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Summary

E-commerce markets are constantly growing, while customers expect shorter delivery. Consequently,
parcel handlers like DHL and UPS have to deliver more parcels in less time while also handling re-
turn streams. To accommodate both streams into a single facility, bidirectional systems were in-
troduced which can be reversed between shifts in order to accommodate transport over the same
equipment. These systems use a bidirectional sorter capable of sorting and merging parcels based
on frictional forces between the sorter and parcels.
Bidirectional sorters have been applied in several systems proving their advantage over unidirec-
tional sorters. Despite several available bidirectional sorters, insight in the working principles is
unknown. Commissioning is expensive since each system is programmed manually and based on
dynamic controls. Introducing timing issues and systems highly sensitive for disturbances. Fur-
thermore, uncertainty exist on which types of parcels can be reliably sorted and why certain prod-
ucts show better behaviour. Therefore, insight is necessary into; parcel behaviour over bidirectional
sorters, impact of different parcel parameters and influence of product design.
To provide objective and substantiated information a quantitative design method was chosen namely,
Set-Based Concurrent Engineering. Resulting in a structured approach to eliminate insufficient de-
signs. In order to eliminate concepts a test is required to verify compliance between requirements
and concepts. To save time and expenses a simulation model is used to examine and eliminate dif-
ferent layout configurations.
By conducting experiments using a current available bidirectional sorter (grid), the model is vali-
dated and information on parameter influence is acquired. Considering parcel characteristics, ratio
(width/length) has the largest impact on position and orientation of the parcel, other parameters
have considerably less influence. On equipment level, grid velocity has no influence on lateral posi-
tion and orientation and can therefore, be used to maintain parcel velocity in longitudinal direction
in order to maintain gaps between parcels. Furthermore, divert angle settings can be used to influ-
ence the position and orientation of parcels to neatly sort parcels into an outfeed.
These angle setting could be equal throughout the grid (block control), set per individual wheel or
somewhere in between. Leading to several available layout configurations which were examined
using the simulation model. Finally, three configurations remained all using 2, 3 or 6 rows and a
separate column next to the outfeed in order to increase control on the front and back of parcels to
better set the orientation.
Finally, the two row configuration was selected due to its simplicity over the other configurations.
Earlier performed experiments were repeated on the new configuration and showed an improve-
ment over the old version, which could be increased even further if a new mechanical design enables
angle settings using steps of 5◦ instead of 12.8◦. To obtain the angle settings for each control block
only information on the parcel lateral position, orientation and ratio is necessary, while other prop-
erties involving stiffness, inertia, friction coefficients and mass do not influence the result. Leading
to simplified static control strategy requiring only a few basic parameters.
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Samenvatting

De E-commerce markt maakt een constante groei door en klanten verwachten dat pakketten steeds
sneller worden bezorgd. Hierdoor moeten postbedrijven zoals DHL en UPS meer pakketten bezor-
gen in minder tijd terwijl ook de stroom van retourzendingen toeneemt. Om zowel heen- als re-
tourzendingen te kunnen verwerken in dezelfde faciliteit kunnen bidirectionele systemen uitkomst
bieden. Een dergelijk systeem kan in twee richtingen werken waardoor beide stromen over dezelfde
bandtransporteurs gaan. Voor een dergelijk systeem is ook een sorteerder nodig die in twee richtin-
gen werkt, hiervoor kunnen wielsorteerders gebruikt worden die op basis van frictie een pakket
uitsorteren.

Ondanks dat er al vele wielsorteerders bestaan, is er nog weinig bekend over de achterliggende
principes. Hierdoor wordt elk systeem individueel ingeregeld gebruikmakend van dynamische aans-
turing waarbij de hoek instellingen van de wielen varieren op basis van de positie van het pakket. Dit
resulteert in dure inbedrijfstelling, problemen met timing en hoge gevoeligheid voor verstoringen.
Verder is het onduidelijk welke variabelen invloed hebben op het pakketgedrag en waarom som-
mige pakketten beter sorteren dan anderen. Daarom is er meer inzicht nodig in het pakketgedrag,
invloed van parameters en effecten van verschillende layouts voor de sorter.

Om een objective keuze tussen de verschillende layouts mogelijk te maken is er gekozen voor de
Set-Based Concurrent Engineering methode welke een gestructureerde aanpak volgt om verschil-
lende concepten te elimineren. Om deze eliminatie mogelijk te maken is er een test nodig om con-
cepten te kunnen meten, daarom is er een simulatie model gemaakt waarmee verschillende layouts
getest en geelimineerd kunnen worden.

Door het uitvoeren van experimenten op de huidige wielsorteerder kon het model gevalideerd
worden. Verder zijn deze experimenten gebruikt om de invloed van verschillende parameters te on-
derzoeken. Hieruit volgde een duidelijke afhankelijkheid van de pakket ratio, andere pakket param-
eters hebben significant minder invloed op het pakketgedrag. Op product niveau heeft de hoogte
van de wielen weinig invloed terwijl het wel verstoringen introduceert in de snelheid van het pakket.
Een verhoogde snelheid van de sorteerder kan gebruikt worden om de snelheid van het pakket in
transport richting gelijk te houden tijdens het uitsorteren. Verder heeft de hoek instelling van de
wielen een duidelijke invloed op de positie en orientatie van het pakket en kan daarom gebruikt
worden om dit te beinvloeden.

Het is mogelijk om deze hoekinstellingen op verschillende manieren te varieren op de sorteerder,
bijvoorbeeld door alle wielen hetzelfde (blok) of individueel aan te sturen. Hierdoor zijn er verschil-
lende layouts gevonden die vervolgens zijn getetst met het simulatie model. Na het uitvoeren van
verschillende eliminatie stappen zijn er nog 3 configuraties overgebleven allemaal gebruikmakend
van een apart sturende rij bij de uitgang en 2, 3 of 6 rijen. Deze apart sturende rij heeft betere cont-
role over de voor- en achterkant van het pakket waardoor de orientatie beter beinvloed kan worden.

Uiteindelijk is de configuratie met 2 rijen gekozen door zijn eenvoud. Om dit concept kracht
bij te zetten zijn de experimenten nogmaals uitgevoerd. Deze nieuwe layout vertoond duidelijk
beter pakketgedrag in vergelijking met de oude configuratie. Door de mechanische uitvoering van
de aanwezige sorteerder konden hoeken slechts ingesteld worden in stappen van 12.8◦, door het
verkleinen van deze stappen naar 5◦ kan het pakketgedrag nog verder verbeterd worden. Om de
hoekinstellingen van de wielen te kunnen bepalen zijn enkel nog de ratio, begin positie en orien-
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vi 0. Samenvatting

tatie van het pakket benodigd. Waardoor parameters welke moeilijk te meten zijn zoals, stijfheid
en wrijving uitgesloten kunnen worden. Dit leidt tot een vereenvoudigde oplossing waarin maar
enkele parameters benodigd zijn en een statische aansturing wordt gebruikt om pakketten netjes te
kunnen sorteren.
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1
Introduction

The e-commerce market is constantly increasing and has doubled over the last five years [8]. This
growth results in a higher demand on parcel handlers such as DHL and UPS. To meet this demand,
capacity of sorting facilities should be increased, which can be achieved by introducing bidirec-
tional sorting systems [3]. Bidirectional systems can operate in reverse to accommodate vans and
trucks at the same docks during morning and afternoon shifts in order to accommodate outbound
and inbound using the same conveyors [11].

Steerable rollers are currently the only group of sorters which feature this property a high capacities
[36]. Several steerable roller concepts have been developed which share a similar mechanism [9,
24, 32, 40]. In 2014 VanRiet Material Handling introduced the modular IQ-Grid (Figure 1.1) which
also incorporates this mechanism [26]. The IQ-Grid has already been applied in several systems and
proved the efficiency of a bidirectional system.

The constant aim for higher sorting capacities requires continuous improvement and innovation of
equipment. Therefore, it is necessary to improve the current product leading to a higher efficiency
and more knowledge on the influence of parcel properties.

Figure 1.1: The bidirectional sorter designed by VanRiet called the IQ-Grid.
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2 1. Introduction

1.1. Problem Statement
The first generation of the IQ-Grid was developed using a qualitative approach, most of the design
is based on experience of earlier developments and visual observations. However, this approach re-
sulted in a black-box able of sorting parcels to an outlet without knowing where and how the parcel
will end up there. Due to this uncertainty, commissioning is expensive since the controls of each
system are tweaked to ensure reliable sortation for specific parcel sets of each customer. Further-
more, controls follow a dynamic profile based on parcel position resulting in systems which are
complex and highly sensitive to disturbances.

Uncertainty about the parcel behaviour also results in design challenges since the influence of cer-
tain design parameters is not necessarily known. For example grid height which is set 5 mm higher
than the adjacent conveyor to ensure better grip while diverting parcels. While also, introducing a
ramp resulting in jumps of parcels leading to undesired behavior and lower sorting reliability since
parcels have less contact with the sorter. Also influence of parcel parameters is unknown which
leads to uncertainty on which types of parcels can be sorted by the IQ-Grid.

Furthermore, the layout is based on the cassette design resulting in divert angles set per row (lat-
eral to the transport direction). This layout was prescribed by the mechanical design but may not
provide optimal parcel behaviour and therefore, requiring unnecessary extra grid length.

1.2. Research Questions
The problem statement clearly indicates the need for better insight in the functioning of the grid
which can lead to improved sorting behaviour and predictability. Therefore, the following research
question was formulated to aim for optimized bidirectional sorting:

How can parcels be efficiently sorted in a bidirectional system independent of their position on the
feeder?

To answer this primary question the following sub-questions have been formulated:

• What are State of the Art bidirectional sorters and their required functions?
• How can a bidirectional sorter and surrounding equipment be modelled?
• How can the parcel behaviour be accurately described?
• Which parameters influence the parcel behaviour on a bidirectional sorter?
• Which layout configuration is most efficient in sorting parcels?
• How viable is the current design compared to the new developed concept?

1.3. Report Outline
First, the design methodology of this research was defined which provided a framework for the re-
search. By this method the following steps were determined which starts by discovering the func-
tional requirements of the product.

By examining a typical system in which the IQ-Grid is usually applied and literature survey, product
requirements were defined. Which were used in order to eliminate concepts following a quantita-
tive and structured approach.
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According to the chosen design method (Set-Based Concurrent Engineering) a test was required to
perform concept elimination . Because of the high costs and time required to physically test differ-
ent concepts, a simulation model was constructed. First, the mathematical model required for this
simulation was defined. From there, the model was computerized into a simulation and verified to
ensure a proper implementation.

By conducting experiments more insight was gained into the impact of several parameters, but also
a method was presented to validate the simulation model. After validation, the model was used to
test the different configurations. Leading to an improved conceptual design for the layout of the
bidirectional sorter, this is presented together with the gained insight on parameter influence and
design choices. Which is finally, confirmed by repetition of the experiments on the new layout con-
figuration.

In short, this method led to the following structure: Chapter 1 - Introduction, Chapter 2 - Research
Methodology, Chapter 3 - Product Background, Chapter 4 - Parcel Behaviour Model, Chapter 5 -
Parcel Simulation, Chapter 6 - Experiments & Model Validation, Chapter 7 - Design Selection IQ-
Grid, Chapter 8 - Validation Improved Design, Chapter 9 - Conclusion & Recommendations.





2
Research Methodology

This chapter describes the method used during the research, this consist of two parts namely: de-
sign and simulation. First the design method was selected which provided guidelines to select a
concept. For this selection a test was necessary. The kind of test is described in the second part of
this chapter.

2.1. Design Method
The methodology prescribed the different steps to follow during the research and provided a tool
for the successful redevelopment of the product. A distinction was made between different design
methods from there, a method was selected and applied to this research by determining the differ-
ent steps required.

2.1.1. Method selection

A distinction was made between different methodologies to be able to categorize these methods
and clearly indicate their strengths and weaknesses. Which were used to select one of the two types
of methodologies and from there, select a specific method.

Two types of design methods were distinguished: quantitative and qualitative methods. Both meth-
ods are described below:

• Quantitative: this type of methods is focused on selecting the design based on objective
numbers. These can be acquired using measurements, calculations or simulations and are
processed using numerical comparisons and statistical inferences. The selection of the final
design can then be made based on an objective decision [28]. An example of a quantitative
design method is Set-Based Concurrent Engineering, this method focuses on excluding solu-
tions by tightening the boundaries (product requirements). To eliminate concepts, objective
data is necessary in order to examine if the solution still meets the tightened boundaries [34].

5
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• Qualitative: these methods rely on personal observations, designs selection using these meth-
ods mostly rely on subjective decisions and experience of earlier product developments [28].
An example of these methods are the Pugh matrix or Kesselring’s selection matrix. The Pugh
matrix indicates strengths and weaknesses of the solutions compared to a reference design.
This is done using, a plus (better than reference), minus (worse than reference) and S (same as
reference) from multiple criteria stated beforehand. In addition Kesselring’s selection matrix
adds weights which can add importance to certain criteria [35].

The current design of the IQ-Grid is developed using the experience of previous products and in-
formation from the field. This approach was chosen since little was known about the parcels that
will be sorted by the product, usually only restrictions based on weight and dimensions are applied.
Therefore, behaviour of parcels was assumed to be a non-deterministic process and hard to de-
scribe.

This information led to the decision to design the product using a qualitative approach, performed
by selecting concepts based on criteria like: reliability, costs and robustness. These criteria were
ranked using a Pugh matrix with information based on estimates and experiences.

Currently not much is known about the influence of different design parameters on the perfor-
mance of the product. Also including influence of parcel properties such as friction coefficients,
stiffness and inertia. These insights could be acquired using measurements, calculation and other
quantitative information.

Therefore, a quantitative method was chosen for this research to approach the problem differently
and gain more insight in the principles behind the product. More precise, the previously described
Set-Based Concurrent Engineering method was chosen. Because of its quantitative properties, ob-
jective approach and its proven results in previous research [18, 34, 35, 39].

2.1.2. Description Applied Method

Set-Base Concurrent Engineering was chosen for this research and was applied to the research by
indicating the required steps and fitting these to the research objective of Chapter 1.

Several concepts were found for the new product, these concepts were set into boundaries, defined
by the product requirements. Ideas which lay outside the boundaries were eliminated from the set.
From there, the boundaries were tightened even further to converge to a single concept.

To make an objective elimination during each iteration the level of detail was increased to the
amount necessary at that stage. An overview of this process is shown in Figure 2.1.
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Figure 2.1: Schematic representation of the SBCE design method

After developing several concepts these were narrowed down to a definitive conceptual layout for
the IQ-Grid. The selection process was done according to the described methodology, leading to
the following steps:

1. Elimination based on tests using maximum parcel dimensions for sortation.

2. Elimination based on tests using maximum parcel dimensions for merge.

3. Elimination using several different parcel properties.

4. Concept selection by examining detailed parcel behaviour.

2.2. Development Simulation Model
Development of a conceptual layout for IQ-Grid required several tests to eliminate certain layouts
according to the chosen design method. These results could be achieved using several methods, in
Figure 2.2 different options for concept analysis are shown.

The physical model and experiment with the actual model require functioning products. During
this research only the first generation of the IQ-Grid was available which is limited in angle settings
(steps of 12.8◦) and has a fixed length (0.6 m). These angle settings may not provide the flexibility
required to test different layouts and parcels placed far away from the outfeed may not be sorted
due to the limited grid length. Creating a new prototype with this flexibility will require time and
resources which were not available in this phase of the design.

Therefore, only the analytic and simulation models remained for the redevelopment. Due to the
expected complexity of the model a simulation seemed most appropriate [25]. Using simulation
different configurations could be tested with multiple inputs (parcel properties, velocities, etc.).

The development of such model required the following steps: model qualification, model verifica-
tion and model validation [31]. This process is shown in Figure 2.3 and described in detail below.
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Figure 2.2: Different methods that can be used to provide tests for
the configuration options. Obtained from [25].

Figure 2.3: Steps necessary to create a simula-
tion model which can then be used to simu-
late the physical product. Obtained from [31].

2.2.1. Model Qualification

First, a conceptual model was made which described the physical system. In this research the model
consist of several formulas describing the translation and rotation of the parcel when travelling over
the IQ-Grid. This step resulted in a mathematical model [31].

2.2.2. Model Verification

The mathematical model was used in a simulation, to construct this simulation the mathematical
model was implemented into a computerized model. The implementation was verified to ensure
the model showed correct responses as expected by the mathematical model.

The verification of this implementation could be done using static or dynamic testing [12]. Static
testing is done by analyzing the computer program by checking the code in a structured way. Dy-
namic testing uses tools to check the results generated by the model, this research used the following
tools available for dynamic testing to ensure a proper implementation [37]:

• Animation: using an animation a ’logical’ path of the parcel was ensured. For instance strange
jumps in position or unreasonable rotations of the parcel were detected. This provided a pre-
liminary test for a correct implementation.

• Face-validity: after inspection of the animation, it was passed to an expert which indicated if
the model showed behaviour which he expects from his experience.

• Traces: finally traces can be used to ensure proper implementation, this was done by varying
the input parameters of the model and check if the response of the simulation model corre-
sponds to the expected response by examining the mathematical model.

2.2.3. Model Validation

Finally, the model was validated to ensure the simulation model generated a result which was re-
liable to model the physical product [31]. Since a physical product (first generation IQ-Grid) was
available for testing, the validation was performed using an objective approach consisting of exper-
iments and statistical tests [37].
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By performing experiments using the physical product while varying different parameters the model
was validated. These results were compared to the results generated by the simulation model, if
these were within defined bounds the model could be assumed to represent the physical model
correctly.

These experiments were conducted using design of experiments which was used to limit the num-
ber of experiments necessary by varying multiple parameters simultaneously [4]. To determine
which parameters needed to be varied in the experiment first a dimension analysis was performed.
The analysis provided dimensionless groups which were used to setup the experimental plan [23],
which is described in detail in Chapter 6.

After a successful verification and validation of the simulation model it was used to eliminate pro-
posed layout designs by testing the layouts using different parameters as explained in Section 2.1.2.

2.3. Conclusion
Based on the design method applied during the development of the first generation grid, a different
approach was chosen for this research to gain better insight in the working principles of the prod-
uct. Therefore, a quantitative design method named Set-Based Concurrent Engineering was chosen
due to its characteristics and proven success in previous research.

