operate in sync with the Line, the operator must first verify the legal state of software and
hardware (on the HMI), then click a single button – the printer will then attempt to join the line
communications and, if successful, enter a pause state until a new print is ordered. Refer to
documentation of software code (or the PnP Pattern), for further details on the communication
itself.
While the printer monitors and receives every order to perform work, it will only print once it
receives such a message containing data to print. Select data is then extracted from the message,
and re-structured for further processing.
The data is inserted into a text file, which is used by the bmp generator to place the data in the right
positions and formatting on each image. Once the bmp images are generated, the printing itself
commences with the start of motors, print heads and UV-lamps.

Figure 16 – Main Printer HMI. Here with additional controls and indicators for development purposes.

5.4 Possible improvements of the printing module
During the time until demo 2 in Holbeach:


The observed issues with the connectivity to the line controller should be improved. It was
also observed during testing, that at some occasions the printouts were not started /
triggered correctly, which should be corrected.



The code to generate the printing bitmaps should be updated and fully implemented into the
main program, so that all relevant variable data is collected automatically from the World
Model.



Some additional demo cases (e.g. printing of flexible bags) will be prepared, to show the
flexibility of the printing module even for applications that go beyond the current range of
PicknPack demonstration cases.



A new UV-lamp for the final curing step will be installed (higher peak irradiance,
16 W/cm2 instead of 12 W/cm2). This lamp might also allow higher printing speed of up to
24 m/min, to be tested.

These improvements are planned to be implemented at the time of the Holbeach demo.

After the end of the project:
There is a clear intention to evaluate the use of the printing module also for other applications in
packaging printing after the end of the Picknpack project.
Further improvements could include (depending on the type of application):


Further improvements in the software design and reliability, and increased flexibility for
other product types (including further improvements in the flexible generation of the
printing bitmaps)



Full implementation of a foil buffer solution, to enable a continuous printing speed at the
printheads, but a stop & go motion at the output of the printer



Testing of other ink types



Testing of a wider range of different substrate types



Combination of the printing module with further type of packaging machines

6 Laser module
The Laser Sealing and Cutting module is designed to seal food packages and then cut the packages
from the web of trays. The process of sealing and cutting is digitally controlled so so sealing and
cutting parameters can be instantly changed and the system can respond to changes on the
production line in terms of shape and size of the food packages. During the demonstration at WUR
this change was triggered manually but there are features in the control software for the laser that
would allow the triggers for the laser to be automated and integrated into a production line.
The performance of the Laser Sealing and Cutting module is measured in terms of the speed of the
operation, the quality of the seals being made ( both in terms of strength and seal integrity ) and the
flexibility in terms of the time it takes to change from one shape to another on the control system.

Fig 1 – Sealed polypropylene packages

Because the laser ran at a wavelength of 10200nm and at this wavelength the laser energy was only
absorbed at a rate of approximately 10% ( 90% transmission ) by PET packaging materials it was
unable to be integrated onto the PicknPack line. In the off line situation the laser could be used with
Polypropylene materials where 90% absorption ( 10% transmission ) of the energy could be achieved.

Fig 2 – Digital controls for the laser system allows greatly increased flexibility when compared
with conventional tray sealing systems. Rapid changes in shape and size will improve
productivity in tray sealing operations with automatic set-up of laser parameters.

The performance in the off line set up allowed the laser to be operated optimally to achieve a high
quality, commercial standard, seal. The seal width was adjusted to 2.5mm to match the commercial
standard and seal strength was also of a commercial standard.
In the optimised set up the laser beam incorporated specialised features to deliver the laser energy in
a controlled way to prevent the breakdown of the polypropylene due to excessive temperatures.

o
o
o

o

Laser was set up with the target packaging beyond the focal length of the system.
This gave a laser spot that was 1mm in diameter.
The laser spot was sent around the sealing area 5 times to deliver the required
energy more slowly than trying to deliver the energy in one pass.
The laser spot was made to wobble as it made its way around the sealing area. The
wobble used was 2mm with a “pitch” of 0.25mm. This achieved the standard seal
width of 2.5mm on the final seal.
The laser was operated at 25% of its full power.

