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Summary

Vanderlande Industries (VI) is a Dutch multinational specialized in the development of
automated material handling equipment in the post and parcel, warehouse and airport
market. One of the systems they offer to their customers is a Push Divert Sorter (PDS).
This sorter is commonly used in Distribution Centers (DCs). It uses plastic components

called sliders to push a single flow of parcels into specific outfeed destinations.

Increasing global parcel shipping volumes and just-in-time delivery force distribution
centers to handle increasingly larger volumes of greatly varying parcel types. To stay
competitive in these changing market conditions, VI is exploring the concept of a next-
generation PDS. Yet, where the current generation sorters have different configurations
for specific parcel types, the new generation sorter aims to handle all parcel types with a
single configuration. However, it is unclear how these parcels, with differing characteris-
tics, will behave when all sorted on the same sorter. Moreover, what the optimal design

of this new sorter should be is also unclear.

The proposed sorter is first analyzed in greater detail. Equipment upstream and down-
stream (outfeeds) of the sorter are also analyzed. Key Performance Indicators (KPIs) for
the design are derived based on important system properties. Moreover, parcel types,
which could be processed on the system are analyzed by identifying and classifying their

important characteristics.

This is followed by an analysis of unwanted parcel behaviour. First, all types of poten-
tial unwanted parcel behaviour are identified. Physical causes for each type of behaviour
is analyzed. By a combination of experiments and theoretical analysis, a conclusion is
drawn about which of the risks are significant and which can be discarded. This analysis

concluded seven significant types of unwanted parcel behaviour.

Solutions are derived to reduce these seven problems. Finding solutions for these
problems is split into two parts. Both improvements to the slider trajectory and the slider
design are proposed. The slider design is derived based on design parameter objectives

which are derived for each problem.

The effectiveness of the solutions is finally assessed on the basis of experimental test
results. All solutions show a significant improvement (in terms of the KPIs). These im-
provements could yield a reduction of sorter dimensions with a potential length and width
reduction of 14% and 16 % respectively. Numerous improvements to the parcel behaviour

could also yield a significant capacity improvement.

Finally, to gain further performance improvement, VI could look at parcel behaviour
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outfeeds. The current study is limited to the parcel behaviour on the sorter. Yet the
behaviour of parcels when they have entered the outfeed also influences the overall system

performance.
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Chapter 1

Introduction

The volume of global parcel shipping amounted to over 131 billion parcels in 2020.
In less than six years, this volume is expected to more than double and reach 266 billion
parcels . This would mean the volume will have more than quadrupled in a decade.
This incredible increase in parcel shipping volume is mainly driven by the growth of e-
commerce . Due to the COVID-19 pandemic, many governments were forcing shops
to close, resulting in further growth of e-commerce, which is projected to continue for the
next few years . Technology is transforming the entire supply chain and revolutionizing
the parcel industry, and it is quickly becoming a critical facilitator in enhancing efficiency

and meeting customer expectations for the coming years.

266
239.6

2159

1945

els shipped

175.2
157.9

131.2

e in billion parc

Volur

Figure 1.1: Global parcel shipping volume between 2013 and 2026 (in billion parcels) \\

To understand the challenges e-commerce distribution centres face today, it helps to
reflect on how quickly the fulfilment market has changed. The just-in-time philosophy
promoted a change in the market conditions going from large orders of the same product
to small orders of a variety of products. Furthermore, productivity, agility, and customiza-
tion are the main necessities driven by market conditions . These changes in market
scenario turned product life cycles shorter and changed the paradigms for automation,
moving from high volumes to small volumes with variety . The variety of packaging
types forces postal operations to find sortation solutions with the capability to keep up.
An important feature of sortation systems is becoming gentle handling of a range of prod-
ucts such as letters, soft packs, polybags, corrugated cases, cartons, totes and other odd

or oversized items [8].

Additionally, add in the need for distribution centres to store a broader assortment of
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1.1. Background 2023.MME.8779

products than ever before to satisfy the expectations of customers, and it becomes evident
that available distribution centre floor space is at a premium . Also, shifts in popula-
tion dynamics and urbanization, push post and parcel carriers to serve greater volumes in
areas with limited, more expensive real estate. Distribution centre operators, therefore,

need to maximize floor space utilization .