To eliminate several concepts using this method, a test was required to measure the feasibility of
configurations towards the requirements. These tests were conducted using a simulation model in
order to save costs and time, which are introduced when using a physical model.

For construction of this simulation several steps were taken to develop a reliable solution. First, the
model was qualified by stating the mathematical model, after implementation of this model into a
simulation it was verified. Finally, a validation step was taken by performing different experiments
to check correspondence with the reality.





3
Product Background

In this chapter the background of the IQ-Grid is provided. Which is used to determine functional
requirements for the product, in order to eliminate configurations which do not comply to these
requirements as discussed in Chapter 2.

First, a system description is given which explains how a first generation IQ-Grid is usually applied
in a project. Second, the State of the Art is discussed, this can be useful to gain insight in possible
concepts and competitors products. This information is then used to define the requirements.

3.1. System Description
In Figure 3.1 a layout is shown which is applied in an actual project. This layout includes 14 IQ-
Grids and uses the bidirectional functionality. This facility serves as a last hub before the customer
and enables transfers from trucks to smaller delivery vans. During the morning schedule (5:00-8:00)
parcels are unloaded from trucks and transferred to vans which then take parcels to the customer.
After delivery, the vans bring back parcels collected at shops. These vans arrive in the afternoon
(14:00-20:00) during this process parcels are unloaded from the vans into the trucks to be trans-
ported to other hubs.

3.1.1. Unloading Trucks

The first step of the process is the unloading of the trucks during the morning schedule, this process
is shown in Figure 3.2. A truck arrives at the hub and connects to one of the docks (1), after this the
containers can be unloaded using a forklift. These containers are then placed at the offload area (2).

From here the parcels are placed into the system by manual operators and transported by convey-
ors. These conveyors transport the parcels to the infeed (3) which then places the parcel on the
sorter belt as shown in Figure 3.3. Using an IQ-Grid (4) the parcel is guided onto the sorter belt to
prevent parcels from getting stuck.

11
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Figure 3.1: Overview of the bidirectional layout in a parcel hub.

Figure 3.2: Unloading parcels from the trucks (1) into the system by operators (2).
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Figure 3.3: Transport for the infeeds (3) to the sorter belt using IQ-Grids (4).

3.1.2. Sorting to Correct Outfeed

This system has three types of outfeeds, namely: multi-purpose (5), B2C (6) and the vans (7) as
shown in Figure 3.4. After placement on the sorter the parcels will be send to the correct outfeed
using the IQ-Grids. Since the IQ-Grid currently has a limited length a presort grid is necessary to
ensure reliable sorting. The presort IQ-Grids (in green) align the package to the side of the outfeed
after which the sorter IQ-Grid (in blue) can sort the parcel to the outfeed.

If a parcel is not sorted it will end up in the hospital outfeed (8). In this section, the parcel is checked
manually and fed back to the system if the problem is resolved, then it can be sorted to the correct
outfeed.

3.1.3. Loading Vans

After a parcel has been sorted to the van outfeed (7) the parcel will arrive at the Pick-up and Delivery
finger shown in Figure 3.5. Here the parcels are sorted per three vans by an IQ-Grid (in blue). In this
stage presort is not necessary since this is already performed during sorting (Figure 3.4). A parcel is
send to the correct roller conveyor by the IQ-Grid which are positioned on both sides. This requires
a IQ-Grid capable of three angles. The parcel is picked up from the roller conveyor and placed into
the correct van by the operator.
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Figure 3.4: Sorter for parcel handling, including presort IQ-Grids (green), sort IQ-Grids (blue), multi-purpose outfeed (5),
B2C outfeed (6), vans outfeed (7) and hospital (8).

Figure 3.5: Pick-up and Delivery finger including, sort IQ-Grids (blue) and roller conveyors (9).

3.1.4. Afternoon Process

During the afternoon process the system will operate in reverse using the bidirectional property of
the equipment. First parcels are directly placed on the belt conveyor at the Pick-up and Delivery
station (Figure 3.5) or at the multi-purpose station (5). The parcels are then sorted to the correct
outfeed by the IQ-Grids (4) which feed the parcels to the offload area (2). In this area the parcels are
manually placed into the containers and then loaded into the trucks (1).
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3.2. State of the Art
To develop new products it can be useful to consider the already available technology. For bidirec-
tional sorters several products have been made over the years. Which are used in several industries
such as, parcel handling, tire industry and e-commerce. Studying these technologies can help with
the design of a new product.

The literature study will provide an overview of the available products. This will be done by consult-
ing literature, patent databases and company brochures. This information can also later be used
to create a competitive product which features better functionality or specs, or to check patent in-
fringement.

First, different methods for sorting parcels will be discussed and compared. Secondly, the patents
found will be discussed, patents showing an innovative solution are also individually described in
Appendix B. An overview of all patents found on bidirectional sorters can be found in Appendix D
Lastly, the products found which share functionality with the IQ-Grid or capable of bidirectional
sorting are discussed, an individual description for each product can be found in Appendix C.

3.2.1. Sorters

To enable sortation to specific shipping lanes usually extra equipment is used besides the transport
equipment e.g. belt conveyors or roller conveyors. These sorters can be used to sort parcels accord-
ing to their destination for instance, this is similar to the system described in Section 3.1. In this
section each method for sortation will be briefly described.

• Deflector: this type of sorter uses a movable arm to deflect parcels onto a different conveyor.
The product is laterally transferred to the outfeed i.e. parcel orientation adapts the outfeed
orientation [29].

• Pusher diverter: this type is similar to the deflector and also uses a arm to divert parcels.
However, the parcel’s orientation is not maintained since the pusher diverts the parcel at a
right angle and therefore, places the parcel turned on the take away conveyor [29].

• Pop-up wheel: these wheels are usually placed in between two conveyors or in between nar-
row belt conveyors. The wheels are positioned with a certain angle to divert parcels to the
take away conveyor. Parcels are diverted when the wheels pop-up above the conveyor sur-
face. Certain types also feature sortation in three directions [29].

• Swivel wheel sorter: in contrast to the pop-up wheels the height of steerable rollers is fixed
and equal to the conveyors’ surface. The wheels can obtain several angles to transport parcels
in different directions [29].

• Sliding shoe: this type combines the conveyor and sorting equipment, the conveyor is con-
structed using slats, each slat is equipped with a shoe (sliding pusher) which can be moved
laterally across the width of the slat. When a parcels needs to be diverted to an outlet the shoes
move towards the outlet and therewith, push the parcel to the outlet [29].

• Tilt tray: these trays are mounted to a continuous track, each tray can tilt individually and
usually carries a single parcel. When the tray reaches its outlet the tray will tilt in direction of
the outlet causing the parcel to slide onto the outlet using gravity. The tray can tilt in either
direction enabling three sort directions [29].
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• Cross belt: similar to the tilt tray this equipment also uses a continuous track but instead of
trays it uses belt conveyors constructed perpendicular to the transport direction. Each belt
conveyor can be activated individually and can then transport a parcel onto the outlet [29].

These different products and their features are shown in Table 3.1. According to [29] only the steer-
able rollers sorter has a bidirectional property. However, in Section 3.2.2 & 3.2.3 this statement
will be further examined by checking available bidirectional solutions using existing products and
patents.

Important differences for the product design can be found by the handling of products and type of
product. As indicated in Section 3.1 the products are currently used for parcel handling. This usu-
ally includes general merchandise (polybags) and cartons. These polybags can get easily stuck in
the equipment which excludes the deflector and pusher according to Table 3.1.

Furthermore, these polybags require a gentle handling with little collisions with sorting or transport
equipment. This is necessary to ensure the content of the bag is not damaged during sortation.
Again excluding the deflector and pusher from the possibilities according to Table 3.1.

Table 3.1: Overview of different types of sorting equipment, obtained from [29].

Characteristics Deflector Pusher Pop-up
wheels

Steerable
rollers

Sliding
shoe

Tilt tray Cross belt

Sorting speed Low Low Medium Medium High High High
Load range Low Medium High High Medium Medium High
Handling of
product

Medium to
rough

Medium Gentle Gentle Gentle Gentle to
medium

Gentle

Cost Low Low to
medium

Medium Medium to
high

High High High

Product orien-
tation

Maintained Turned Maintained Maintained Maintained Maintained Maintained

Type of prod-
ucts

Cartons Cartons Cartons/
totes

Cartons/
totes

Cartons/
totes/
envelopes

Cartons/
break pack
goods

Cartons/
break pack
goods

Sort directions 2 2 2 3 3 3 3
Bidirectional No No No Yes No No No
Application Parcels and

freight bag-
gage

Parcels and
freight bag-
gage

General
merchan-
dise, car-
tons and
totes

General
merchan-
dise, car-
tons and
totes

General
merchan-
dise, car-
tons and
totes

Catalog,
postal par-
cel and
freight

Catalog,
postal par-
cel and
freight

3.2.2. Patents

A patent search has been conducted to gain insights in bidirectional sorting solutions, this search
was specifically used for this purpose and not to find possible violations. After conducting an initial
search two classifications stood out, these are: B65G13/10 and B65G47/52. B65G indicates Trans-
port or Storage Devices. The addition 13/10 indicates roller systems and specifically switching ar-
rangements. 47/52 stands for devices used to transfer articles or materials between conveyors.

It can be seen that most patents providing bidirectional sortation indeed use steerable rollers to sort
parcels. Furthermore, there is still innovation in the mechanisms for steerable rollers sorters, for in-
stance patents [15, 33, 45] from 2007 and 2016 which can be considered as recent innovations.
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Several patents [7, 10, 13, 22] have fixed divert angles which seem less applicable for the new bidi-
rectional sorter since it should be able to both sort and merge parcels which usually require different
angle settings.

By observing the patents found for bidirectional sorting it can be noted several options are available
for transferring frictional force to the parcel. For instance wheels, rollers, balls and belts are featured
in the several found patents which is also shown in Appendix D.

A selection of patents are discussed in appendix B providing insight in several solutions for bidi-
rectional sorting. In Table 3.2 a summary is presented of all discussed patents. In Appendix D all
patents found for a bidirectional sorter are shown indicating their working principles.
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3.2.3. Products

By visiting company websites and consulting previous products several products were found. Fur-
thermore, documentation available at VanRiet about competitors was used to complete the product
search. The products are discussed individually in appendix C, in this section a summary will be
provided.

The products found include some very similar products to the IQ-Grid, like the products of ZiPLine,
OCM, Dematic and FBA Italy. These products have a similar transmission and layout as the IQ-Grid.
The product of FBA Italy stands out because of the two separate control blocks in the sorter. This
enables the possibility to have opposite divert angles on both sides of the grid which can be useful
to center parcels (wheels toward each other) or to diffuse parcels (wheels away from each other).

A number of competitors also include an option to have a full electric actuated product introduc-
ing variable angle settings. For instance sorters of ZiPLine, OCM and Siemens featuring similar
functionality as the IQ-Grid. Variable divert angles enable better parcel control. The VarioRoute of
Siemens features the largest range with variable divert angle from 0 to 45◦.

The sorters with an open deck like the products of Intelligrated, Damon and Vanderlande can be
considered to be outdated due to safety reasons, the open mechanism can result in injuries. These
systems are usually not applied nowadays. However, the pop-up mechanism in these products does
offer an advantage since the parcel is lifted off the belt conveyor. This helps to divert parcels since
the belt conveyor will no longer have influence on the parcel movement.

The Swivel Belt Sorter stands out most in originality with its belt drivers instead of wheels. The
product is similar to the patent in Section B.6. These belts support the parcel well and ensure a less
wobbly behavior which results in better handling.

A summary of products discussed in appendix C is shown in Table 3.3, different characteristics of
each sorter are stated. A dash (-) indicates that the information is not available.
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3.3. Product Requirements
Since this research will not focus on the mechanical design but only on the conceptual layout, the
requirements are restricted to functional design. These requirements are determined to be:

• Product should be capable of sorting and merging bidirectional.

• Align parcels on the conveyor for presorting.

• Product functions are independent of parcel position on conveyor.

These requirements are formed using the product specification for the IQ-Grid [43] and confirmed
by the state of the art which presents products containing similar functionality. Sorting and merging
bidirectional (Figure 3.6) is required to enable switching the system between morning and afternoon
shifts as described in Section3.1. Also the alignment of parcels on the outlet can be useful to enable
’pre-sort’ of parcels (Figure 3.7), this can save length for sortation grids following since the parcel
has to travel less distance to the outlet. Such a configuration can be useful in systems having many
exits and therefore, multiple sortation grids.

Figure 3.6: Bidirectional sort configuration in which parcels can be sorted to the outlets by the grid, but can also merge
the parcels back on the conveyor when operating in reverse.

Finally, products hypothetically have to be moved from the far right to an outlet by a single grid. This
may be necessary in systems which have no grids for pre-sortation. However, this requirement may
be overcome by creating a larger grid to ensure proper sortation without requiring different layouts
as is the case for the other requirements.
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Figure 3.7: To save grid length at multiple exits the parcels can be pre-sorted by a grid such that parcels have less distance
to travel towards an outfeed at the following grids.

3.4. Conclusion
In this chapter one of the sub questions was answered in order to provide background information
on bidirectional sorters. This sub question was defined as:

What are State of the Art bidirectional sorters and their required functions?

According to Table 3.1 the only feasible option for bidirectional sorting is a steerable rollers sorter.
Furthermore, the deflector and pusher were already unsuitable due to the introduced collisions
which can cause damage to the content in polybags or they can get stuck in the diverter while sort-
ing.

To further investigate the possibilities for bidirectional sorting different patents and products were
explored. These products and patents showed an overlap in solutions, each mechanism is based
on friction between the equipment and parcel to divert the parcel instead of force driven sortation.
This results in a gentle handling and usually bidirectional properties when the product can operate
in reverse. This approach will be used to define the mathematical model in the following chapter.

Using the information gathered, the product requirements are determined to be: bidirectional sort-
ing and merging independent of the position of the parcel and ability to align parcels at different
positions in the outlet.



4
Parcel Behaviour Model

In this chapter a parcel behaviour model is constructed to predict the position and orientation of
the parcel during transportation over conveyors and the IQ-Grid. The model is described by several
functions which relate the parcel and equipment properties to a change of position and orientation
of the parcel. These functions are later implemented in a simulation model which (after validation)
is used for the design of the second generation IQ-Grid.

This chapter holds four sections namely: Product decomposition, Parcel translation, Parcel rota-
tion and Element forces. The first section decomposes the product by using the similarity between
different bidirectional sorters as described in Chapter 3 which stated that all of these sorters use
frictional forces to divert the parcel.

Secondly, the translation of the parcel is described using the forces induced on the parcel. These
forces are then also used in the next section to determine the rotation of the parcel. Finally, the
calculation of these forces is described by splitting the parcel into different elements. These aspects
will form the basis of the simulation described in Chapter 5.

4.1. Product Decomposition
The product can be abstracted to its core principle, this can help to develop the mathematical model
and to find a new configuration on conceptual level. By taking the products and patents discussed
earlier into account, it can be seen all products sort parcels based on a frictional force rather than a
restricting one (pusher, guiding rails, etc.).

It is assumed all equipment is at equal heights and each piece of equipment can be modelled by
a plate having a certain divert angle, friction and velocity. Therefore, the mathematical model is
limited to x,y-coordinates. This assumption is made, since the equipment is usually aligned in z-
direction and to simplify the model by neglecting bumps and imperfections caused by the wheels
and transitions between equipment.

As seen in Chapter 3 the frictional force can be applied by different members, e.g. wheels, belts,

23
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Table 4.1: All three variables corresponding to a bidirectional sorter including their category and remarks on how these
will be used during this research.

Variable Category Remarks

Velocity Controlled
Could be adjusted but is determined to be equal for different
parcels to lower the necessary mechanical requirements

Divert Angle Independent Adjustable, can be used to influence parcel behaviour

Friction Coefficient Dependent
Determined by mechanical design and parcel, cannot be
adjusted to influence parcel behaviour

Figure 4.1: Abstract representation of bidirectional sorter which exerts a force on the parcel in a different direction in
order to divert the parcel.

balls, etc. This medium may be determined during the mechanical design, since it will not influ-
ence the working principle namely, the force which diverts the parcel from its path towards a differ-
ent direction. This member does determine the friction coefficient which should be optimized to
provide enough grip on the parcels. But, this variable cannot be adjusted during operation and can
therefore, not be used to optimize the parcel behaviour and is a fixed property. This only leaves the
velocity and divert angle as variables to influence the parcel behaviour.

An abstract representation of a bidirectional sorter is shown in Figure 4.1 in which the product is
converted to a vector field of frictional forces of which the direction can be adjusted by choosing
different divert angles. Used to influence the parcel translation and rotation to efficiently sort the
parcel.

The different products found in the State of the Art show a difference in the layout of these forces for
instance, an angle set per member, per row or column. The patterns of these angles may be used to
optimize the parcel behaviour. By optimizing these angles it does not matter which members and
other mechanical components may be used as long as they are able to fulfill the prescribed abstract
layout.

Another variant could be the drive speed of the wheels to accommodate a diversion of the parcel.
This however, will require constant adjustment of the velocity of the members and is assumed to be
more demanding than a rotation of the members. Therefore, the focused is laid on optimizing the
parcel behaviour by adjusting the rotation angles. While using a fixed setting for the velocity of the
grid. The different variables belonging to the wheel sorter are shown in Table 4.1.
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Figure 4.2: Parcel is in contact with one piece of equip-
ment. Velocity of the parcel is equal to the magnitude and
direction of equipment velocity and resultant force on an
element is equal to zero.

Figure 4.3: Parcel is in contact with two pieces of equip-
ment, the resultant force on an element depends on the
difference between the element velocity and equipment
velocity.

4.2. Parcel Translation
In Figure 4.2 & 4.3 two different situations are shown which can occur during transportation of the
parcel over different pieces of equipment. These situation can be described as follows:

• Parcel is in contact with one piece of equipment: in this case the parcel will adapt the velocity
of the equipment, which is in the direction of φ. Consequently, the element velocity will have
the same direction as the equipment velocity, resulting in a difference of zero leading to a
resultant force of zero.

• Parcel is in contact with two or more pieces of equipment: the parcel will have a static friction
with one piece of equipment which has the largest frictional force and dynamic friction with
the other ones. The parcel will be influenced by the forces induced by all equipment and its
displacement will depend on the sum of these forces.