Fig 3 – Laser safety is a big concern for operators of the laser system and those nearby. The
laser was fully enclosed in a polycarbonate cage with interlocked doors to ensure that the
laser could not operate if it was unsafe to do so. All laser control was achieved through
systems outside of the cage. The safety system was tested each at each experimental and
demonstration session.

Laser power W
200
200
200
200
100
100
100
100
100
75
75
75
75
75
50
50
50
50
50
50
50
50
50
50

Spot size mm
0.2
0.4
0.6
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Speed mms-1
2500
2500
2500
2500
2500
2000
1500
1800
1700
1700
1500
1400
1500
1600
500
1000
500
400
500
500
500
500
500
500

Wobble mm
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0.5
1
1
2
2

Wobble pitch Circulations
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
2
0
2
0
5
0
5
0
10
0.25
10
0.25
10
0.25
8
0.25
10
0.25
5

Notes
Packaging overheated
Packaging overheated
Packaging overheated
Packaging overheated
No Seal Made – Under heated
No Seal Made – Under heated
Some sealing - damage to top film
No Seal Made – Under heated
Some sealing - damage to top film
No Seal Made – Under heated
Better Sealing
Some sealing - damage to top film
Better Sealing – less damage
Worse sealing – less damage
No Seal Made – Under heated
No Seal Made – Under heated
Narrow seal made – poor strength
Worse sealing – no damage
Improved seal strength – narrow seal
Improved strength still narrow
wider seal – some over heating
still overheating
good seal width and strength
Commercial strength and appearance

RAG Result

Fig 4 – A matrix of interactions between the control parameters of the laser. The spot size was
optimised at 1mm as after the sealing operation a cutting operation was required. Too big a spot size
on this operation would have resulted in inadequate energy density to complete the cutting required.

Fig 5 – Food packages sealed with commercial standard seal strength and integrity.
The seal strength achieved by this method matched a commercial standard of peel strength
and seal integrity also matched commercial samples.
The time taken to make a seal by this method was dependant on the size of the pack being
sealed and the distance around the sealing area of the pack. The spot speed was set at
500mms-1 and on a rectangular tray of dimensions 190mm x 140mm the process took 41
seconds.

Fig 6 – Distance between the laser lens and target packaging was set beyond the
focal length of the laser optics. This increased the spot size of the laser beam and also
contributed to increased safety as the beam was diverging as it hit the potentially
reflective surface of the packaging materials.
The laser module performance could be further improved by finding the critical limit of energy
delivery rate to the polypropylene materials. The laser has more power available so a decrease in
cycle time could be achieved with more experimentation. The off line rig used for the laser demo in
Wageningen could also be improved to make the process more industrial.
After the completion of the PicknPack project further work and investigations could be carried out
with lasers of other types and wavelengths to establish a matrix of food packaging material types and
the laser type best suited to interact with them.

7 Packages Pick and Place Module

Image1: Pickable general view

7.1 Key functionalities
7.1.1

Handling of loads

Pickable is a novel robot for high speed pick and place applications which keeps the same dynamics
and cost than commercial parallel robots, making work volume more efficient, allowing reconfigurability and improving required footprint. It is based in the same principles as industrial
parallel robots to manipulate and place objects at high speed, but the rigid bars are replaced by
metallic cables. The cables are connected to a mobile platform at one side and enrolled on winches
that control the length and tension of the cables for the controlled movement of the platform on the
other.
The frame or body is made of stainless steel AISI 310. Transparent panels that complete it are made
of Plexiglass and remain attached to the structure by adhesive only. The main function of the frame
is to support the mobile platform, the electronics and the motors that drive their movement. It has
wheels and levellers. The wheels have the sole function of transporting the set. During operation the
wheels remain on the air. The upper part, which is also made of Plexiglass, is the base of the
platform, which remains adhered to the inner surface by suction. On one side it incorporates an
inside access door with interlocking and blockage device. All four engines are screwed into each of
the four corners of the frame.

Image2: Pickable frame

The cables have the function of moving, by pulling, the platform based on two degrees of freedom on
the inner face of the frame cover. Each of these cables is wound on one of the four motors and
converge on the platform. Depending on which engine works with more or less power, it will pull in
one direction or another.
These cables have a length of 6m and they are made of stainless steel coated with polyamide 12.