1.1 Background

1.1.1 Old system

One of the systems Vanderlande Industries (VI) currently offers to its customers is a PDS.
This system is commonly used in DCs to sort a single flow of items into specific outfeed

destinations.

The machine (shown in Figure is comprised of a series of aluminium extrusion
profiles which are referred to as carriers. Each carrier is equipped with a movable plastic
component called a slider, which can slide back and forth along the length of the carrier.
The carriers are connected to each other by a chain and are driven by an electric motor
moving the carriers in a conveyor-like loop (in the ”direction of movement” indicated in
the figure). A flow of parcels is scanned and their desired outfeed location is determined
before they enter the sorter. When a parcel nears its designated outfeed, a switch is acti-
vated forcing a pin on the bottom of the slider into a guide track. This forces the slider
to travel the path highlighted in green (Figure , pushing the parcel into the outfeed.

This sorter technology (using switch-frames) has proven successful over many years.

Outfeeds

Parcel Carrier

Figure 1.2: Positive slider sorting mechanism

However, the system faces some major downsides related to the rigid nature of the guide
frame principle. These downsides are mainly related to the limited control over the motion

of the sliders (which can only travel in one fixed line). This limits the sorter performance
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1.1. Background 2023.MME.8779

in terms of capacity, accuracy and parcel types it can handle.

The old sorter has different configurations (see Figure, each applicable for a limited

parcel range with a dedicated slider and carrier for that specific parcel range.

N

4

(a) Configuration 1 (b) Configuration 2 (c) Configuration 3

Figure 1.3: Current sorter designs (1: parcel type that can be handled on the system, 2: slider and carrier

design, 3: an overview of sorter) \\

1.1.2 Sort strategy

PDSs generally use one of two sorting strategies; parallel or sequential sorting. With se-
quential sorting, the parcel is rotated to align it with the outfeed before sorting (Figure
. The downside of this strategy is that the parcel requires more space due to the ro-
tation, which reduces the sorter capacity. The rotation motion is also challenging for some

parcel types and introduces additional uncertainty in the parcel position and orientation.

With parallel sorting the parcel is diverted without rotating it (Figure . Since
the parcel is not rotated it is possible to reduce the gaps between parcels significantly,
resulting in a higher capacity. However, parallel sorting requires a more complex switch
frame. Also, parallel sorting is only possible if the outfeed is wide enough, since the parcel

requires more space if it is not aligned with the outfeed.

1.1.3 Proposed new system

To overcome the downsides of the current sorters, M. de Jager proposed a new ac-
tuation principle for the PDS. A sorter with this new actuation principle will be referred
to as the new sorter. The system replaces the mechanical switch frame structure with
individual drive systems on each carrier. This enables actuating each slider individually
(Figure . The system will be analysed in greater detail in Section
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(a) Sequential sort (b) Parallel sort

Figure 1.4: Sort strategies

Individual slider control

(a) Proposed PDS (by M. de Jager ) (b) slider position freedom

Figure 1.5: New sorter

1.2 Problem definition

Current generation VI sorters have different configurations (shown in Figure , each
with a dedicated design (of slider and carrier) and sort strategy for a specific parcel type.
Each configuration is specially designed to cope with the unique challenges of the parcel
type it handles. The proposed new sorter should be able to handle all parcel types and
sort strategies with only a single slider and carrier design. Yet, it is unknown how all
these parcels, with hugely varying characteristics, will behave on the same sorter. It is
also unclear how the design (of slider and carrier) and slider trajectory influence their

behaviour and what design and slider trajectory would be optimal.

1.3 Research questions

Research questions are defined to guide the research process and to provide a framework
for analysis. Two main research questions are defined, these are answered based on seven

sub-questions.



1.3. Research questions 2023.MME.8779

How do the design (of slider and carrier) and slider trajectory influence the sorter

performance?

What design (of slider and carrier) and slider trajectory yield the highest sorter

performance?

1. What Key Performance Indicators (KPIs) should be used for the current study?

2. What system requirements and parcel characteristics influence the behaviour of

parcels on the sorter?