The acceleration is calculated for each individual element in Section 4.4.2 and found by the forces in
each direction, this also included terms for acceleration and deceleration if the velocity of the parcel
and equipment differs. The accelerations found at the elements within the parcel are then averaged
by Equation 4.1 & 4.2 resulting in respectively acceleration in x- and y-direction for the complete
parcel at a certain time step, (t +∆t ). The number of elements, ne is determined by the size of the
parcel and element size.

ax (t +∆t ) =
∑ne

i=1 axi (t +∆t )

ne
(4.1)

ay (t +∆t ) =
∑ne

i=1 ayi (t +∆t )

ne
(4.2)

These results can then be used to find the velocity and displacement for both the x- and y-direction
using Equations 4.3 & 4.4.
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v(t +∆t ) = v(t )+a(t ) ·∆t (4.3)

s(t +∆t ) = s(t )+ v(t ) ·∆t + 1

2
·a(t ) ·∆t 2 (4.4)

4.3. Parcel Rotation
During transportation the parcel can rotate when in contact with multiple pieces of equipment, due
to element acceleration and torque induced by the resultant force shown in Figure 4.3. This torque
is assumed to take place in the center of the parcel, resulting in a rotation of the parcel around its
center.

By combining the torque (of the element forces) and moment of inertia the angular acceleration
of the parcel can be found, which can then be used to find the rotation (θ) of the parcel induced
by torque. First the total torque acting on the parcel is computed by taking the sum of the torques
induced by each element. This is calculated using Equation 4.5. The total torque and moment of
inertia can then be used to find the angular acceleration (α) of the parcel shown in Equation 4.6.

τ=
ne∑

i=1
τi (4.5)

α= τ

I
(4.6)

Using the angular acceleration, the added rotation of the parcel can be computed using similar
equations as for the displacement in Section 4.2. First, the angular velocity (ω) will be computed by
Equation 4.7, which can then be used to calculate the resultant parcel rotation (θ) by Equation 4.8.

ω(t +∆t ) =ω(t )+α(t ) ·∆t (4.7)

θ(t +∆t ) = θ(t )+ω(t ) ·∆t + 1

2
·α(t ) · (∆t )2 (4.8)

4.4. Element Forces
To account for possible slip occurring between the parcel and equipment the model calculates the
forces acting on the parcel for several elements. These forces are then averaged to calculate the re-
sultant force and torque used in Sections 4.2 & 4.3, while elements can move relative to each other.
This calculation concept is also shown in Figure 4.4 in which the complete parcel is shown but also
a single element.

4.4.1. Element Mass

First, the mass of a single parcel has to be found, this mass depends on the chosen element size,
parcel size and weight distribution within the parcel. The model uses square elements which results
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Figure 4.4: A parcel split into different elements shown on the left, a zoomed in view of a single element is shown on the
right including the resultant force exerted by the equipment (F ), element velocity (Vi ) and equipment velocity (Vg ).

in equal dimensions for the length and width of the element (Ai = Bi ). The element mass is given
by Equation 4.9, in which the following parameters are used:

• ρ(x̂, ŷ): the density of the parcel at the position of element.
• ∆A: length of the element.
• ∆B : width of the element.

m̂e =∆A ·∆B ·ρ(x̂, ŷ) (4.9)

When considering a homogeneous plate the mass for an element simplifies to Equation 4.10 in
which the density distribution is replaced by the following parameters:

• mp : mass of the parcel.

• A: length of the parcel.

• B: width of the parcel.

m̂e =∆A ·∆B · 1

A ·B
·mp (4.10)

4.4.2. Forces Acting on an Element

Following Figure 4.4 the force acting on an element can be found. This forced is induced by the
equipment underlying the element and depends on the friction force and the vector between equipment-
and element velocity.
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Using the mass of a single element the friction force between the equipment and the element (Fw )
will be described, this force is given by Equation 4.11. In which the following parameters are used:

• me : mass of the element.
• g: gravitation constant (9.81m/s2).
• µ: friction coefficient which depends on the equipment the element is in contact with, which

is described further in Section 4.4.3.

Fwi = me · g ·µ (4.11)

In order to find the corresponding x- and y-forces a vector is determined to describe the difference
between the equipment- and element velocity. The resultant force has the same direction therefore,
the x- and y-components are determined using the vector.

In Equation 4.12 the vector is determined using the angles and velocities shown in Figure 4.4 in
order to determine Fx & Fy . These are calculated using the following variables:

• Ve : equipment velocity.

• Vi : element velocity.

• φ: angle between the x-axis and velocity of the equipment.

• β: angle between the x-axis and velocity of the element.

• Fw : friction force as determined by Equation 4.11.

• Fx : resultant force on the element in x-direction.

• Fy : resultant force on the element in y-direction.

[
Fx

Fy

]
= Fw ·

[
Ve · cos(φ)−Vi · cos(β)
Ve · si n(φ)−Vi · si n(β)

]
(4.12)

The acceleration for an element is found by taking the force in x- or y-direction and dividing by
the element mass as shown in Equation 4.13 & 4.14. These results are then used to determine the
average acceleration of the parcel.

axi =
Fxi

me
(4.13)

ayi =
Fyi

me
(4.14)

To preserve the shape of the parcel, the new positions for each element are calculated using the
average displacement as shown in Equation 4.15 & 4.16. By calculating the element positions from
the average parcel displacement it is possible to have slip during a time step and preserving the
shape of the parcel by modelling stiff connections between the elements. The variable θ represents
the rotation of the parcel compared to the lateral direction (x), this variable will be calculated using
the equations in Section 4.3.
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sxi (t +∆t ) = sx (t +∆t )+ [
sxi (0)− sx (0)

] · cos(θ)− [
syi (0)− sy (0)

] · si n(θ) (4.15)

syi (t +∆t ) = sy (t +∆t )+ [
sxi (0)− sx (0)

] · si n(θ)+ [
syi (0)− sy (0)

] · cos(θ) (4.16)

4.4.3. Friction Coefficients

The friction coefficients used in the equations depend on the piece of equipment, state of the parcel,
its orientation and surface of both the equipment and parcel. The parcel can have two states with
the equipment underneath it namely: static and dynamic. These states introduce a difference in
friction coefficient whereas the static friction is higher. The parcel is assumed to have static friction
with the piece of equipment which has the largest total frictional force on the parcel of all the pieces
of equipment.

Furthermore, the shape of the equipment can have an influence on the friction coefficient, which is
the case when using wheels to transport the parcel. The friction between the wheel and the parcel
will depend on the orientation of the wheel towards the parcel. This friction coefficient if found by
using the ellipse shown in figure 4.5 , whereas θ is the angle difference between the parcel and the
wheel (θ = φ−β), with is 0◦ if the parcel is aligned with the wheels and 90◦ if the wheel is perpen-
dicular to the parcel. The resultant friction coefficient if found by using Equation 4.17 which can
be used to either calculate the static or dynamic friction [2]. In which the following parameters are
used:

Figure 4.5: Ellipse which is use to determine the friction coefficient between the wheels and the parcel, if the parcel travels
longitudinal to the wheel θ = 0◦ and so the friction coefficient (µg ) is equal to µx if the parcel travels lateral θ = 90◦ to the
wheel then µg =µy . For the other values of θ Equation 4.17 will be used.

• µwx : friction coefficient between the equipment and parcel in radial direction.

• µwy : friction coefficient between the equipment and parcel in axial direction.

µw =
√(

µwx · cos(φ−β)
)2 + (

µwy · si n(φ−β)
)2 (4.17)
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4.5. Torque Induced by Element Forces
The torque is assumed to be in the center of the parcel and is induced by the forces induced by each
element and the equipment. In Figure 4.6 the definition of Rxi & Ryi is shown which are used to
calculated the torque. Furthermore, the definition of the torque direction is shown from which the
signs for each force are derived.

Figure 4.6: Definition for Rx &Ry for the single element shown in green. These dimensions are calculated for each indi-
vidual element to compute its contribution to the torque acting on the parcel.

The torque of a single element is calculated using Equation 4.20 in which Rxi & Ryi are found using
Equation 4.18 & 4.19 which calculate the difference between the parcel centre and element centre.

Rxi = sxi − sx (4.18)

Ryi = syi − sy (4.19)

τi = Fy ·Rxi −Fx ·Ryi (4.20)

4.5.1. Moment of Inertia of the Parcel

The parcel has a resistance to angular acceleration, this acceleration is necessary to cause an rota-
tion of the parcel. The moment of inertia is a measure of this resistance and will be used to calculate
the angular resistance together with the torque calculated in Section 4.5.

When considering a non-homogeneous parcel the inertia is computed using the density distribu-
tion

(
ρ(x, y)

)
also used in Section 4.4.1. This density is used to integrate over the volume of the par-

cel, for each element at a distance of r from the centre of the parcel. This results in Equation 4.21,
which can be used to compute the inertia of a non-homogeneous parcel.

I =
∫

V
r 2ρ dV (4.21)

When considering a parcel with an homogeneous weight distribution this formula reduces to a sim-
pler form depending only on the total mass, length and width of the parcel. This formula is shown
in Equation 4.22.

I = 1

12
·mp · (A2 +B 2) (4.22)
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4.6. Conclusion
In order to qualify the model this chapter answered the following sub question which was defined
in Chapter 1.

How can a bidirectional sorter and surrounding equipment be modelled?

By using an element approach for both the parcel and equipment it was possible to find a mathe-
matical model for the equipment while taking into account slip. This model comprising of functions
for the displacement (s) and rotation (θ) can now be implemented into a simulation to evaluate the
parcel behaviour.

By considering the different equations parcel behaviour can be described by knowing the dimen-
sions and density distribution of the parcel, and the velocity and friction coefficients of the equip-
ment. By performing different experiments conducted in Chapter 6 it can be validated if these are
indeed the only variables necessary to describe the position and orientation of the parcel.





5
Parcel Simulation

After describing the mathematical model in Chapter 4, it is implemented into a simulation used for
studying the influence of different parameters and observing output. In this chapter the implemen-
tation of the mathematical model is described. First, the implementation itself and structure of the
simulation is shown. Second, output of the simulation is shown, which later will be used to show
the difference in results when varying parameters such as; parcel dimensions, friction coefficients
or divert angles.

From there, the implementation is verified by observing if the response of the simulation is accord-
ing to expectations derived from the mathematical model. If the implementation seems to be cor-
rect, the mathematical model and simulation are validated using experiments to compare its output
with reality, which will be done in Chapter 6.

Finally, element size and time step are determined to ensure a reliable output of the simulation.
This is a consideration between computational time and accuracy.

5.1. Implementation of the Mathematical Model
To make use of the proposed mathematical model a simulation is created which can be used to vi-
sualize and compute parcel behaviour described by the mathematical model. This simulation uses
the equations described in Chapter 4. To understand the working principle behind the simulation
this section will clarify the structure and computational steps performed during a single run.

5.1.1. Simulation Structure

In Figure 5.1 an overview is provided of the simulation which has been implemented. A step wise
description is provided below:

1. Start of the simulation: time is set to 0, and parameters are loaded into the simulation such as
the gravitational force g, inertia and layout parameters.

2. Get element info: position data and mass of the element at i=1 are loaded from the data set.

33
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3. Find position parameters: info of equipment directly underneath the element is loaded to
compute corresponding forces.

4. Compute beta: direction of the parcel velocity is computed which will be used for calculation
of the resultant force.

5. Compute forces: with all information gathered the force working on the element can be cal-
culated according to Equation 4.12.

6. Compute element acceleration: using the element mass the acceleration of the element can
be calculated, which is used to determine the velocity of the parcel using the previous known
velocity.

7. Compute torque: using the calculated forces and distance between the element and the cen-
ter of the parcel (Rx &Ry ) the torque induced by the element is computed according to Equa-
tion 4.20 this is then added to the total torque working on the parcel.

8. Increase element number: if not all elements are computed for the current time point, the
index i will be increased to compute the next element and start over at step 2.

9. Compute resultant velocity, position and rotation: if all elements are computed the overall
parameters for the parcel are determined using previously computed torque and velocity.

10. Increase time: if the end of the simulation is not reached yet, the time will be increased by the
time step provided. Then the progress will start over again and calculate all elements for the
next time point starting at element i=1, step 2.

11. End of simulation: if the ending time is reached, the calculated data is processed and the
output is generated after which the simulation ends.

5.2. Simulation Output
The simulation calculates the parcel behaviour for a predefined period of time, the results of this
simulation are archived and can be reviewed after completion. In this section the output of the
simulation is described, this output holds two parts, namely: a numerical output and a graphical
output. Both outputs will be described below.

5.2.1. Numerical Output

This output consists of data sets describing different properties of the parcel at each time step. When
using the standard configuration the simulation provides three data sets namely: Pc, Vc and Pphi.
The first set (Pc) contains the parcels centre points defined by x- and y-coordinates at each time
step. Vc, contains respectively the velocity in x-direction and in y-direction again, at each time step.
Lastly, Pphi contains the rotation angle θ of the parcel compared to the transport direction (x) at
each time step.

These data sets were chosen as the output of the simulation since these parameters will be measured
during the experiments conducted in Chapter 6 and can therefore, be used to compare the results
of the simulation and reality. Alternatively, logs can be created for several other parameters such as:
the force acting on each element, torque on the parcel or resultant acceleration.
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Figure 5.1: Overview of the simulation structure and computation steps.
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Figure 5.2: Graphical output simulation model show-
ing the path followed by the parcel for the x- and y-
coordinates.

Figure 5.3: Graphical output simulation model showing
the velocities of the parcel for both x- and y-direction and
also the combined velocity.

Figure 5.4: Graphical output simulation model showing the
orientation of the parcel during

5.2.2. Graphical Output

The data sets are also represented by the graphical output of the simulation which includes plots of
the velocity, position and orientation of the parcel. As shown in Figure 5.2-5.4, each data set has its
own graph and can include separated or combined information of the x- and y-coordinates.

These figures will also be used to compare the model prediction and experiments, since the same
parameters will be measured during the experiments. A second graphical output shows the progress
of the simulation which can be useful as an indication for the remaining simulation time when using
large sets of different parcels or other properties such as: friction coefficients or divert angles.
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5.3. Verifying the Implementation
In this section several checks will be performed to verify the simulation model which is necessary to
check a correct implementation of the mathematical model of Chapter 4. If errors were introduced
during scripting, the mathematical model may seem incorrect during the validation phase while
actually the errors are introduced by the implementation.

First, the simulation results will be observed to identify if the parcel shows a reasonable and ex-
pected behaviour. This will be done by checking the graphical and numerical output of the simu-
lation. Second, parameters will be varied of which the influence will be observed compared to the
expected outcome of the mathematical model. If both checks are met it can be assumed that the
implementation of the mathematical model suffice.

5.3.1. Observing Simulation Results

First the initial model has been run to check a correct response of the parcel to the different pieces
of equipment. This simulation was performed on the same parameters as the base model which
will be discussed in Chapter 6. For the verification the value of the parameters are less important
but mostly the response to a change in parameters will be tested. The validation phase in Chapter 6
will check if the output is correct according to the value of the parameters.

In Figure 5.5 the graphical representation is shown of a parcel travelling over respectively: the con-
veyor, grid and outfeed. The parcel is shown at multiple time steps of 0.25 s starting at x = 0.02 m.
It first can be observed that the parcel indeed follows the direction of the conveyor which is to the
right. Furthermore, the parcel is diverted by the grid in the same direction as the wheels are point-
ing. Finally, the parcel again follows the outfeed in the transport direction, which seems logical.

The direction of travel at the end is found to be at an angle of 30◦ with the x-axis, this is exactly the
direction of the outlet. Since no other equipment is in contact with the parcel it is correct that the
parcel will follow the transport direction of the belts on the outfeed.

Another check has been made on the velocity of the parcel, since the equipment has all been set to
1.00 m/s this should be the maximum velocity found for the parcel. By computing Equation 5.1 the
maximum combined velocity is found to be 1.00 m/s which corresponds with the expectation.

vmax = max
[√

v2
x + v2

y

]
(5.1)

Furthermore, the maximum parcel rotation is found at x = 1.18 m, which is between the grid and
the outfeed. Since the friction coefficients of the grid are larger than the ones on the outfeed this
seems correct. This is because the parcel will tend to true back towards the x-axis since the back of
the parcel is pushed upwards due to the higher friction coefficients. This phenomenon is illustrated
by Figure 5.6. Therefore, it seems logical that the maximum θ is found in between the grid and the
outfeed.
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Another observation on the parcel orientation can be made during the first and last part of the trans-
port. The orientation of the parcel stays constant, since the parcel is travelling on a single piece of
equipment is stopped turning since the forces around the parcel cancel out and no longer induce a
torque.

Figure 5.5: Simulation of the base model containing a
parcel of 0.4x0.2 m, start position at 0.6 m, velocities at
1 m/s and a divert angle of 30◦.

Figure 5.6: Phenomenon in which the parcel slightly ro-
tates back towards the original position, which causes the
maximum parcel rotation to be in between the grid and
outlet.

5.3.2. Observing Parameter Response

By observing the formulas defined in Chapter 4 several parameters can be identified which will
have influence on the parcel behaviour. These parameters will be varied in this section to check if
the response corresponds to the expectation by observing the formulas. The parameters which will
be varied are:

• Ratio B/A: parcel ratio found by dividing the width by the parcel length. An increase of the
ratio will result in a higher inertia following Equation 4.22. Furthermore, the time available to
rotate the parcel will stay constant or become less. Due to the higher resistance to rotate and
equal or less transition time between equipment the parcel will rotate less.

• V: the velocity setting for the equipment. According to Equation 4.12 an increase in velocity
results in increased forces exerted by the equipment on the parcel. This should result in a
larger distance travelled between time steps. Furthermore, the torque is also increased which
(in case of the grid) will result in a larger rotation of the parcel.

• µ: friction coefficients between the equipment and parcel. A higher friction coefficient results
in increased F . When adjusting the friction coefficient for a single piece of equipment this
should lead to an earlier and longer contained alignment for the direction and velocity of
the parcel with the equipment. Due to the larger friction the equipment can have a higher
influence on the parcel compared to other equipment.

• θ: the divert angle of the grid. A steeper divert angle should result in a larger ay and lower
ax when the parcel is on the grid. This should result in a shorter path towards the outfeed.
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Because the forces induced by the grid (Fx &Fy ) will respectively decrease and increase due to
the increase of the term t an(φ) corresponding to the steeper divert angle.