Image 3: Winches for driving the cables

Image4: Endeffector of Pickable handling loads

7.1.2

Location of packages using machine vision

Its objective is to calculate the picking position of each package to update the coordinates with the
movement of the conveyor and to send them to Pickable in order to carry out "conveyor tracking"
which consists in grasping the food packages from a conveyor and placing them in boxes.
Following image shows the architecture of the implemented system:

Image5: Architecture of the machine vision system

It consists in a linear monochrome camera with a high power linear lighting. This vision system and
the selection of the appropriate gripper, provides to Pickable the necessary flexibility and ability to
adapt to different package sizes in random positions.

Image6: This image summarizes the relation among the lineal camera field of view and the movement of the conveyor

The complete vision system has been integrated into the design of the cable robot attached to the
frame for an easily configuration and calibration of both systems. By this way, the distance between
the coordinate systems (camera and robot) are fixed and known.

Image7: Machine vision system

So as to feed the foodstuffs on the robot envelop, a conveyor is used. Conveyor or ‘transfer’ of 3m
length. Its function is to introduce the packages in the workspace for manipulation by Pickable. The
conveyor is the last tract of an entire packaging line and is situated on one side of the system, aligned
with one of the platform movement axes.

Image8: Conveyor general view

The movement of the conveyor is performed by an electric motor. Its operation, speed, starting and
stopping, is managed by the operator control panel. The conveyor movement has a constant
programmed speed, capable of reaching up to 9m/min.

Image9: Operator control panel for the conveyor

7.2 Performance indicators
7.2.1

Speed

Following table summarizes speed values for the 6 degrees of freedom of Pickable:

VEL (t/s)
Velocity
(maximum
values)

J1 Axis
J2 Axis
J3 Axis
J4 Axis
J5 Axis
J6 Axis

20
20
20
20
70.83
18.48

Lineal (J5 Axis)

719.96 mm/s

Conveyor

Velocity

Power

RPS

W

Z Axis (J5 Axis)

70.83

60

Alpha (J6 Axis)

18.48

60

Mobile plattform

7.2.2

21m/min

Payload

The platform includes the endeffector which can handle low payloads (1kg.). It is made of stainless
steel, aluminium and food grade polyurethane. The cables which traction the platform converge in it
displacing it in one direction or another. The plane on which it moves is the inside of the Plexiglass
top cover of the frame, to which remains attached by clamping. The platform has a stem which can
move vertically (Z axis) a length of 200mm and can rotate in both directions. At the lower end of the
stem it is provided with a coupling for the grippers. These two movements are performed by two
brushless engines of 90W of power each one. These engines have encoders for detecting the
position.
The platform has a "docking station" rest position, near one of the corners of the frame, in which can
remain fixed mechanically, i.e. without the vacuum effect. Maintenance operations for the platform
are always achieved in this position. The pneumatic group to generate the vacuum effect has energy
storage in case of power failure.

Image10: Endeneffector of Pickable

7.2.3

Working range

Following table summarizes the dimensions of the working range:

Work volume limits

Longitudinal range
X Axis (mm)
Y Axis (mm)
Z Axis (mm)

Min

Max

mm
0
0
0

mm
1300
600
200

3

A graphical view of the working range can be seen bellow (blue rectangle):

Image11: Effective working range (blue rectangle)

7.2.4

Rate of successfully grasped packages

Following image shows the implemented strategy for image composition by means of linear frames:

Image12: Strategy for image composition

As can be represented on following image, the quality of the identification, due to the strategy
implemented, relies on the layout of the labels of the top film. This is why current rate must be
registered during the tests.