• I: inertia of the parcel. According to Equation 4.6 an increase in I will result in a decrease of
α, this should eventually result in less rotation of the parcel since the resistance to rotate is
higher.

Since the expected effects on parameter changes are determined, these can now be verified by the
simulation model. Each run will have constant parameters as used in the base model of Section 5.3.1
with time step: 0.0005 s and element size 0.02 m which were determined before.

In Figure 5.7 the base model is shown with an overlay of the result of the dimension increase of two
times (A=0.8 m, B=0.4 m). It can be seen visually that the parcel has rotated less, more specific the
smaller ratio results in a rotation of 17.48◦ and the higher ratio 10.43◦. This corresponds to the ex-
pected outcome.

In Figure 5.8 the base model is shown with an overlay of the results of the velocity increase from 1
m/s to 1.5 m/s. It can be seen that the parcel moved a longer distance is both x- and y-direction
while the number duration was kept equal. Furthermore, the amount of rotation increased from
17.48◦ to 21.42◦. Both observation correspond to the expected outcome.

Figure 5.7: Base model (blue) with the adjusted parcel
ratio to 1 resulting in dimensions: 0.4x0.4m as an over-
lay (green)

Figure 5.8: Base model (blue) with the adjusted grid veloc-
ity to 1.5 m/s instead of 1 m/s as an overlay (green)

The effect of the friction coefficient increment can be seen in Figure 5.9, in this run the friction co-
efficients of the grid were increased by a factor of 1.5. It can be seen that the parcel starts to rotate
earlier and also the parcel transport direction adjusts in an earlier stage (difference can be seen by
the red lines). In Figure 5.10 the friction coefficient of the conveyor was multiplied by 1.5 times com-
pared to the base model. Here, it can be seen that the parcel contains its orientation and position for
a longer amount of time compared to the base model. Both observation were expected to happen
and therefore, show the desired result.
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Figure 5.9: Base model (blue) with the adjusted grid
friction coefficients increased by 1.5 times as an over-
lay (green)

Figure 5.10: Base model (blue) with the adjusted conveyor
friction coefficients increased by 1.5 times as an overlay
(green)

To check the response to a increase in θ, the base value was adjusted from 30◦ to 45◦. The effect of
this increase can be seen in Figure 5.11. The adjusted simulation turns more quickly to the outfeed
due to the steeper divert angle. This corresponds to the expected result which is described above.

Finally, inertia of the parcel was increased by a factor two, to indicate the response to an increased
inertia. The effect of this can be seen in Figure 5.12. The parcel has rotated less but the position is
remained. The rotation angle is found to be 8.93◦ compared to the 17.48◦ of the base model. The re-
sult corresponds with the expectation which indicated a decrease in rotation and constant position.

Figure 5.11: Base model (blue) with the adjusted grid
divert angles from 30◦ to 45◦ as an overlay (green)

Figure 5.12: Base model (blue) with the inertia multiplied
by a factor of two as an overlay (green)

5.4. Reliable Element Size and Time Step
In the simulation there are two important parameters which determine the accuracy and run time
of a calculation, these are: element size and time step. The element size determines the dimensions
of a single element and therefore, the number of elements used to simulate a single parcel. Since the
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Table 5.1: Element sizes with their corresponding results, error towards the true value and computational time for a
0.4x0.2m parcel and time step: 0.00005 s.

Gridsize
[m]

No. Ele-
ments

Position X
[m]

Difference Position Y
[m]

Difference Orientation
[deg]

Difference Time [s]

0,2 2 2,0762 3,74% 1,5187 2,58% 17,3411 0,99% 3,78
0,1 8 2,1076 2,28% 1,5744 -0,99% 18,1700 -3,74% 4,84
0,05 32 2,1376 0,89% 1,5502 0,56% 17,6181 -0,59% 8,12
0,02 200 2,1501 0,31% 1,5569 0,13% 17,4654 0,28% 34,51
0,01 800 2,1545 0,11% 1,5582 0,04% 17,5087 0,03% 130,35
0,005 3200 2,1568 0,00% 1,5589 0,00% 17,5148 0,00% 551,32

position of an element is rounded to a single piece of equipment the accuracy increases when using
more elements since the rounding error will decrease. This however, also increases the calculation
time since the calculation has to be performed for every element.

Furthermore, the time step determines the amount of time between two calculations points at
which the new position of the parcel will be determined. Since the parcel will pass several differ-
ent pieces of equipment it can be useful to detect these in an early stage and therefore, using small
time steps in which the influence of each equipment is taken into account directly from the arrival
of the parcel.

In this section the consideration between the accuracy and calculation times of these parameters
will be discussed. This will result in a final value for the element size and time step which will be
used during the continued development, validation and concept design.

5.4.1. Element Size

To determine a reliable element size the parameter will be varied and compared to the result of the
smallest possible element size due to computational limits. This smallest size is determined to be
0.005 m and results in a number of elements of 3200 for a parcel having dimensions 0.4x0.2 m. The
result of this measurement will be assumed to be the true value.

Each result for the position in x- and y-direction and orientation will be compared to the ’true’ value
to indicate the error between. In Table 5.1 and 5.2 the results are shown for two different parcels
and different element sizes while using the most accurate time step possible namely: 0.00005s. A
smaller time step results in an unresponsive simulation. In the next section the time step parameter
will be varied to find the optimal balance between computational time and accuracy. Furthermore,
these parcel sizes were chosen since these will be also used during the experiments and can indicate
the influence of the element sizes for two different width/length ratios: 0.5 & 1.

The element size of 0.02 m has been chosen as the default size for the simulation, this is because
of the accurate results while having acceptable computation times. This is mainly because of the
accuracy of the parcel orientation during a rectangular parcel whereas other settings give inaccurate
results (error>5%) or require computational times more than 1 minute. The large computational
time will result in inefficiency when large data sets of parcels will be tested to check the correct
operation of the new designed product.
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Table 5.2: Element sizes with their corresponding results, error towards the true value and computational time for a
0.4x0.4m parcel and time step: 0.00005 s.

Gridsize
[m]

No. Ele-
ments

Position X
[m]

Difference Position Y
[m]

Difference Orientation
[deg]

Difference Time [s]

0,2 2 2,0597 4,34% 1,6055 1,47% 11,2200 -9,51% 4,06
0,1 8 2,0997 2,48% 1,6489 -1,19% 10,5220 -2,69% 5,99
0,05 32 2,1328 0,95% 1,6292 0,02% 10,7606 -5,02% 12,86
0,02 200 2,1482 0,23% 1,6333 -0,23% 10,4090 -1,59% 66,76
0,01 800 2,1527 0,02% 1,6354 -0,36% 10,3208 -0,73% 257,59
0,005 3200 2,1532 0,00% 1,6295 0,00% 10,2460 0,00% 739,69

5.4.2. Time Step

In the last section the element size was determined to be 0.02 m, in this section the time step will
be varied to further optimize the computational time. The most accurate setting possible is 0.00005
s which was also used for the determination of the element size. In Table 5.3 and 5.4 the results are
given for respectively the parcel with width/length ratio 0.5 and 1. The errors are again determined
by taking the smallest time step possible as ’true’ value.

It can be seen that setting the time step to 0.0005 s, leads to errors close to zero while reducing the
computational time by 4.5 times. Therefore, it has been decided to set the default time step to 0.0005
s which will result in a maximum error of 1.79% (0.2%+1.59%) for the orientation of a square parcel.
The average error is determined to be 0.51%.

Table 5.3: Time steps with their corresponding results, error towards the true value and computational time for a 0.4x0.2m
parcel and an element size of: 0.02 m.

Time
step

Position X
[m]

Difference Position Y
[m]

Difference Orientation
[deg]

Difference Time [s]

0,5 0,2118 90,15% 3,0466 -95,68% 0,0000 100,00% 0,61
0,05 2,1863 -1,68% 1,5393 1,13% 14,5555 16,66% 4,61
0,005 2,1554 -0,25% 1,5591 -0,14% 17,7133 -1,42% 4,95
0,0005 2,1501 0,00% 1,5566 0,02% 17,4774 -0,07% 7,82
0,00005 2,1501 0,00% 1,5569 0,00% 17,4654 0,00% 35,79

Table 5.4: Time steps with their corresponding results, error towards the true value and computational time for a 0.4x0.4m
parcel and an element size of: 0.02 m.

Time
step

Position X
[m]

Difference Position Y
[m]

Difference Orientation
[deg]

Difference Time [s]

0,5 0,2770 87,11% 3,2003 -95,94% 0,0000 100,00% 0,86
0,05 2,1524 -0,20% 1,6478 -0,89% 18,8033 -80,64% 6,35
0,005 2,1526 -0,20% 1,6339 -0,04% 10,5660 -1,51% 6,84
0,0005 2,1483 0,00% 1,6331 0,01% 10,4303 -0,20% 12,45
0,00005 2,1482 0,00% 1,6333 0,00% 10,409 0,00% 67,04

5.5. Conclusion
In this chapter the model of Chapter 4 was implemented in order to answer the following sub ques-
tion:

How can the parcel behaviour be accurately described?

By creating a simulation according to the mathematical model an output was achieved showing the
parcel behaviour over the grid. The output was then verified to ensure a correct implementation
and will later be validated to ensure an accurate description of the parcel behaviour.

According to the verification it can be assumed that the mathematical model of Chapter 4 has been
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implemented correctly. All verification steps gave a similar response as expected by observing the
underlying equations, which leads to the assumption that the simulation is correctly implemented.

The verification also showed which responses can be expected when varying parameters. However,
these values still need to be validated by real world experiments before any conclusions can be draw
upon the impact of each parameter and outcome. These experiments should also show if the simu-
lation is indeed accurate.

Furthermore, the element size and time step have been set to 0.02 m and 0.0005 s which showed a
reliable outcome while reducing the computational time by several minutes compared to the max-
imum setting. This also showed that the a time step smaller than 0.0005 s significantly increases
computational time but only slightly increases accuracy.





6
Experiments & Model Validation

In this chapter the simulation model constructed in Chapter 5 using the mathematical model of
Chapter 4 is validated. This is an important step towards a reliable model by ensuring that the as-
sumptions of the mathematical model and implementation are correct.

As described in Chapter 2 validation is performed by experiments using the first generation IQ-Grid.
Via these experiments the model output is compared to a physical model. If these results agree, it is
assumed that the model can also be used for several other layout since the underlying physics are
correct.

First, an experimental plan is developed using a dimensional analysis and design of experiments
methodology. From there, experiments are carried out and parameters are analyzed to show which
parameters have significant influence on the sorting reliability.

Finally, the experiments are compared to the results obtained from the simulation for different pa-
rameters. If these overlap the model can be used to test different layout configurations in Chapter 7.

6.1. Experimental Plan
To gain reliable and relevant information from the experiments a clear experimental plan needs to
be developed. This plan includes information about the measurement setup, variables and experi-
ments to be conducted. These steps will be described in this section.

6.1.1. Dimensional Analysis

The variables which have been indicated to have influence on the sorting behaviour are shown in
Table 6.1, these were found using the mathematical model (Chapter 4) and experience from the
development of the first generation product.

45
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Table 6.1: Different variables indicated to have influence on the parcel behaviour by the mathematical model and expe-
rience of earlier development.

Length parcel Lp Wheel height hw Friction parcel-grid µg

Velocity conveyor Vc Divert angle α Friction parcel-conveyor µc

Acceleration ag , ac Surface Sm Position xp , yp

Gravitational g Parcel ratio
Wp

Lp
Orientation φ

Start orientation φ0 Velocity
Vg

Vc
Roll friction Cr

Start position xp0, yp0 Inertia I
L2

p mp
Weight mp

Transport width Tw Stiffness S

Dimensions of each variable are also shown in Table 6.1, these are used to determine main variables
for the dimension analysis in such a way that each dimension is represented. The following vari-
ables were chosen:

(Lp ,S, I ,mp , vg , ag )

These main variables can then be used to determine linear terms (e.g. terms consisting of two equal
dimensions or no dimension). The following linear terms were found:

(
Lg

Lt w
,

Wp

Lp
,

hw

Lp
,

yp0

Lp
,Cr ,ϕ,µg ,µc ,α,

Vc

Vg
,

ac

ag
,

g

ag

)
According to the Buckingham Pi Theorem shown there should be (6-3) = 3 more independent di-
mensionless groups which can be found using the method of indices [27]. Using this method the
following three dimensionless groups were found:

(
mp ·V 2

g ·ag

L5
p ·S2 · I

,
I

L2
p ·mp

,
Lp ·ag

V 2
g

)

Using the defined dimensionless groups there should exist a formula which describes the sort be-
haviour of the IQ-Grid. Optimizing this sorting behaviour should lead to a smaller grid necessary
to sort parcels therefore, the term Lg /Lt w was chosen to be described by the dimensionless groups.
This is useful to indicate which groups has a large influence on the sort behaviour, which can be
achieved by conducting several experiments in which these groups are varied. The varying of these
parameters will be described in Section 6.1.4.

6.1.2. Parcel tracking

During the experiments measurements should be conducted on the parcels to determine their posi-
tion and orientation. Since the design method described a quantitative approach (Chapter 2) these
measurements should provide accurate data on the behaviour instead of for instance visual obser-
vations or ranking.

Therefore, it is decided to use video measurements to acquire information on the position, veloc-
ity and orientation of the parcel. These variables were chosen to measure since they can be directly
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compared to variables of the model output (Chapter 5) and describe the behaviour of the parcel well.

Different patterns were used to decide which pattern would provide the most accurate results. Two
types of trackers were selected namely: Whycon and checkerboard. Whycon trackers provide better
results over several other tracking methods [1]. Furthermore, the checkerboard pattern was selected
since it is a proven method for camera calibration, has a low error and a robust Matlab algorithm
[14].

In Figure 6.1-6.3 the different patterns can be seen, for the whycon trackers minimal two circles are
necessary to measure the orientation of the parcel furthermore, a tracker with four circles was used
to indicate if the number of data points available has a positive effect on the accuracy. The checker-
board is a standard pattern and has been fitted to the smallest parcel which will be used during the
experiments.

Figure 6.1: Whycon tracker using
two circles.

Figure 6.2: Whycon tracker using
four circles.

Figure 6.3: Checkerboard pattern as
supplied by Matlab for camera cali-
bration.

To show the difference in accuracy the velocity measurements were used, these measurements are
shown in figure 6.4-6.6. These plots are acquired by measuring the difference in position between
two frames and dividing by the recording speed of the camera. This results in a clear indication of
the stability and noise for each tracker.

The graphs show a clear difference between the checkerboard and Whycon trackers, the checker-
board shows a more reliable and stable characteristic with less noise. This behaviour can be ad-
dressed by the increased amount of data available in the checkerboard tracker and more reliable
detection algorithm used. Therefore, it was decided to use the checkerboard tracker for the exper-
iments, due to the reduced noise and presumably higher accuracy. Additionally, the four Whycon
trackers did not show a significant improvement over the two tracker configuration.
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Figure 6.4: Measured velocity of the parcel using a
Whycon tracker with two circles.

Figure 6.5: Measured velocity of the parcel using a Whycon
tracker with four circles.

Figure 6.6: Measured velocity of the parcel using a checker-
board and Matlab detection algorithm.

6.1.3. Disturbances

During the setup of the experiments different disturbances were indicated and if necessary reduced.
These were defined to be:

• Lighting conditions: by disabling the LED lights close to the setup the flickering visible in the
slow motion video was reduced. Adding extra lights to the setup resulted in reflections from
the equipment which leaded to reduced tracking results as can be seen in Figure 6.8 compared
to the original measurement in Figure 6.7.

• Parameter variance: to ensure parameters were set to the same level during different exper-
iments several precautions were made. To ensure the correct start position a stop was added
at the side of the conveyor. Furthermore, settings for equipment height, speed and angle were
marked and written down.

• Video processing: the camera processing indicated an error in the linearity of the time in be-
tween frames. This error was induced by the slow processor which resulted in a sinus pattern
of 30 Hz visible in the captured velocity (Figure 6.7). By disabling other functions available in
the camera such as GPS, Wifi and onscreen display, the processor has more resources for the
video processing. This resulted in less noise as can be seen in Figure 6.9.

• Equipment interaction: in the testing facility also several other experiments were conducted
during the setup, these interfere with the setup by vibrations which were also visible in the
velocity plot. After switching off the other experiments the noise in the measurement was
even further reduced which can be seen in Figure 6.10.
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Figure 6.7: First acquired measurement without any
disturbance reductions.

Figure 6.8: Measurement with added lights close to the
field on interest (IQ-Grid), resulting in less accurate re-
sults.

Figure 6.9: Reduced noise within measurement by en-
hancing the video processing speed of the camera re-
sulting in a more linear frame capturing.

Figure 6.10: Disabling of other tests running in the facil-
ity, resulting in less vibrations and therefore, a more stable
capturing.

6.1.4. Variables Definition

The dimensionless groups which were defined in Section 6.1.1 are used to determine which vari-
ables are controlled, dependent and independent. First, a definition of these different variables is
given:

• Controlled variables: these variables will be kept constant during all experiments [4], an ex-
ample of a controlled variable in this experiment is the start position of the parcel which is
controlled by the stop described in Section 6.1.3.

• Independent variables: these variables are varied between different experiments and indi-
cate the variables of which the influence on the parcel behaviour will be determined. They
are independent of each other and can therefore, be varied without influencing other inde-
pendent variables [4].

• Dependent variables: these variables need to be measured before or during the experiments,
this is because these variables are influenced by the independent variables and will therefore,
vary between experiments [4].
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Table 6.2: Variable definition into controlled, independent and dependent groups. Constructed using the defined dimen-
sionless groups to test the influence of each parameter in these groups.

Controlled Variables Independent Variable Dependent Variables
Parameter Symbol Parameter Symbol Parameter Symbol
Length parcel Lp Wheel height hw Friction parcel-grid µg

Velocity conveyor Vc Divert angle α Friction parcel-conveyor µc

Acceleration ag , ac Surface Sm Position xp , yp

Gravitational g Parcel ratio
Wp

Lp
Orientation φ

Start orientation φ0 Velocity
Vg

Vc
Roll friction Cr

Start position xp0, yp0 Inertia I
L2

p mp
Weight mp

Transport width Tw Stiffness S

The velocities of the equipment are set to a certain value before the parcel arrives therefore, has the
acceleration of the equipment no influence and is set to zero. Furthermore, is the rolling friction
assumed to only have an influence on the necessary motor power but not on the parcel behaviour.
The transport width is defined by the available equipment and therefore, set to 800 mm.

The independent variables were chosen in such a way that the influence of each dimensionless
group can be tested. Only the start position and orientation were set as controlled variables to re-
duce the number of experiments and because the available equipment would otherwise not be able
to sort each parcel. It is assumed that the behaviour of the parcel on the grid will not be influenced
by these parameters. This results in the independent variables shown in Table 6.2. Since the ma-
terial of the equipment is fixed µg &µc will be varied simultaneously by changing the surface of the
parcel.

These friction coefficients will be measured before the experiments using an unster since they de-
pend on the surface of the parcel. Other dependent variables are the position and orientation of the
parcel (measured by camera) and the weight of the parcel which will depend on the parcel ratio and
added inertia. This will also be measured before the experiments using a scale.

Finally the controlled variables are defined, as described earlier the transport width, acceleration,
start position and orientation of the parcel will be kept constant. Furthermore, the length of the
parcel is kept constant since it influences many dimensionless groups and will therefore, provide
less information on the influence of each group.

6.1.5. Measurement Definition

To compare the results between different experiments or between the experiments and simulation,
a definition has to be made about the reference point. Since the goal is to position the parcel neatly
in the outfeed, the final position in the outfeed will be chosen as the measurement point.

Furthermore, the position will be measured using the distance to the edge of the outlet. This mea-
sure is chosen since this can later be used to align the parcel at a certain position in the outfeed.
The orientation of the parcel is also measured at this point and will be determined using the initial
orientation of the parcel before it arrived at the grid. These definitions are shown in Figure 6.11.
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Figure 6.11: Defined measurement reference for the position and orientation of the parcel, used to compare different
experiments to each other or to the simulation.

Figure 6.12: Experimental setup that will be used, comprising two conveyors, IQ-Grid with two settings (30◦&45◦), outfeed
with fixed 30◦ angle, stop to align parcels and camera to measure the position and orientation.

6.1.6. Experiment Setup

The layout comprising two conveyors, IQ-Grid and an outfeed has already been used numerous
times in this report however, the experimental setup also relies on this layout. In Figure 6.12 the ex-
perimental setup is shown. The conveyors are standard VanRiet equipment of 800 mm width with a
stop mounted at the first conveyor to properly align the parcels on the conveyor.

The IQ-Grid used has a length of 600 mm and has the same width as the conveyors. The grid has a
stationary divert angle which can be set to 30◦ or 45◦ according to the experiment. The outfeed has
a fixed angle of 30◦. The camera will be positioned right above the grid shifted 200 mm towards the
outfeed to also capture the parcel when it is fully sorted.
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Table 6.3: High- and low settings for the independent
variables which will be varied during the experiments.

Table 6.4: Parameters determined for the controlled vari-
ables, these parameters are constant throughout the differ-
ent experiments

Parameter Symbol -1 1
Wheel height hw 0mm 5mm

Divert angle α 30◦ 45◦

Surface Sm Telfon Rubber

Parcel ratio
Wp

Lp
0.5 1

Velocity
Vg

Vc
1 1.173

Inertia I
L2

p mp
1 1.5

Stiffness S MDF Foam

Parameter Symbol Value
Length parcel Lp 400mm

Velocity conveyor Vc 1m/s

Acceleration ag , ac 0m/s2

Gravitational g 9,81m/s2

Start orientation φ0 0◦

Start position xp0, yp0 0,100mm

Transport width Tw 800mm

6.1.7. Experiment Design

Using the theory of design of experiments an experimental plan has been developed to discover the
influence of the parameters which were indicated by the dimensional analysis. The independent
variables of Table 6.2 will be varied between two levels: high and low setting while keeping the con-
trol variables constant [4]. The corresponding values of these independent- and control variables
are respectively shown in Table 6.3 & Table 6.4 and were determined using the following reasons:

• Wheel height: during pre-tests it was indicated at which point the parcel and the grid will
have a sufficient grip with respect to the conveyor, this turned out to be at 0 mm (top of the
wheels equal to the conveyor). Furthermore, the grid was raised until a different behaviour
was visually observed namely, a sharper sortation behaviour this took place at 5 mm.

• Divert angle: the grid available for testing has three settings: 30◦, 45◦ and 90◦. Since the outlet
is restricted to 30◦, the 30◦ and 45◦ were chosen for the two levels (Figure 6.13 & 6.14) since
otherwise the parcel may fall of the outlet due to the sharp sortation angle.

• Surface: the parcel spectrum can consists of numerous materials, to test the extremes of this
spectrum teflon and rubber were chosen (Figure 6.15 & 6.16). These should be able to give a
clear indication on the influence of the friction.

• Parcel ratio: using the already constructed simulation model and pretests it was determined
to set the length at 400 mm, which enables the possibility to have 0.5 and 1 for the parcel
ratios (Figure 6.17 & 6.18). With different settings the parcel would miss the outlet or show an
irregular behaviour since the width would be close to the wheel pitch.

• Velocity: these settings were chosen in such a way to detect if the parcel can be sorted while
keeping an equal lateral velocity (high setting). Furthermore, the base velocities were set to
1 m/s to ensure the parcel remains in contact with the IQ-Grid after the parcel hits the first
row of wheels. At higher velocities the parcel had small jumps due to the high wheel pitch and
increased kinetic energy.

• Inertia: the inertia setting was found by performing pretests and ensuring the added weight
had a significant contribution to the parcel weight. These weights were placed at the edges of
the parcel to increase the inertia while retaining the center of mass in the middle of the parcel
(Figure 6.21).
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• Stiffness: for the stiffness two materials were required ensuring that one setting would stay
on top of the wheels and the other one would come in contact with the base plate. To ensure
this behaviour a MDF panel was chosen for the stiff setting and a foam stuffing was used to
ensure the parcel would fall over the wheels (Figure 6.19 & 6.20).

To discover the individual influences as well as the two-factor interactions between the indepen-
dent variables a Resolution IV design was chosen [4]. This results in an experimental plan in which
one or two variables are set to the high setting while keeping the other settings low. Furthermore,
these settings are blocked e.g. the settings are grouped as much as possible and hard to adjust set-
tings are kept together to reduce variance errors. These settings are the divert angle of the grid and
the height of the wheels.

Each experiment will be conducted a single time except for the base experiment at which all vari-
ables are kept low. To indicate the standard deviation and systematic errors this experiment is per-
formed at different moments (start of the experiment, in between and at the end) resulting in a total
of three replicates. These measurements can eventually be used to determine the confidence inter-
vals of the other experiments [4].

The resulting experimental plan following this described method can be found in Appendix E.

Figure 6.13: Low setting for the divert angle namely:
30◦ which correspond with the angle of the outlet.

Figure 6.14: High setting for the divert angle namely: 45◦
which is higher than the angle of the outlet.

Figure 6.15: Low setting for the parcel friction resulting
in a smooth surface by using Teflon

Figure 6.16: High setting for the parcel friction to simulate
rough parcels using rubber.
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Figure 6.17: Low setting for the parcel ratio namely 0.5. Figure 6.18: High setting for the parcel ratio of 1 resulting
in a rectangular shape.

Figure 6.19: Low setting for the parcel stiffness using
a MDF panel to ensure the parcel stays on top of the
wheels.

Figure 6.20: High setting for the parcel stiffness using foam
stuffing which leads to a parcel which also has contact
with the base plat of the IQ-Grid.

Figure 6.21: High setting for the parcel inertia by
adding weight to the edges of the parcel to increase in-
ertia, low setting is shown in Figure 6.17.



6.2. Experiment Results 55

6.2. Experiment Results
In this section the results will be discussed which were obtained during the measurements executed
according to the experimental plan. First, the results of the base measurement will be discussed
since these can then be used to construct the confidence intervals for the other measurements.
From here, the influence of each parameter will be discussed after which, the simulation model can
be validated by comparing the model output to the results of the experiments. If these show similar
results the model can be assumed to represent the physical model correctly and be used for the
design of the new product.

6.2.1. Base Measurement & Error

As described in the experimental plan, the base measurement has been performed three times,
namely: at the start, middle and end of the experiment. This was done to indicate the standard
deviation and to see if a systematic error was introduced during the experiments. This systematic
error can be introduced due to changing the parameters or another time dependent process such
as heating up of the equipment.

In Figure 6.22 the position is shown for the three base measurements these show a clear overlap
in position. In Figure 6.23 the orientation is shown, during the transport over the grid (0.2 - 0.5 s)
the measurement show a similar curve, during its path over the outlet measurement 2 & 3 shown
again a clear overlap. Measurement 1 has a small offset of one degree and a slight different curve.
However, since the orientation during its transport over the grid is seems like a random error and
not a standard error induced by changing of parameters. Therefore, the measurements are assumed
to be correct for its purpose, namely: validating the simulation model to later differentiate between
multiple configurations.

From these measurements the standard deviations are calculated at the earlier reference point (end
of the measurement). These deviations turned out to be: 3.25 mm for the position and 0.69◦ for the
orientation. Using Equation 6.1 the confidence intervals are calculated at 95% using a single sample,
this results in 6.37 mm and 1.35◦. These values will be used for the other measurements, since these
should have a similar variance since the experiments are assumed to have the same random process
and therefore, the same standard deviations [4].

Confidence Interval =±z0.95 · sp
n

(6.1)
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Figure 6.22: Position graph of the three conducted
base measurements used to indicate the standard de-
viation and possibly systematic errors.

Figure 6.23: Orientation graph of the three conducted
base measurements used to indicate the standard devia-
tion and possibly systematic errors.

6.2.2. Parameters Influence

In Figure 6.26 & 6.27 the effects are shown for each parameter for respectively position and ori-
entation. These effects are defined by Equation 6.2, and are used to show the influence of a sin-
gle parameter (i ) by evaluating it’s measurements with interactions (i , j ) minus the individual pa-
rameter measurement it interacts with ( j ). The red line indicates the level set by the boundaries
(position=± 50mm, orientation=± 5◦)to properly sort a parcel which will be discussed further in
Chapter 7. Furthermore, a yellow bar indicates a decrease of the distance as defined in Section 6.1.5,
for the orientation a yellow bar means the parcel rotated less.

Effect i = Result i,j−Result j (6.2)

All parcels with a high ratio show less rotation and increased distance. Compared to other param-
eters, parcel ratio has significantly more influence. The reduced rotation can be addressed by their
short length compared to their width. This leads relative short period of torque compared to its in-
ertia, which will results in less rotation (Chapter 4). The increased ratio also causes more frequent
contact with the second conveyor which, results in increased distance between parcel and outfeed
side.

Other parcel parameters (stiffness, friction and inertia) show less influence on both the orientation
as well as position. Only slight crossings of the boundary occur when involving increased ratio,
wheel height or divert angle. However, when taking into account each boundary has a positive and
negative part it can be assumed these parameters can still lay within the set boundaries in order
to properly sort a parcel. To reduce the effect of parcel stiffness the mechanical design should be
revised to better support the parcel and therefore, reducing the impact of parcel stiffness.

The high effect at VR (high velocity and ratio) in position is due to the increased parcel ratio com-
bined with the fact that parcels are sorted a bit further from the outlet edge. This results in the
parcel being carried away by both the outlet and second conveyor, eventually this resulted in the
parcel disappearing in the gap between both pieces of equipment.
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In the position graph it can be seen that the divert angle has a clear unanimous effect on the posi-
tion. Due to the sharper divert angle all parcels arrive closer to the edge of the outlet which can be
seen as a positive result since this would increase the sortation reliability (assuming position in the
outlet is less important).

Other mechanical design parameters (wheel height and grid velocity) show little effects besides the
earlier discussed VR. Indicating no clear advantage of an increased wheel height while it does intro-
duce a bump during parcel translation over the grid (Figure 6.24). Therefore, is the increased wheel
height abandoned from the design and fixed to 0 mm. Furthermore, the increased grid velocity can
be used in order to keep parcel velocity in lateral direction equal during sortation (Figure 6.25). This
property is useful in order to maintain gaps between parcels while sorting.

(a) Base measurement (b) Increased wheel height

Figure 6.24: Impact of increased wheel height showing a clear bump in velocity when the parcel reaches the wheels
compared to the base measurement.

(a) Base measurement (b) Increased grid velocity

Figure 6.25: Impact of increased grid velocity showing maintained lateral speed (x) of the parcel compared to the base
measurement.
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(a) Parcel ratio (b) Parcel inertia

(c) Parcel stiffness (d) Parcel friction

(e) Grid velocity (f) Wheel height

(g) Divert angle

Figure 6.26: Impact for all parameters on the parcel position measured as a distance between the parcel center and side
of the outfeed. Yellow colors indicate a decrease and blue an increase of the distance.
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(a) Parcel ratio (b) Parcel inertia

(c) Parcel stiffness (d) Parcel friction

(e) Grid velocity (f) Wheel height

(g) Divert angle

Figure 6.27: Impact for all parameters on the parcel orientation measured relative to the main conveyor. Yellow colors
indicate a decrease and blue an increase of the orientation.
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6.2.3. Simulation Validation & Error Indication

After determining the measured influence of each parameter and their interactions, the simulation
model will be validated in this section. In Figure 6.28 & 6.29 the errors between the real and simu-
lated position and orientation are shown. These are again measured according to the definition in
Section 6.1.7.

Figure 6.28: Difference between the expected orientation of the parcel and the measured one from the experiments.
Yellow colors indicate a lower estimation and blue a higher estimation of the orientation.

Figure 6.29: Difference between the expected position of the parcel relative to the conveyor and the measured one from
the experiments. Yellow colors indicate a lower estimation and blue a higher estimation of the position.

The largest errors for both position and orientation occur with interactions containing the high par-
cel ratio setting. This is mainly because this setting results in frequent contact with the second
conveyor, which leads to fuzzy behaviour. To overcome this the grid should be longer in order to
support the parcel until it reaches the outlet and achieve a higher conformity with the model. How-
ever, in both simulation as reality the parcel reaches the outlet, which can be seen as a sufficient
sortation.

Besides these differences the model and reality have roughly a difference of 60 mm and 5◦. Since
the goal of the simulation is to provide insight in the effects of different layouts this is assumed to
be accurate enough. By improving the parcel behaviour the parcels should arrive in the outlet more
reliably with less contact with the second conveyor. If this can be achieved the model could become
even more close to the reality.
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Other large differences can be found at settings with a high level for the wheel height. This seems
logical since the wheel height is not modelled by the mathematical model of Chapter 4. This is be-
cause the model was constructed in two dimensions and therefore, does not account for the wheel
height (third dimension). The increased wheel height however, showed a clear bump in velocity
when the parcel hits the grid. Furthermore, the effects are negligible for the position of the parcel
and the orientation gain is expected to be also achievable with other adjustments such as optimized
divert angles. These reasons support the conclusion to set the wheel height to 0 mm, having a better
parcel behaviour and be able to simulate the behaviour well.

6.3. Conclusion
In this chapter experiments were conducted in order to finalize the answer of the previous chapter
to ensure an accurate parcel behaviour description. Furthermore, the subsequent question was
answered, namely:

Which parameters influence the parcel behaviour on a bidirectional sorter?

By examining the different experiments it became clear that, usually unknown parcel variables only
have a small effect on the position and orientation of the parcel and therefore, can be omitted dur-
ing operation. Most dominant is the parcel ratio which is usually measured. This parameter results
in fuzzy behaviour of the square parcel since it frequently touches the second conveyor and there-
fore, gets disturbed on its way to the outfeed. The stiffness also has some influence on the behaviour
however, this could be resolved by reviewing the mechanical design of the IQ-Grid introducing bet-
ter parcel support.

The errors between the model and experiments are relatively small and hence it can be concluded
that the model is valid. Several differences occur at variables not present in the model (wheel height)
or by disturbances of the second conveyor (high ratio parcels). However, for the purpose of the
model it is assumed to be valid since the main goal is to differentiate between the different layout
configurations rather than exactly predicting parcel behaviour.

As described in Chapter 2 validation was the last step towards an accurate parcel behaviour descrip-
tion therefore, it can now be used in Chapter 7 to eliminate configurations based on the defined
requirements.





7
Design Selection IQ-Grid

In this chapter different layouts are designed to be used in the product. Using the simulation model
which has been verified and validated it can then be determined which configuration shows opti-
mal parcel behaviour. In this chapter the selection is made.

Following the method described in Chapter 2, the selection is first made, based on the extremes
which will be defined. The remaining configurations are then tested for several parcels and finally
inspected on more detailed parcel behaviour.

Selection is performed for the sortation and merging process which were functions demanded by
the product requirements. Since both merging and sortation can take place on the same grid in a
bidirectional system, these layouts should be similar in order to enable both functions.

7.1. Product Solutions
For the grid, different layouts can be configured ranging from individually controlled members to-
wards a block control setting the same angle throughout the grid. To define different levels of flex-
ibility the current grid used for 800 mm transport width is used as a reference. This grid can be
divided into several groups which will have the same divert angle. These configurations define the
set of solutions possible for the IQ-Grid.

Furthermore, an extra solution was added by adjusting the position of the split of the two column
configuration. This extra solution was introduced to check if the orientation of parcels can be better
adjusted by having separate control at the front and back of parcels during merging and sorting.
The idea behind this configuration is supported by Equation 4.6 since the rotation can be possibly
better controlled by enabling extra or reduced torque on the parcel.

All configurations are shown in Figure 7.1. Using the selected design method of Chapter 2, a config-
uration can be selected for the product. This conceptual layout is then used to design the mechanics
and the final product providing optimized sortation, merging and alignment behaviour.
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The angles for each configuration will be varied resulting in different patterns to simulate the pos-
sibilities of a configuration. Since parcels are required to move forward the maximum divert angle
is limited to 90◦ to ensure parcels will not travel opposite to the transport direction. The group of
members which is closest to the outlet and parcel will have the smallest angle from which the an-
gles will be increased throughout the grid. An example of this is shown in Figure 7.2, in which bright
colors represent large divert angles.

Figure 7.1: Conceptual layouts for the grid configuration which displays the flexibility of angle settings. The top left has a
divert angle equal throughout the grid, the bottom right has divert angles set per individual member. Transport direction
is vertically.