Image13: Quality of the identification depending of labels

7.3 Functionalities perform on indicators
The following table summarizes how functionalities perform on indicators:
INDICATOR
FUNCTIONALITY

Speed

Payload

X

X

Handling of loads

Working range

Rate of successfully grasped
packages

X

Location of parts
by means of
machine vision

X
Table1: Indicators performed by functionalities

7.4 Improvement
7.4.1

Short time

In the period of time between the demo in Wageningen and the demo in Holbeach, the improvement
of Pickable will be focused on its dynamic behavior and the control performances, in order to
improve the demo presented the 26th and 27th of May in Wageningen.
The development will be mainly focused on the two following points:
-

General improvement of the robot dynamic performances:
Currently, the maximum tested performances in terms of speed and acceleration correspond
to:
● Maximum tested acceleration: 1g.
●

Maximum tested velocity: 2 m/s.

Depending on the stroke of displacement of the pick-and-place cycle, these performances
correspond to a cadence of about 15-30 P&P/min, which corresponds to the objectives of the
specifications of the PICKNPACK line.
During the next weeks, the efforts will be oriented on increasing that dynamic as the Pickable
robot has been dimensioned to achieve a higher dynamic and should be in theory go faster.
Hence, it will be important to find a good tradeoff between a better dynamic and precision
from one side and a guaranteed stability from the other one. Finding an optimal tuning of the
gains is very important in order to fulfill that objective.
-

Other concrete goals:
Pickable behaves better (regarding cables tensioning) performing longitudinal movements of
the platform instead of transversal or diagonal ones. This is noticed in the tension of the
cables. Even if these movements have been already tested with a dummy platform during
the preliminary experiments, it was observed it when we moved to the real motorized

platform. This Issue has to be identified and analyzed. Some reasons can be advanced and
can explain this problem:
●

●

7.4.2

The degradation of the cables during the preliminary tests without the tensioning
strategy: Indeed, some of the first control movements tests were instable and led to
a bad enrolling of the cables and have altered them (torsion, deformation…etc). New
cables have been already installed. This issue can lead to a bad rolling/rolling-out of
the cables around the winches and this phenomena is hard to be anticipated in the
modeling of the kinematic models.
The non-calibration of the initial pose of the platform. In the demo of Wageningen,
this pose was approximately fixed in the center of the workspace. The option of
using an automatic docking station has not been kept. Actually, as the designed
docking station seems very stiff, the automatic docking test of the platform has been
reported to the period between the two demos (in Wageningen and Holbeach), in
order to avoid a shock that can lead to a degradation of the motorized platform.

Long time

Depending on the goals achieved in the last part of the project, followings tasks could be carried out:


Precision and repeatability evaluation:
In order to precisely assess the performances of the robot, some characterization
measurements by means of an external measurement device (i.e. a laser tracker) will be
carried on. The objective is to know exactly the performance of the robot in terms of
accuracy and repeatability, in order to be able to identify some potential applications that
can fit with that precision.
Furthermore, these kind of tests is necessary in order to have an additional information on
the performances in the Cartesian space. This is because up to now, all the information on
the precision can be calculated using the joint measurements (i.e. encoders) and the
kinematic models, and have to be validated by these additional experiments.



Integration of the vision module and implementation of the state machine. All the functions
of Pickable have been tested as individual modules; this is the machine vision, the
manipulator, the state machine. A global integration of all the modules in the machine would
be a considerable improvement.



Testing advanced control strategies: in order to improve the robustness of the controller,
advanced control strategies such as adaptive control, sliding modes can be tested.
For high dynamics, a feedforward control input will be certainly necessary to guarantee the
stability and reduce the vibrations on the platform.