Figure 7.2: Angle distribution over the grid have the most flexible configuration namely: individual settings. Figure illus-
trates how the patterns over the grid are formed.
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The behaviour of the parcel is assumed to be ’correct’ if its end position (defined in Chapter 6) is
equal to its starting position. Furthermore, the orientation of the parcel should be equal to the an-
gle of the target conveyor. This will be checked according to the boundaries defined in Equation 7.1
and shown in Figure 7.3 to define if the sortation or merge was successful. For alignment d0 is re-
placed by 0.4 to account for a desired alignment in the center of the conveyor.

Succes if

{
d = d0 ±0.05
φ=αo ±5◦ (7.1)

Figure 7.3: Definition of the variables which are used in Equation 7.1 to determine if the sortation or merge was successful.

7.2. Selection Procedure
In Chapter 2 different steps were defined in order to eliminate concepts and select a final design. In
this section the elimination procedure is carried out in order to select a final configuration.

First, elimination is based on an extreme situation comprising a difficult to sort parcel. According
to Chapter 6 a square parcel is hard to rotate and to accurately sort due to its resistance to rotate.
Furthermore, larger parcels have more sorting problems since the grid length can quickly become
too short to divert these parcels. This led to the decision to define the extreme parcel by a square
parcel having dimensions 600x600 mm (maximum width according to transport width 800-200=600
mm and square shape). This parcel will be used to make a first selection between the different con-
figurations based on sortation.

Secondly, concepts will be eliminated based on an infeed situation in which parcels are merged onto
the main conveyor. Elimination will be based on the same parcel as used before namely, 600x600
mm.

Thirdly, different parcel properties are tested which were also used during the experiments in Chap-
ter 6 using the rectangular shaped parcel. According to Chapter 6 the different parcels can all be
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sorted according satisfying equation 7.1 with the same angle settings.

Finally, the remaining configurations will be inspected element-wise to indicate undesirable situa-
tions, for instance a large difference in mutual distances after the grid. Resulting in the final configu-
ration for the IQ-Grid which should be applied during the product design to have a more optimized
parcel behaviour.

7.3. Sortation and Merge Process

Elimination based on tests using maximum parcel dimensions for sortation

Using the extreme parcel and boundaries as defined above, the matrix shown in Table 7.1 was gen-
erated by the simulation. It can be seen that using just splitting the grid in different section does
not lead to a solution (success rates are all zero). The only viable solution which is able to sort the
parcel of 0.6x0.6m is using the shifted split (2+ in Table 7.1). Therefore, the other configurations will
be eliminated from the set of solutions.

Table 7.1: The results of each layout configuration, these values represent the difference between the desired and found
position and orientation. As determined by the formula in Equation 7.1 the position should deviate less than ±0.05m and
orientation less than ±5◦. Configurations complying to this requirement are shown in green, others in red.

Row
Column

1 2 2+ 4 8

0,00 m -0,06 m 0,00 m -0,04 m -0,04 m
1

-24,37° -27,23° 4,75° -30,48° -29,00°

-0,04 m 0,02 m -0,01 m -0,09 m -0,09 m
2

-24,25° -25,65° 1,86° -23,34° -23,58°

-0,04 m -0,08 m 0,00 m -0,06 m -0,08 m
3

-24,07° -22,48° 1,83° -24,44° -23,46°

-0,04 m -0,05 m 0,07 m -0,07 m -0,09 m
6

-23,66° -23,73° 1,86° -23,03° -22,03°

Table 7.2: Angle settings which led to a successful sortation of the 600x600 mm parcel using the 2+ column configuration
and different row settings.

Row Grid layout Split row Distance Orientation

1
[20◦] 80◦ -0,04m 3,79°
[20◦] 90◦ 0,00m 4,75°

2
[20◦; 40◦] 70◦ -0,05m -2,20°
[20◦; 40◦] 80◦ -0,01m 1,86°
[20◦; 40◦] 90◦ 0,03m 3,95°

3
[20◦; 30◦; 40◦] 70◦ -0,02m -2,25°
[20◦; 30◦; 40◦] 80◦ 0,00m 1,83°

6
[10◦; 18◦; 26◦; 34◦; 42◦; 50◦] 80◦ 0,01m -3,24°
[20◦; 24◦; 28◦; 32◦; 36◦; 40◦] 80◦ 0,07m 1,86°
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When consulting Table 7.2 it can be seen that successful sortation are usually found at high angles
for the split row close to the outlet. These higher angles lead to less rotation of the parcel when it
enters the outlet, when using lower angles the parcel rotates back due to the torque induced by the
outlet. The settings 80◦&90◦ always have a solution for certain grid angle settings usually starting at
20◦.

Elimination based on tests using maximum parcel dimensions for merge

This parcel is then also tested for the infeed situation in which a parcel is fed back onto the main
conveyor. In Table 7.3 results for merging are shown, indicating three viable solutions namely: two,
three & six row layout of the configurations which remained (found in Table 7.1). In Table 7.4 so-
lutions for each layout can be found with their corresponding results. The one row layout did not
succeed in feeding back the parcel since the configuration was not able to rotate the parcel between
the given boundaries ([−5◦,5◦]).

Table 7.3: The results of each layout configuration for merging parcel back on the conveyor, these values represent the
difference between the desired and found position and orientation. As determined by the formula in Equation 7.1 the
position should deviate less than ±0.05m and orientation less than ±5◦. Configurations complying to this requirement
are shown in green, others in red.

Row
Column

2+

0,00 m
1

7,73°

0,02 m
2

3,12°

-0,04 m
3

4,96°

-0,03 m
6

4,56°

Table 7.4: Angle settings which led to a successful merge of the 600x600 mm parcel on the main conveyor, using the 2+
column configuration and different row settings, the one row setting did not succeed in finding a solution.

Row Grid layout Split row Distance Orientation

2
[60◦; −12◦] 90◦ -0,04m 3,58°
[70◦; −7◦] 90◦ 0,02m 3,12°

3
[60◦; 25◦; −12◦] 90◦ -0,04m 4,96°
[70◦; 25◦; −15◦] 90◦ -0,05m 3,29°

6
[70◦; 65◦; 25◦; 20◦; −10◦; −15◦] 90◦ -0,05m 4,00°
[60◦; 55◦; 30◦; 25◦; −12◦; −17◦] 90◦ -0,05m 4,09°
[60◦; 55◦; 30◦; 25◦; −7◦; −12◦] 90◦ -0,03m 4,56°

Elimination based on tests using different parcel properties according to the experiments

The remaining solutions are now tested using the same experimental setup as used in the experi-
mental plan of Chapter 6. According to Chapter 6 it should be able to have a single solution in order
to properly sort parcels having different properties.
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In Table 7.5 results of the different parcels can be seen, all configurations did succeed using equal
angle settings for different parcel properties. Having a single angle setting introduces a significant
advantage since, less parcel information is necessary in order to properly sort parcels. All remaining
configurations have this ability therefore, no further eliminations are made.

Table 7.5: Results for the different remaining configurations simulated using the same experimental plan as used in Chap-
ter 6, it can be seen that all configurations succeed this test.

Setting
2+,2 2+,3 2+,6
Orientation Position Orientation Position Orientation Position

W -4,82° 0,01 m -2,46° -0,02 m -3,08° 0,00 m

WS -4,74° 0,00 m -3,45° -0,02 m -4,26° -0,01 m

WI -4,49° 0,01 m -3,00° -0,02 m -3,45° -0,01 m

S -2,33° 0,00 m -2,41° -0,04 m -1,80° -0,02 m

SI -0,16° 0,00 m -1,56° -0,04 m 0,11° -0,01 m

I 3,33° 0,02 m 3,78° -0,01 m 4,20° 0,01 m

base -0,51° 0,01 m 0,10° -0,02 m 0,29° 0,00 m

Elimination based detailed element representation

The earlier discussed detailed view for the final selection did not show signification differences.
Plots for all three remaining configurations are shown in Figure 7.4-7.6. These plots show the parcel
elements having no fixation to their neighbouring elements. The color of each element is deter-
mined by its position within the parcel, blue represents the back of the parcel and red colors repre-
sent the front. These plots can be used to visualize where and to what degree slip needs to occur to
maintain the parcel shape and are only used as a visualization tool.

Figure 7.4: Element flow representations of the config-
uration comprising the 2+ column and 2 rows layout.

Figure 7.5: Element flow representations of the configura-
tion comprising the 2+ column and 3 rows layout.
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Figure 7.6: Element flow representations of the configura-
tion comprising the 2+ column and 6 rows layout.

It can be seen that the main conveyor in front of the IQ-Grid has a high influence on the parcel. To
let the parcel arrive at the grid more neatly it may help to reduce the friction coefficient of the first
conveyor by for instance replacing it with a roller conveyor. A second option is to extend the grid to
ensure a smooth turn of the parcel from the moment it reaches the main-line.

Replacing the conveyor by an alternative with a lower friction coefficient can also be beneficial for
the sorting process. This is because, the parcel will be less influenced during its path towards the
outlet. The contact between the parcel and conveyor was already indicated as a disadvantage in
Chapter 6 for the parcels with a higher ratio.

Final design considerations

Alignment of the parcels on the conveyor is also possible as shown in Figures 7.7 & 7.8 which indicate
a position shift of the parcel on the outlet. All three proposed layouts can be used to position a parcel
on the outlet while retaining the orientation within the boundaries [25◦,35◦]. This behaviour can be
beneficial to, for instance pre-sort a parcel for a second grid which is positioned further away in the
outlet.

Furthermore, an extra block of three rows may be necessary in case of parcels arriving far from the
outfeed. This block ensures sortation of all parcels independent of their position. The result of this
addition for the 2+ configuration is shown in Figure 7.9.

Figure 7.7: Representation of the presorting ability of
the new configurations, showing a parcel positioned
on the left side of the outlet. Angles set to [20; 30; 70].

Figure 7.8: Representation of the same presorting ability
but with a parcel presorted to the right position in the out-
let. Angles set to [10; 20; 60].
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Figure 7.9: Extra three rows added to the grid to ensure
proper sortation of a parcel far away from the outfeed.

7.4. Conclusion
In this chapter a sub question is answered in order to find a new configuration for the IQ-Grid to
sort and merge parcels more efficiently. This sub question is defined to be:

Which layout configuration is most efficient in sorting parcels?

The different configurations were tested using an extreme parcel, the parcels from the experiments
and a detailed view. During the first selection most configurations were eliminated, the two column
split showed its strength mainly in getting the orientation of the parcel right.

For merging parcels back on the main-line the one row layout could not find a solution to get the
orientation and position of the parcel in between the specified boundaries. The other three layouts
(two, three and six rows) showed similar functionality and results. This similarity continued in the
detailed view which showed no significant differences.

Because of this similar behaviour the two row configuration is selected as the final design for the
layout of the IQ-Grid. The main reason for this decision is the benefit of simplicity over the two
other concepts, which saves extra angle settings and therefore, complexity. An illustrative represen-
tation of this concept for merging and sorting is shown in respectively Figure 7.10 & 7.11. To ensure
sortation independent of the position of parcels, an extra block of three rows may be added.

Furthermore, the conveyor behind the grid should be revised and may be replaced by a different
type of conveyor. During both the experiments and simulation, the conveyor showed difficulties
for the parcel behaviour. This could be resolved by for instance replacing the conveyor by a roller
conveyor which has a lower friction coefficient.
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Figure 7.10: Conceptual design of the layout for the IQ-
Grid during sortation, outlet is positioned at the top of
the figure and transport direction points to the right.

Figure 7.11: Conceptual design of the layout for the IQ-
Grid during merging, infeed is positioned at the top of the
figure and transport direction points to the left (reversed
operation).





8
Validation Improved Design

After determining the new layout this configuration is validated using a final set of experiments
similar to the ones of Chapter 6 using the available IQ-Grid. By repetition of these experiments the
improvement over the old situation is shown. Experiments are performed using the small ratio par-
cel since reducing the friction of the second conveyor or extending the grid length is not possible
with the current setup, which are necessary to properly sort and predict behaviour of the square
parcel. Furthermore, the wheel height is fixed to 0mm as determined in Chapter 6.

In order to compare the old and new layout first, the angle settings are determined using the simula-
tion model to achieve better parcel orientations compared to the old situation. Secondly, the exper-
iments are conducted and results are compared to the old configuration to show the improvements.
Finally, the simulated results are again compared to the experiments to provide a final validation of
the simulation model.

8.1. Grid Settings
In order to validate the improvement of the new layout, the IQ-Grid used in the experiments of
Chapter 6 is again used. This sorter can obtain only angle settings using steps of 12.8◦ which is con-
sidered rough in comparison with the desired boundaries of ±5◦ on parcel orientation.

However, to indicate the possible advantage of this layout the experiments are performed neverthe-
less. But are focused on parcel orientation rather than position which could be optimized when a
more accurate grid becomes available.

The simulation model is used to determine the best angle setting in order to get the parcel orien-
tation correct. In Figure 8.1 the corresponding angle settings are shown which are also set in the
available grid for the experiments.
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Figure 8.1: Grid settings found by the simulation model in order to optimize parcel orientation while taking into account
the fixed steps of 12.8◦ of the available IQ-Grid.

8.2. Old and New Layout Configuration
In Table 8.1 parcel orientation results for both the old as new configuration are shown. Almost all
experiments showed a better parcel orientation compared to the old situation. Consequently, aver-
age parcel orientation is significantly better by almost 7◦.

Compared to old configuration, the new layout results in several parcels ending up within the set
boundaries (shown in green). Due to the relatively large angle steps it is harder to find a solution to
match all different parcels. However, it is still assumed a single solution can be found to sort parcels
based only on ratio without knowing other parameters.

Table 8.1: Comparison between old configuration (block control, at 30◦) and new layout (split and two rows, at
[12.8◦;25.6◦;64◦]). Green cells lay within the set boundaries of Chapter 7.

Experiment base W WI WS WV I IS IV S SV V Mean
Old -13,00 -10,51 -8,06 -15,16 -7,60 -10,28 -18,89 -8,87 -16,93 -14,68 -12,86 -12,44
New -10,03 -12,36 -0,18 1,67 -0,55 -7,57 -8,68 -4,83 -6,16 -11,18 -4,52 -5,85

To support this claim, a final simulation was performed by using a more flexible grid comprising
angle steps of 5◦. In Table 8.2 results of this simulation are shown. All parcels in this experiment suc-
ceed the set boundary. Future research should validate this claim when a new bidirectional sorter is
available comprising angle settings of 5◦.

Table 8.2: Simulated results for the new layout configuration having a grid able of 5◦ steps. All parcels lay within the set
boundaries (shown by green cells).

Experiment base W WI WS WV I IS IV S SV V Mean
Simulated 0,77 -0,95 -1,86 -2,07 -4,56 3,98 -2,81 4,61 -2,51 -2,66 -0,43 -0,69
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8.3. Model Comparison
As a final validation step the experimental results are compared to the simulated ones. In Figure 8.2
& 8.3 errors are indicated following a similar display as in Chapter 6. In which yellow colors repre-
sent a lower expected value and blue colors a higher one.

Both graphs show similar results as earlier validation graphs having a position error less than 40mm
and orientation error less than 10◦. By observing Table 8.1 the simulation model is indeed able of
optimizing parcel behaviour on the grid.

These results support the earlier assumption of a valid model showing its relatively high accuracy
taking into account the wide variety of parcel properties.

Figure 8.2: Difference between the expected position of the parcel and the measured one from the experiments. Yellow
colors indicate a lower estimation and blue a higher estimation of the position

Figure 8.3: Difference between the expected orientation of the parcel and the measured one from the experiments. Yellow
colors indicate a lower estimation and blue a higher estimation of the orientation



76 8. Validation Improved Design

8.4. Conclusion
In this chapter the final sub questions was answered in order to indicate the advantage of the new
configuration over the old one. This sub question was defined as:

How viable is the current design compared to the new developed concept?

Following the results, the new layout preforms significantly better compared to the old layout. Show-
ing several parcels which arrive within the boundaries and an average improvement of 7◦ confirm-
ing the advantage of a new configuration.

Further improvement can be achieved by constructing a grid able of more precise angle settings of
5◦. By increasing this flexibility potentially all used parcels can be sorted correctly according to the
simulation model.

Finally, a last check was performed on the accuracy of the simulation model by comparing it with
the experiments. Results are similar to earlier validation in Chapter 6 confirming the validity of the
simulation model.



9
Conclusion and Recommendations

This research provides a new layout for the IQ-Grid which can ensure reliable and efficient sortation
of parcels. In this chapter, conclusions will be drawn based on the different aspects as discussed in
the previous chapters. Additionally, recommendations are formulated for further development of
the simulation model.

9.1. Conclusion
This research initiated by the need for more insight in the behaviour of parcels on the IQ-Grid and
influence of different layout configurations of the IQ-Grid on this behaviour. To provide this infor-
mation the following research question was formulated:

How can parcels be efficiently sorted in a bidirectional system independent of their position on the
feeder?

Using the newly developed configuration having a separate row at the outfeed and two rows, parcels
can be sorted more efficiently and accurately. This layout uses static controls leading to indepen-
dence of timing and longitudinal parcel position. Resulting in reduced commissioning time and
improved sortation accuracy. Furthermore, the simulation model showed a high accuracy and can
therefore be used in order to predict parcel behaviour and calculate divert angles of the grid. Using
these predictions, gaps between parcels can be reduced in order to increase system capacity or de-
crease system velocity while keeping the same capacity.

In short, the following conclusions can be drawn based on this research:

• To properly sort parcels the position relative to the conveyor should remain equal after sor-
tation. Furthermore, the orientation of the parcel should be equal to the angle of the target
conveyor. Using these requirements parcels will neatly enter the outlet.

• A new layout should be used to enable this behaviour. This configuration should have a steer-
able column next to the outlet and a grid split into two rows.

• The conveyor behind the grid should have a reduced friction coefficient in order to have less
influence on the parcels being sorted or merged by the grid.
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• The wheel height of the grid should be set to 0 mm in order to reduce jumps and deceleration
of the parcels. This leads to more efficient sortation since the parcel behaviour is remains
closer to the predicted behaviour.

• The largest impact on the parcel behaviour by parcel properties on the grid is caused by the
parcel ratio (width/length). Square parcels tend to rotate less and are therefore, harder to
accurately place into the outlet. Other, usually unknown parcel properties (stiffness, inertia,
friction, etc) have significantly less influence and can therefore be ignored when determining
angle settings.

• In order to determine angle settings only three variables are necessary namely: lateral parcel
position and orientation before the grid and parcel ratio.

• To ensure sortation of parcels independent of their lateral position an extra block of three rows
may be added to the grid resulting in a total of six rows.

This primary research question was answered using the defined sub-questions. These questions are
answered below:

• What are State of the Art bidirectional sorters and their required functions?

Various bidirectional sorters were found which mostly shared functionality with the IQ-Grid. These
sorters all use the same mechanism which diverts parcels from their path by introducing a frictional
force on the parcel. This force can be induced by several different members such as: wheels, belts
or balls. However, the abstract principle behind these products all comes down to a friction force
acting on the parcel different than its path which leads to a diversion. This realization led enabled
a redesign of the layout without needing to keep the mechanical design in mind, since the layout
would only prescribe the directions for these frictional forces in the grid.

By observing different products, patents and system description functional requirements were de-
termined. Following these requirements the bidirectional sorter should operate in both directions
enabling sorting and merging, while functions are independent of the parcel position. Furthermore,
the product is able of positioning parcels on the outfeed.

• How can a bidirectional sorter and surrounding equipment be modelled?

By introducing an element approach for both parcel and equipment, slip was taken into account
using individual accelerations of each element in order to calculate displacement and rotation of
parcels. To model the shape of the wheels an extra formula was introduced using the coulomb
friction ellipse. Furthermore, equipment was modelled using only three variables namely: velocity,
friction coefficient and divert angle.

• How can the parcel behaviour be accurately described?

Using a simulation based on the mathematical model parcel behaviour can be found. To achieve
accurate results a time step of 0.0005 s and gridsize of 0.02 m should be used. These settings result in
errors usually smaller than 0.05 m and 5◦, whereas larger parcels have more significant errors due to
contact with the conveyor behind the sorter. Small parcels which have no contact with the second
conveyor show accurate results.
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• Which parameters influence the parcel behaviour on a bidirectional sorter?

By conducting multiple experiments more insight was gained on parameter influence. It became
clear that the behaviour of parcels on the equipment is mostly influenced by the ratio of parcels. An
increased ratio leads to more resistance against the induced rotation. This can be beneficial if the
orientation should remain the same, but for sortation towards an outlet this can provide difficulties.

Stiffness also has to some extent influence on the behaviour, but this could be solved during the
mechanical design of the product by decreasing the wheel pitch or realizing a better support for the
parcel (for instance belts).

• Which layout configuration results in most efficient parcel behaviour?

When using the current product as a reference different configurations can be made by dividing the
grid into rows and column. This lead to different stages of flexibility and smoothness, ranging from
block control (all angles set at the same level) to individual control (each member having its own
angle). By shifting the column split an extra configuration was found, this principle is introduced
to have extra control over the torque acting on the parcel. By being able to provide an extra push to
the front or back of the parcel the orientation of the parcel can be better regulated.

Using the constructed simulation model the different layouts could be tested. When considering
the maximum square parcel dimension for the researched transport width (800 mm), most configu-
rations fail to meet the specified boundaries for the position and orientation. Due to the rectangular
shape most configurations fail in rotating the parcel towards the outlet.

However, the shifted split layout did succeed in rotating the parcel according to the simulation
model. It also achieved successful results for other parcels and added functionality to pre-sort
parcels during sortation. It turned out that revising the layout configuration of the grid can have
a high influence on parcel behaviour and brings large benefits to the product.

• How viable is the current design compared to the new developed concept?

The new layout configuration performs significantly better compared to the current product. Showed
by several parcels arriving in the outfeed according to the set boundaries and an average result 7◦

better than the current configuration.

By redeveloping the mechanical design of the IQ-Grid enabling angle settings in steps of 5◦ the new
layout can perform even better.
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9.2. Recommendations
In this research assumptions were made to simplify the simulation model. For further research
it can be beneficial to validate the influence of these assumptions. Furthermore, several insights
were gathered during the simulations and experiments which also provides openings for continued
research. The recommendations are as follows:

• Since the initial simulation model showed accurate results, it may be applied to actually pre-
dicting parcel paths or to determine control strategies. This option should be further re-
searched in order to determine the necessary accuracy and the improvements necessary to
the model.

• To further increase this accuracy the third dimension can be added to the model to account
for bumps, shape of the wheels, parcel stiffness and transitions between equipment. This
could also help to indicate the opportunities for the mechanical design of the grid.

• Parcel stiffness is hard to measure and model but does influence the orientation and position
of parcels. Therefore, the mechanical design of the grid may be adjusted in order to better
support parcels leading to reduced influence of parcel stiffness.

• The model assumed rotations occur around the center of the parcel however, this may not
always be the case. By conducting experiments this behaviour could be further investigated
and possibly implemented in the simulation.

• Since the element and corresponding simulation approach shown good initial results, it can
possibly be used in other challenging projects that require simulation. For instance to accu-
rately determine the position of a parcel on a shoe-sorter or to simulate the position shifts of
parcels on a roller conveyor.

• The scope of the project should also be enlarged by examining the equipment around the
grid. During the experiments and simulation it became clear that the second conveyor can
have negative influence during sortation and merging. For example, parcel behaviour can be
optimized even further by decreasing the friction coefficient of the conveyor behind the grid.
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Redevelopment of a bidirectional sorter to improve parcel behaviour
Transport Engineering and Logistics, University of Technology, Mekelweg 2, Delft, The Netherlands
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Abstract— Within this research parcel behaviour over a bidi-
rectional sorter is optimized to increase efficiency. Currently,
influence of parcel properties on the sortation behaviour is
unknown and equipment settings are set by experience rather
than objective information. To gain insight in the behaviour
first, a simulation model has been developed and validated by
experiments. These experiments also provided effects of parcel
and equipment parameters. Using the obtained simulation
model different layout configurations were examined to increase
efficiency of the sorter by setting different divert angles.

I. INTRODUCTION

The e-commerce market is constantly increasing and has
doubled in the last five years [1]. This growth results in
a higher demand on parcel handlers such as DHL and
UPS. To meet this demand the capacity of sorting facilities
should be increased. This can be achieved by introducing
bidirectional sorting systems [2]. Such system can operate in
reverse to accommodate vans and trucks at the same docks
during morning and afternoon shifts enabling streams in both
directions using the same conveyors [3].

Steerable rollers are currently the only group of sorters
which feature this property [4]. Several steerable roller
concepts have been developed which share a similar mech-
anism [5], [6], [7], [8]. In 2014 VanRiet Material Handling
introduced the modular IQ-Grid (Figure 1) which also incor-
porates this mechanism [9]. The IQ-Grid has already been
applied in several systems and proved the efficiency of a
bidirectional system.

Fig. 1. Bidirectional sorter developed by VanRiet, called IQ-Grid [9].

The IQ-Grid was developed using a qualitative approach,
the design is based on experience of earlier developments and
visual observations. This however, resulted in a black-box
which is able to sort parcels to an outlet without knowing
where and how the parcel will end up at the outlet. This
uncertainty about the parcel behaviour also results in design

challenges since the influence of certain design parameters
and impact of different types of parcels is unknown.

Therefore, this research aims to optimize the parcel be-
haviour on the IQ-Grid to increase the sorting efficiency
by testing different layout configurations and gaining more
insight in the influence of different parcel and equipment
parameters.

II. METHOD

Optimization for the grid has been achieved by choosing
an objective approach attaining information using measure-
ments, calculations or simulations, to select a final design
[10]. Therefore, Set-Based Concurrent Engineering design
method was chosen due to its quantitative properties and
proven results [11], [12].

To eliminate concepts based on quantitative information
a test is necessary to assess compliance with product re-
quirements, concepts which fail can then be eliminated.
Due to high costs and time required to physically test
different concepts, a simulation model will be constructed.
The development of such model requires the following steps:
model qualification, model verification and model validation
[13]. This process is shown in Figure 2.

Fig. 2. Steps necessary to create a simulation model which can then be
used to simulate the physical product. Obtained from [13].

III. THEORY

A mathematical description of parcels on the bidirectional
sorter is necessary to develop a simulation. In Figure 3 a
parcel is shown on two types of equipment: conveyor and
bidirectional sorter. Resultant translation and rotation are
found by determining forces induced on element level within
the parcel. Using the element approach, slip can be taken into
account to provide a more realistic model. These elements
have a defined size which determines the number of elements



per parcel. By adding element forces a resultant parcel
acceleration and rotational acceleration are found which are
used to determine the position and orientation of parcels on
the sorter. Two different situation can be distinguished, these
are determined to be:

• Parcel is in contact with one piece of equipment: in this
case the parcel will adapt the velocity of the equipment,
which is in the direction of φ. Consequently, the element
velocity will have the same direction as the equipment
velocity, resulting in a difference of zero leading to a
resultant force of zero.

• Parcel is in contact with two or more pieces of equip-
ment: the parcel will have a static friction with one piece
of equipment which has the largest frictional force and
dynamic friction with the other ones. The parcel will
be influenced by the forces induced by all equipment
and its displacement will depend on the sum of these
forces.

Fig. 3. Parcel in contact with conveyor and bidirectional sorter resulting in
a translation and rotation due to frictional forces induced by the equipment.
Showing divert angle (φ), parcel rotation (θ) velocity direction (β), resultant
force acting on a single element (F ) and velocities (vp, vc, vg , vi).

A. Parcel Translation

First, accelerations found at the elements within the parcel
are averaged by Equation 1 resulting in acceleration for the
complete parcel at a certain time step, (t+∆t). The number
of elements, ne is determined by the size of the parcel and
element size.

a(t+ ∆t) =

∑ne

i=1 ai(t+ ∆t)

ne
(1)

Using the acquired parcel acceleration (a), velocity (v) and
position (s) the parcel position at time t + ∆t, is found by
Equation 2. By these descriptions the position of the parcel
can be found during translation over the grid.

s(t+ ∆t) = s(t) + v(t) · ∆t+
1

2
· a(t+ ∆t) · ∆t2 (2)

To preserve the shape of the parcel, the new positions for
each element are calculated using the parcel displacement
of Equation 2. By calculating the element positions from the
average displacement it is possible to have slip during a time

step and preserving the shape of the parcel by modelling stiff
connections between the elements.

B. Parcel Rotation

During transportation the parcel can rotate when in contact
with multiple pieces of equipment, since the forces then no
longer cancel out which results in a torque. This torque is
assumed to take place in the center of the parcel, resulting
in consequently a rotation of the parcel around its center.
The parcel’s resistance to rotation is given by the moment
of inertia depending on the density (ρ) at all distances (r)
throughout the parcel volume (V ).

I =

∫

V

r2ρ dV (3)

By combining the torque (of the element forces) and
moment of inertia the angular acceleration of the parcel can
be found, which is used to find the rotation (θ) of the parcel.
First the total torque acting on the parcel is computed by
taking the sum of the torques induced by each element using
Equation 4. The total torque and moment of inertia can then
be used to find the angular acceleration (α) of the parcel
shown in Equation 5.

τ =

ne∑

i=1

τi (4)

α =
τ

I
(5)

The rotation of the parcel is found using similar equations
as for the translation using the calculated angular acceleration
(α), angular velocity (ω) and rotation (θ) to find the parcel
rotation at time step, (t+ ∆t) by Equation 6.

θ(t+ ∆t) = θ(t) + ω(t) · ∆t+
1

2
· α(t) · (∆t)2 (6)

C. Element Level

The friction force (Fwi ) is determined by Equation 7 using
mass of the element (me), gravitational constant (g = 9.81)
and friction coefficient between the element and equipment
underneath (µ).

Fwi
= me · g · µ (7)

Circular shapes of the grid wheels introduce a difference
for the friction coefficient depending on the angle between
parcel and wheel (θ = φ− β) illustrated in Figure 4. Using
Equation 8 the adjusted friction coefficient is found [14].

µw =

√
(µwx · cos(φ− β))

2
+
(
µwy · sin(φ− β)

)2
(8)

In order to find the corresponding x- and y-forces a
vector is determined to describe the difference between the
equipment- and element velocity. The resultant force has
the same direction therefore, the x- and y-components are
determined using the vector. In Equation 9 the vector is



Fig. 4. Ellipse which is use to determine the friction coefficient between
the wheels and the parcel, if the parcel travels longitudinal to the wheel
θ = 0◦ and so the friction coefficient (µg) is equal to µx if the parcel
travels lateral θ = 90◦ to the wheel then µg = µy . For the other values of
θ Equation 8 will be used.

determined using the angles and velocities shown in Figure 3
in order to determine Fx & Fy .

[
Fx

Fy

]
= Fw ·

[
Ve · cos(φ) − Vi · cos(β)
Ve · sin(φ) − Vi · sin(β)

]
(9)

IV. MODEL

The mathematical model is implemented in Matlab to
obtain a simulation model. Model output provides graphs on
parcel position, orientation and velocity which is compared to
experimental results and used to optimize parcel behaviour.

A. Verification

Implementation of the model was verified by observing
the output results and parameter response compared to an
expected response. In Figure 5 output of the model can be
seen, in which a logical path can be distinguished according
to the chosen divert angle and correctly maintained element
positions relative to each other.

Fig. 5. Model output showing a parcel travelling over respectively conveyor,
grid and outfeed. Input parameters are: V = 1m/s, Lp = 0.4m,Wp =
0.2m,mp = 1kg, x0 = 0.25m, y0 = 0.6m,φ = 30◦.

B. Validation

Several experiments were performed using the IQ-Grid
to validate the simulation model. These experiments were
conducted using Design of Experiments in order to reduce
number of measurements and to ensure validation of all
relevant parameters. In Table I independent variables are
shown with corresponding levels for a 2-level, Resolution
IV design to examine individual and two-way interactions
[15]. Wheel height determines the height difference between
the conveyor and grid in order to possibly increase grip on
parcels. Furthermore, different surfaces (rubber and Teflon)
are used to vary friction coefficients between parcel and
equipment.

TABLE I
HIGH- AND LOW SETTINGS FOR INDEPENDENT VARIABLES

Parameter Symbol -1 1
Wheel height hw 0mm 5mm
Divert angle α 30◦ 45◦

Surface Sm Telfon Rubber
Parcel ratio Wp

Lp
0.5 1

Velocity Vg

Vc
1 1.173

Inertia I
L2

pmp
1 1.5

Stiffness S MDF Foam

Dependent variables for position and orientation of the
parcel were measured and compared to simulated results
providing error indication between reality and model. Fur-
thermore, friction coefficients between parcel and conveyor,
grid and outfeed were determined using a unster and parcel
weight using a scale. All other variables were kept constant
during measurements as shown in Table II.

TABLE II
PARAMETERS DETERMINED FOR CONTROLLED VARIABLES

Parameter Symbol Value
Length parcel Lp 400mm
Velocity conveyor Vc 1m/s
Acceleration ag , ac 0m/s2

Gravitational g 9, 81m/s2

Start orientation φ0 0◦

Start position xp0, yp0 0, 100mm
Transport width Tw 800mm

By conducting these experiments results were gained and
compared to the simulation model. In Figure 6 the error in
parcel position is shown between model and experiments.
Parcel position is measured as a lateral position on the
outfeed, e.g. distance between parcel center and side of
the conveyor. Parcel ratio results in most significant errors
due to influence of the conveyor behind the grid which has
more frequent contact with high ratio parcels, leading to
disturbed behaviour. Further noticeable, is the wheel height
which introduces relatively constant errors. This error was
expected since wheel height was not taken into account by
the mathematical model and only tested to gain insight in its
influence.



Fig. 6. Position error between model and experiments, a positive error
indicates a larger distance between parcel and conveyor side, in the model.
High errors are found at increased parcel ratio due to contact with the
conveyor behind the grid. Wheel height is not modelled by the mathe-
matical model and therefore, produces higher errors. Error bars indicate
measurement errors of the experiments (±6.37mm).

In Figure 7 errors in parcel rotation between the model
and experiments are shown. Again, significant errors can
be found at increased parcel ratios due to contact with the
conveyor behind the grid. Most other experiments have errors
of 5◦ or less combined with the position error of 60 mm or
less the model is assumed to be sufficient to test different
layout concepts to improve the parcel behaviour.

Fig. 7. Rotation error between model and experiments, a positive error
indicates a larger parcel rotation in the model. Increased parcel ratio leads
to higher errors. Furthermore, all remaining errors are relatively small. Error
bars indicate measurement errors of the experiments (±1.36◦).

V. RESULTS

The proposed improvements are found by both the per-
formed experiments and testing of new layout configurations.
Improvements based on the experiments are found by exam-
ining parameter influences to discover their effect on parcel
behaviour. Finally, different configurations are tested using
the validated simulation model to further optimize parcel
behaviour.

A. Parameter Influence

Effects of parameter variation are calculated using Equa-
tion 10 which compares the experiment result to the base
measurement (all settings at -1 in Table I). A higher value
indicates a large effect on parcel position or rotation.

Effect =
Result measurement i

Result base measurement
(10)

In Figure 8 effects are shown for all individual and
combined parcel properties, but also effects of equipment
parameters on the base measurement comprising grid veloc-
ity, wheel height and divert angle.

Fig. 8. Influence of different individual and combined parcel properties for
position and orientation. Parcel ratio is most dominant while other properties
have only little effects. Furthermore, also equipment influence on the base
measurement are shown comprising grid velocity, wheel height and divert
angle.

Influence Parcel Characteristics

To develop a product suitable for numerous types of
parcels it is important to examine the effects of parcel
properties. According to Figure 8 parcel ratio is most dom-
inant whereas other parameter have only little effects on
position and orientation. The influence of parcel stiffness
could be reduced by reviewing the mechanical design to
better support the parcel and therewith, have behaviour closer
to stiff parcels.

Because of this result, parcel behaviour should be
optimized based on parcel ratio only. Therefore, only this
parameter is necessary to measure in order to efficiently sort
parcels. Other parameters comprising parcel stiffness, inertia
and friction coefficients have only little effect and do not
have to be taken into account for the layout configuration.
Consequently, obtaining information regarding these
properties is unnecessary.

Influence Equipment Characteristics

Furthermore, equipment variables were examined con-
sisting of: grid velocity, wheel height and divert angle. In
Figure 8, effects of these properties for the base measurement
are shown. Grid velocity has no influence on both position
and orientation of the parcel. Therefore, it may be increased
compared to surrounding conveyors in order to keep lon-
gitudinal parcel speeds equal during sortation as shown in
Figure 9, ensuring equal spacing between parcels.