8 Cleaning System - Mobile Cleaning Device (WP8)
Module Description and Key Functionalities
It is necessary to clean packaging lines periodically to avoid hygienic risks. Especially product contact
areas need to be set to a defined initial hygienic state in regular intervals. The cleaning process needs
to be reproducible and efficient with regard to time and resources. Due to the increasing number of
products and economic requirements also flexibility and adaptivity are becoming more and more
important.
Normally, cleaning is done manually by an operator (not reproducible) or by a Cleaning-in-Place (CIP)
system which consists of nozzles solidly mounted to the machine (not flexible and adaptive). Within
this project a new technology was developed to make the cleaning within PicknPack more flexible
and adaptive according to the different products which are packaged on the PicknPack line. The new
concept consists of a Mobile Cleaning Device which moves automatically through the whole
production line and cleans all modules according to their individual requirements.
To move through the line the Mobile Cleaning Device uses the bars of the Sectional Frames as rails
which also support the web of trays during production. On these rails it can drive on wheels and by
that reach all modules to clean them. As an alternative, the device can also be simply carried by a
conveyor belt. The Mobile Cleaning Device contains different nozzles which can all be controlled
individually with the help of magnetic valves. On this way, the device can use for example flat fan
nozzles for smaller areas like tunnels or Sectional Frames where a lower flow rate is needed. For
bigger areas, like the robotic modules, rotating spray heads e.g. with a high flow rate over big
distances can be used. The operating pressure and the movement speed can also be controlled
automatically. The device also has an on-board position sensor so that it can automatically detect in
which module it currently is in and according to that which cleaning program it has to run.
The device is completely battery-driven and the engine and the valves are controlled via WiFi.
Therefore, the only physical interface of the Mobile Cleaning Device is the hose connection which
supplies the device with the cleaning fluid. Different cleaning agents can be used such as water, foam
or alkaline solutions. The cleaning device is connected to a mobile hose drum table. This table is
placed over the line in the beginning so that the cleaning device can start from there. The hose drum
is also automated so that the hose can be unrolled with a synchronized speed to the movement of
the cleaning device. The hose drum again only needs to be connected to the central CIP rack of the
production facility. On this way not only one but also different production lines can be cleaned with
one Mobile Cleaning Device by just moving the table with the hose drum and the device to the
different lines and connecting it there to the CIP rack.

Figure MCD1. Prototype of the Mobile Cleaning Device

Figure MCD2. The Mobile Cleaning Device connected to the hose drum table, driving into the line.
In the concept the hose drum table will also have a docking station for the Mobile Cleaning Device
(Figure MCD2). This docking station consists of a rail pair which can be moved up and down
automatically. On this way the cleaning device can drive automatically from those rails into the line.
When it drives back on the docking station it is fixed there and moved in the upwards position so that
the hose drum table can be moved to another position.

Performance Indicators
As described the cleaning process needs to be efficient and reproducible as well as flexible and
adaptive. To quantify those parameters the following performance indicators can be used:
-

Cleaning time / cleaning rate
The cleaning time shows how fast the soil is cleaned from the machine surface. The cleaning
rate also takes the soil amount into account and states how much soil is removed within a
certain time. To determine those parameters cleaning tests are performed.

-

Movement speed of the Mobile Cleaning Device
To clean the PicknPack line within a certain time the Mobile Cleaning Device needs to be able
to drive with a certain speed according to the required cleaning time. Therefore, tests were
done to determine the minimum and maximum speed the device is able to realize and if
those speeds are suitable for cleaning.

-

Battery duration
Since the cleaning process is taking some time, it is necessary that the batteries which are
supplying the engine and the valves with energy are able to last for the whole time.
Therefore, tests were performed to determine the duration during cleaning.

-

Cleaning Fluid Range
The cleaning device needs to be able to work with water and foam. It needs to be able to
apply them over distances of around 2 m to the machine surfaces with a high enough impact
and flow rate. Therefore, tests were performed to determine if the device is able to spread
foam on all relevant surfaces and if it is able to remove the foam again and also the soil with
water. This was part of the cleaning tests.

-

Line Communication
One of the main features within PicknPack is the online communication between all the
modules in order to share information and to make the production process as flexible as
possible. The same applies to the cleaning system. There is communication with the line
necessary during cleaning do interact with other modules, e.g. to open valves or to tell
several modules to start moving. To show that this communication is possible, it was tested
exemplary for chosen use cases.