Increased wheel height only effects parcel orientation and
introduces a bump resulting in rough and unpredictable
parcel behaviour (Figure 10). Since, parcel orientation can
also be influenced by different layout configurations this
property is defined as unwanted. Therefore, the wheel height
should be set to 0 mm.



Fig. 9. Grid velocity equal to surrounding conveyors (left) compared
to increased grid velocity (right) in order to maintain lateral parcel speed
(green). This helps to ensure equal spacing between parcels while position
and rotation are not influenced.

Fig. 10. Velocity profile for increased wheel height resulting in a bump
as the parcel hits the grid (0.1 s). This bump introduces rough behaviour or
even jumping parcels at higher velocities.

Finally, divert angle settings indicate effects on parcel po-
sition which can be used for the layout configuration in order
to position parcels on the outfeed conveyor. Furthermore,
different angle settings throughout the grid are assumed to
also have influence on parcel orientation. Therefore, angle
settings will be used to improve parcel behaviour.

B. Layout Configuration

According to the parameter influences, angle settings
can be used to steer parcels while only parcel ratios have
to be taken into account to develop these layouts. A grid
can be divided into several control segments resulting in
different levels of flexibility. These proposed configurations
are shown in Figure 11 and found by dividing the current
product into possible configurations. Configuration 2+ was
developed in order to enable control on the front and back
of parcels to better influence its orientation.

Succes if
{
d = d0 ± 0.05
φ = αo ± 5◦

(11)

Configurations are tested using the developed simulation
model and eliminated if not able to satisfy Equation 11.
Which has been developed in order to ensure correct sor-
tation of large parcels which need to stay in the middle of
the outfeed and obtain an equal orientation to fit as shown
in Figure 12. A large square parcel was selected to eliminate
configurations due to its larger resistance to rotate.

Fig. 11. Different layout configurations for the IQ-Grid which dictate
sections in which equal divert angles are used ranging from block control
(all angle settings equal) to individual control.

Fig. 12. Largest parcel possible (800x800 mm) having a rectangular shape
to simulate worst case scenario due to its resistance to rotate according to
the experiments. 2+ column and 2 rows configuration showed which is able
of successfully sorting the parcel.

In Table III resulting distance and orientation are shown
for each configuration indicating only successful solutions
for 2+ column configurations having 2 rows or more. From
the remaining configurations the most simple form is chosen
to reduce complexity in mechanical design. Therefore, the
2+ column and 2 row configuration was chosen as the final
design.

TABLE III
RESULTS FOR EACH LAYOUT CONFIGURATION.

Row
Col 1 2 2+ 4 8

0,00 m -0,06 m 0,00 m -0,04 m -0,04 m1 -24,37◦ -27,23◦ 4,75◦ -30,48◦ -29,00◦

-0,04 m 0,02 m -0,01 m -0,09 m -0,09 m2 -24,25◦ -25,65◦ 1,86◦ -23,34◦ -23,58◦

-0,04 m -0,08 m 0,00 m -0,06 m -0,08 m3 -24,07◦ -22,48◦ 1,83◦ -24,44◦ -23,46◦

-0,04 m -0,05 m 0,07 m -0,07 m -0,09 m6 -23,66◦ -23,73◦ 1,86◦ -23,03◦ -22,03◦



Additionally, using the new configuration, parcels can
be freely placed at several positions on the outfeed while
maintaining a rotation equal to the outfeed. Examples of
these possibilities are shown in Figure 13. This could be
used to pre-sort parcels for other grids positioned after the
outfeed in order to save required grid length.

Fig. 13. New configurations used to position parcels on different places
in the outfeed while maintaining the correct rotation.

Finally, this configuration was tested using the old product
to validate the improvement. Due to mechanical design, angle
settings were only possible by steps of 12.8◦ of which the
results are shown in Figure 14. If these steps are reduced
to 5◦ better results can be obtained as calculated using the
simulation model.

Fig. 14. Final results of the improved configuration compared to the old
one. First the old results obtained from experiments are shown secondly,
results obtained using the old setup with new angle settings (steps of 12.8◦)
and lastly, simulated results if angle settings have steps of 5◦ showing a
clear improvement over the old configuration.

VI. DISCUSSION

This research provided more insight into parcel behaviour
on a bidirectional sorter by developing a simulation model
and conducting several experiments. Influence of variables
was found using the experiments, while the simulation was
used to optimize the layout configuration dictating blocks
which share an equal divert angle.

Due to the low impact of most parcel properties, divert
angles only need to be adjusted based on parcel ratio while
other properties can be ignored. Furthermore, sorter velocity
can be increased in order to maintain lateral parcel velocity
without effecting position and orientation.

Using a two row configuration with an extra row at the
outlet, all parcels can be accuratley sorted according to the
set boundaries. Furthermore, parcels can be freely positioned
on the outfeed while retaining the correct orientation.
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B
State of the Art Patents on Wheel Sorters

In this Chapter the patents found by the classifications B65G13/10 and B65G47/52 are discussed.
Only the patents from these classifications that have a significant different mechanism than the IQ-
Grid will be described. These different insights can be useful to develop new concepts during the
research, in which the patents can serve as an inspiration. In the following sections each patent is
individually discussed.

B.1. Electromagnetically Actuated Sorter
This patent describes two designs for diverters using magnetic field. The first design has fixed di-
verter wheels which are positioned in between conveyor rollers. These wheels are driven by an
electromagnectic field induced by a linear stator consisting of a series of poles that are energised by
coil windings [33]. This configuration is shown in Figure B.1.

The second design has the same electromagnetic drive induced by a linear stator but the wheels
have an adjustable divert angle. This divert angle can be set by the direction of the stator’s magnetic
flux wave. The position of the wheel is ensured to remain stable using a plunger (68) and a spring
[33]. This configuration is shown in Figure B.2.

B.2. Steerable Diverter System
This patent looks similar to the IQ-Grid but uses a different transmission to adjust the divert angle.
The angle is set using a gear plate driven by a pivotal or rotational movement. The gear plate can
serve multiple wheels [10], which is shown in Figure B.3.

The wheels are driven by a motorised roller connected to the wheels via belts or o-rings similar to
the mechanism used in the IQ-Grid. This transmission is shown in Figure B.4.
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Figure B.1: First design in the patent using fixed divert
angles [33].

Figure B.2: Second design with an adjustable divert angle
using the magnetic flux wave [33].

Figure B.3: Divert angle adjusted using a gear plate
connected to multiple wheels [10].

Figure B.4: Drive transmission between the roller and
wheels using o-rings [10].

B.3. Bidirectional Transfer Mechanism
This design can be used to divert packages 90◦. The transfer mechanism is capable of sorting pack-
ages into two directions and can also operate in reversed direction (bidirectional). The divert system
is usually placed in between roller conveyors. When a package needs to be diverted the system is
moved upward by a pneumatic cylinder and transfers the package [13]. This cylinder is shown by
(60) in Figure B.5.

The wheels are driven by an endless elastomeric belt which runs along the width of the conveyor.
The belt is in direct contact with the package and ensures the transfer to a different conveyor. This
configuration is shown in Figure B.6.
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Figure B.5: Lifting mechanism with a pneumatic cylin-
der (60) used for the bidirectional transfer [13].

Figure B.6: Drive belts used to move the package onto an-
other conveyor [13].

B.4. Activated Roller Belt (ARB) Conveyor
This patent consists of a special conveyor belt equipped with longitudinal lanes of small rotatable
wheels. These wheels are arranged to rotate oriented in a different direction than the conveyor belt
movement. These wheels can be rotated using an belt underlying the conveyor. Activating this belt
will propel conveyed articles in one direction or another [6]. The mechanism is shown in Figure B.7.
The patent is also used in the product described in Section C.6.

A different version of this mechanism is shown in Figure B.8. This mechanism uses rollers instead
of a belt to move the wheels mounted on the conveyor. However, the functionality of the product is
similar to the first design [15].

Figure B.7: ARB system consisting of wheels rotated by
an underlying belt [6].

Figure B.8: ARB system consisting of wheels rotated by an
underlying rollers [15].

B.5. High Speed Take-Off
This mechanism has a similar layout as the product discussed in Section C.2. The divert angle is
fixed, the mechanism is positioned lower than the conveyor and is elevated when a package needs
to be diverted. The track is elevated using a electrical solenoid [7] which is shown in Figure B.9.

Despite the similar layout the drive mechanism is different. In this configuration the package is
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transported by wheels mounted on a chain or belt which is driven by an electric motor [7]. This
principle is shown in Figure B.10.

Figure B.9: Diverter mechanism including the pneu-
matic cylinder (102) for elevation [7].

Figure B.10: The driver mechanism consisting of wheels
mounted on a chain [7].

B.6. Conveying Apparatus and Article Diverter
This diverter hold several modules which consist of two small flat powered diverter belts. These are
powered by a common driver roller which are connected using o-rings. The common driver is con-
nected to the main conveyor [30].

The carriages are pivoted using a draw bar which is driven by a rotary actuator. The carriages are
vertically and angular adjustable in incline which enables them to connect to a large variety of prod-
uct. The mechanism is shown in Figure B.11 & B.12.

Figure B.11: Diverter mechanism while stationary [30]. Figure B.12: Diverter mechanism while sorting packages
[30].
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B.7. Transmission Having Variable Output Orientation
This patent results in a similar product as the IQ-Grid but uses a different transmission to divert and
rotate the wheels. The wheels are rotated using a underlying belt conveyor which rotates the wheels
on the bottom of the transmission. This rotation is transmitted to the upper wheels via several gears
[45]. This mechanism is shown in Figure B.13.

An advantage of this configuration is the decoupling of the rotation and divert angle. The wheels
can be freely turned at variable angles using the side gear. The different modules can be coupled
using gears to ensure block control [45]. This is shown in Figure B.14.

Figure B.13: Transmission used in the
diverter [45].

Figure B.14: Configuration with coupled transmissions to enable block
control [45].





C
State of the Art Wheel Sorters

In this Chapter products will be described which are available in the market. In contrast to the
patents discussed in Chapter B these designs are actually available. Each product will be individ-
ually discussed, in contrast with Chapter B this chapter will also discuss products which have a
similar configuration as the IQ-Grid. This can be useful to see what functions competitor’s products
feature or miss compared to the IQ-Grid.

C.1. High Speed Wave Sorter, Gubunki
This wheel sorter is an all electric solution using a DC motor for diverting and a three phase motor
for the wheels. The sorter can divert between 30 and 90◦ and has four sortation directions (double
outputs). It can handle up to 6.000 packages per hour. The configuration has a fixed height but
variable divert angles [17]. The wheels are driven via o-rings belts. The complete product is shown
in Figure C.1.

C.2. NBS Wave 200, TGW
This product operates in combination with a narrow belt conveyor. The divert wheels pop up be-
tween the belt conveyors and pick up the packages after which it is send to the fixed sorting direc-
tion. The wheels are driven by the main conveyor and the divert angle is fixed. It can handle 12.000
packages per hour [41]. The product is shown in Figure C.2.
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Figure C.1: Wheel sorter by Gubunki.

Figure C.2: NBS Wave 200 by TGW.
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C.3. Wave Sorter, Garam
This wave sorter can sort into 5 directions using wave controls (controlling rows of the sorter in-
dividually). Both actuators (divert and wheel rotation) are electric. The sorter can adjust its divert
angle from 30 to 40◦. It is capable of handling 10.000 packages per hour [16]. The product is shown
in Figure C.3.

Figure C.3: Wave sorter by Garam.

C.4. PWDSorter, ZiPline
This product uses servo motors for the divert angle and can therefore vary its angle from 0 to 30◦.
The height of the wheels is fixed and driven by o-ring belts. It has a maximum of 4 rows and is
capable of handling 4.500 packages per hour [40]. The product is shown in Figure C.4.

Figure C.4: PWDSorter by ZiPline

C.5. ProSort, Hytrol
This product is diverted by two pneumatic cylinders (two-sided diverter). Therefore, the angles are
fixed positions. The wheels and belt are driven by the main conveyor and the diverter consists of 2
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rows. It is capable of handling 4.800 packages per hour [19]. The product is shown in Figure C.5.

Figure C.5: ProSort SC by Hytrol

C.6. Activated Roller Belt Sorters, Intralox
This product (also described in Section B.4) is noticeably different than the other products since the
diverter is integrated into the conveyor, consisting of small wheels that can be driven by underlying
belts. When activating these belts, the package will move following the direction of the wheels. The
Activated Roller Belt (ARB) is shown in Figure C.6.

These small wheels are assembled into the conveyor and therefore the divert angles are predeter-
mined and fixed. The ARB sorting solution can handle 6.000 packages per hour and operates fully
electric [22].

Figure C.6: ARB system obtained from a patent [6]. Figure C.7: Sorting solution by Intralox [21].
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C.7. Swivel Belt Sorter
This product stands out with its drive mechanism which consists of small belt conveyors instead
of wheels as usually. The belts are driven by electric motors and the divert angle is set with pneu-
matic cylinders. Unfortunately no further information or specifications are available. The product
is shown in Figure C.8.

Figure C.8: Diverter using belts instead of wheels.

C.8. Wheel Sorter, OCM
This product is similar to the IQ-Grid and shares some design aspects such as the O-rings, mod-
ular system and pneumatic actuators. The system can also operate bidirectional and 2-3 sorting
ways. There is also a full electric version available. It can handle 10.000 packages per hour [32]. The
product is shown in Figure C.9.

Figure C.9: Wheel Sorter by OCM
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C.9. Steerable Wheel Divert, Dematic
This product uses pneumatic cylinders to set the divert angle and electric wheel drivers. The design
is similar to the in section C.8 described wheel sorter and the IQ-Grid. However, this product can
only divert at an angle of 30◦ with a pneumatic actuator [9]. The product is shown in Figure C.10.

Figure C.10: Steerable Wheel Divert by Dimatic.
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C.10. OneSorter, FBA Italy
This product is also similar to the previously described products. But an advantage of this product
are the double cylinders which enable separate control of the left and right side of the grid which
can help to centre or split packages. The Onesorter is capable of handling 3.000 packages per hour
[24]. The product is shown in Figure C.11.

Figure C.11: Onesorter by FBA

C.11. Truxorter, Vanderlande
This product sorts packages using a pop-up system. The wheels move upwards and turn 45◦ to the
desired side simultaneously. This function lifts the package off the belt conveyor and sends it into
the right lane. During rest the Truxorter wheels are inline with the belt conveyor. The Truxorter is
capable of handling 5.000 packages per hour [44]. The product is shown in Figure C.12.
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Figure C.12: Truxorter by Vanderlande.

C.12. Swivel Wheel Sorter, Damon
This product has no pop-up functionality despite similar looks as the Truxorter. The wheels are
turned to a divert angle of 30◦. Because of the lack of a pop up function this product can operate
bidirectional. It can handle 4.200 packages per hour [5]. The product is shown in Figure C.13.

Figure C.13: Swivel Wheel Sorter by Damon

C.13. Smart-Sort, Transnorm
This product diverts packages at a fixed angle of 45◦, it has no pop-up functionality but can oper-
ate bidirectional. The wheels are diverted using pneumatic cylinders and can be driven using the
main conveyor. The Smart-Sort can handle 2000 packages per hour [42]. The product is shown in
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Figure C.14.

Figure C.14: Smart-Sort by Transnorm.

C.14. Intellisort WD, Intelligrated
This product uses a pneumatic pop up mechanism, the wheels have a fixed divert angle which limits
them to one side sorting. Travelling straight over the sorter is made possible by roller conveyors
connected with belts. The Intellisort WD is able of handling 6.000 packages per hour [20]. The
product is shown in Figure C.15.

Figure C.15: Intellisort WD by Intelligrated
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C.15. Siemens Varioroute
This product is an all-electric solution, the divert angles are set per row and can vary between ±45◦.
The speed can be regulated per individual roller. This is possible since each roller has it’s own inte-
grated motor. The product has the same cassette layout as the IQ-Grid but the rollers are shifted by
0.5· pitch per row. The Varioroute is able of handling 13.000 parcels per hour [38]. The product is
shown in Figure C.16.

Figure C.16: Varioroute by Siemens
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Figure D.1: Patent overview of bidirectional sorters having a member which is in contact with the parcel, a divert mecha-
nism which sets the divert angle for the member and a drive mechanism which drives the member such that it is able to
transport the parcel.
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Table E.1: Experimental plan for the model validation, including high and low settings for each independent variable
resulting in a Resolution IV setting. Furthermore, a base measurement is repeated three times during the experiments to
indicate the variance and systematic error.

Experiment: α hw
Vg

Vc
Sm S I

L2
p mp

Wp

Lp

1 -1 -1 -1 -1 -1 -1 -1

2 -1 -1 -1 -1 -1 -1 1

3 -1 -1 -1 -1 -1 1 -1

4 -1 -1 -1 -1 -1 1 1

5 -1 -1 -1 -1 1 -1 -1

6 -1 -1 -1 -1 1 -1 1

7 -1 -1 -1 -1 1 1 -1

8 -1 -1 -1 1 -1 -1 -1

9 -1 -1 -1 1 -1 -1 1

10 -1 -1 -1 1 -1 1 -1

11 -1 -1 -1 1 1 -1 -1

12 -1 -1 1 -1 -1 -1 -1

13 -1 -1 1 -1 -1 -1 1

14 -1 -1 1 -1 -1 1 -1

15 -1 -1 1 -1 1 -1 -1

16 -1 -1 1 1 -1 -1 -1

17 -1 -1 -1 -1 -1 -1 -1

18 -1 1 -1 -1 -1 -1 -1

19 -1 1 -1 -1 -1 -1 1

20 -1 1 -1 -1 -1 1 -1

21 -1 1 -1 -1 1 -1 -1

22 -1 1 -1 1 -1 -1 -1

23 -1 1 1 -1 -1 -1 -1

24 1 -1 -1 -1 -1 -1 -1

25 1 -1 -1 -1 -1 -1 1

26 1 -1 -1 -1 -1 1 -1

27 1 -1 -1 -1 1 -1 -1

28 1 -1 -1 1 -1 -1 -1

29 1 -1 1 -1 -1 -1 -1

30 1 1 -1 -1 -1 -1 -1

31 -1 -1 -1 -1 -1 -1 -1
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