Current Performance
To quantify the performance indicators listed above several tests were performed which showed the
following results:
-

Cleaning time / cleaning rate
Cleaning tests were performed with the Sectional Frame tunnels and the Delta Robot.
Therefore, both modules were soiled in the product contact area with a food model soil. The
soil was applied widespread by spraying. After drying for 24 hours the modules were cleaned
with the Mobile Cleaning Device and in comparison also with the conventional CIP-system
with stationary nozzles from the Delta Robot. The cleaning progress was monitored by a
camera. Therefore, a fluorescent tracer was added to the soil to make the soil visible for the
camera under UV light. With this method the cleaning time could be determined until 95 %
of the soil was removed. This time was taken as comparison parameter to quantify the
efficiency of the different cleaning regimes. Since the amount of soil was always the same
the cleaning time is equivalent to the cleaning rate. Together with the flow rate the water
consumption could be calculated from the cleaning time.
The tests showed that the cleaning time from the conventional CIP-system from the robot
was slightly faster than the Mobile Cleaning Device but since it uses a also more nozzles and
has therefore a higher flow rate it also had a significantly higher water consumption. The
cleaning device can save around 30 % of water in comparison to the CIP-System. In addition,
due to the movement of the cleaning device it was able to reduce spray shadows significantly
in comparison to CIP-system from the robot and could therefore improve the quality of the
cleaning process.

Figure MCD3. Cleaning efficiency Cleaning Device vs. CIP System
Also the efficiency of the different cleaning agents was compared. It could be shown that
cleaning with foam (dwell time 10 minutes) and water can reduce water consumption by
around 60 % in comparison to cleaning with water only (no dwelling). The cleaning time for
foam and water does not include the dwell time.

Figure MCD4. Cleaning efficiency Foam vs. Water
Also different operating pressures were compared. It showed that cleaning with 4.5 bars is
slightly faster than cleaning with 3 bars but water consumptions is also slightly higher. Energy
consumption was not measured but is presumably also higher for 4.5 bars. So both set ups
are showing nearly the same performance and it has to be decided as the case arises which
one is preferred according to the specific requirements.

Figure MCD5. Cleaning efficiency Operating Pressure

Movement speed of the Mobile Cleaning Device
Cleaning tests showed that a movement speed of 5-10 mm/s is necessary in order to realize
the cleaning time. This speed could be realized successfully without any issues. The
maximum speed which was tested was 50 mm/s. So the tests showed that the cleaning
device is able to realize the necessary speed and even way more if required. Also very low
speeds of 1 mm/s were possible.

Battery duration
The cleaning device contains two batteries. One supplies the engine with power, the other
one supplies the valves, sensor and WiFi-module. The tests showed the both batteries have a
similar consumption and are lasting around 2-3 hours and more, depending on the intense of
usage. Cleaning the PicknPack line requires approximately 30 minutes. Therefore the battery
duration from the tests is suitable for this purpose.
Cleaning Fluid Range
The tests regarding the different cleaning agents were performed in combination with the
cleaning tests on the Delta Robot since this is the biggest module within the PicknPack line.
The tests showed that the Mobile Cleaning Device is able to spray water as well as foam. It
was able to cover all areas of the Delta Robot with foam as long as they were accessible.
Afterwards, it was also possible to rinse the foam completely from all surfaces within
acceptable time.
Line Communication
Line communication was integrated exemplary for the communication with the Delta Robot.
When the cleaning device enters the robotic module, the Delta Robot is supposed to start
moving in order to support the cleaning process. This could be successfully implemented.
While running the cleaning program the cleaning device sent a message to the robot shortly
before it entered. The robot successfully received the message and started the movement.

Future improvements
The current version of the Mobile Cleaning Device is a prototype to show the feasibility and its
advantages in comparison to conventional cleaning methods. In the future the module will be
developed further. Size will be reduced and the hygienic design will be improved to increase its
suitability for the use in product contact areas. There will also be a version without wheels which is
only carried by conveyors.
To make the device also more adaptive, it is planned to add an optical sensor system for automated
soil detection. Since most food products contain fluorescent ingredients, it is possible to make them
visible for a camera with a UV light. Both components will be integrated into the Mobile Cleaning
Device. With this sensor system it will be possible to improve adaptivity during the cleaning process.
It will be possible to determine which areas are really soiled and require cleaning and which areas
don’t need to be cleaned. And it will also be possible to determine if all surfaces were successfully
cleaned or if further cleaning is required.

Figure MCD6 shows the smaller concept design of the cleaning device with and without wheels and
including the camera sensor to detect soil.

Figure MCD6. Design Concept Mobile Cleaning Device with optical cleaning sensor.

Figure MCD7. Design Concept Mobile Cleaning Device and hose drum table with docking station.