3. What type of unwanted parcel behaviour could negatively impact the sorter perfor-

mance?

4. What are the physical causes for this behaviour and what parameters of the slider

and carrier design influence it?
5. What unwanted parcel behaviour is most significant?
6. What slider and carrier design reduce this unwanted behaviour?

7. How effective is the new slider and carrier design in improving the performance of

the sorter?



Chapter 2

Literature

This chapter will describe the most important findings from the literature study. A
literature study is done to provide an understanding of what has been published on topics
related to the current study and what gaps exist in current knowledge. Both academic

papers, patents and internal VI documents have been reviewed for the literature study.

2.1 Previous VI studies

A series of studies into the new sorter concept have already been done. An initial analysis
[18] of the proposed concept was conducted to gain insight into the added value of such
a system. Moreover, a conceptual design of the system was proposed and the main chal-
lenges of such a system were identified. A follow-up study explored controlling the slider

position [40].

Another study [1] defined seven key drivers for developing the new sorter based on
interviews with stakeholders. These seven key drivers are; accuracy, flexibility, availability,

capacity, gentle handling, cost and productivity.

2.2 Automatic Sortation Systems (ASS)

The sorter proposed by M. de Jager is a type of Automated Sortation System (ASS).
To understand what sets it apart from other systems, a literature review is conducted of

different ASSs which are currently offered by competitors.

The sorter is classified as a conveyor-based sorting systems. Within this category, there
are line and loop sorters. These systems have very different capabilities and footprints
(Figure and therefore don’t compete directly. What further sets the sorter apart is
the method of diverting products (moving the product sideways into outfeeds), which is
done by pushing (see Figure[2.1)). The two other methods are friction driven (using a belt
for example) or gravity-driven (using a tilting tray for example) mechanisms. The method

using pushing is considered the most accurate.
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2 2
1 v v
1.4

e

(a) Push driven divert (b) Friction driven divert (¢) Gravity driven divert

Figure 2.1: Divert methods used in automated sortation systems [28|

2.2.1 Product variety

One of the most important aspects of a sortation system is the packaging type it can
handle [17]. Packaging is used for five main reasons; 1) to make transport easier, 2) pro-
tection of goods, 3) provide information, 4) make storage more convenient and 5) improve

appearance of goods [4].

Their extent of use varies by operation, but modern fulfilment centers should consider
the degree to which they currently (or will increasingly) handle a mix of malleable poly-
bags, rigid corrugated cases and flexible bubble mailers. This means deploying a sortation
system capable of reliably handling the unique challenges of all packaging types. Figure
illustrates the ability of different sorters to sort a variety of product types (ranging
from easy to hard to handle). These are a rule of thumb and actual systems could differ
from what is depicted. Manual processing is capable of handling the highest range of

products as could be expected.

2.2.2 Throughput

With continuous growth in the volume of packages shipped globally, [33] it is apparent
that throughput capacity (often expressed in terms of cartons per hour or pieces per hour)

is among the most important aspects of a sortation system.

However, a common misunderstanding about throughput rates is that the speed of a
sorter is the same as throughput [17]. Another essential aspect influencing the throughput
is the gap between items. The gapping is dependent on item divert stability and accuracy.
Many modern sorter systems have reached higher throughput rates by minimizing gapping
instead of increasing speed. This reduces wear, energy usage and noise while extending
equipment life. However, it also makes the machine control system much more critical.
The theoretical throughput can be calculated using the conveyor speed, product gap and
product length, as can be seen in Figure
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Figure 2.2: Theoretical sorter throughput [28|

2.3 Physical phenomena dominant on a PDS

To understand understanding package behaviour on a PDS it is important to analyse
the two dominant physical phenomenon in the sortation process; dry sliding friction and
impact. Due to the complexity of these phenomena, there are numerous models to make
predictions of real-life situations. Models are applicable to a limited range of situations.

The most applicable models and theories found in the literature are discussed below.

2.3.1 Planar dry friction

The behaviour of parcels on sortation systems is influenced by friction. Friction forces
can be found in all mechanical systems that have two contact surfaces with relative mo-
tion. The literature discusses numerous types of friction, however dry sliding friction is
dominant within the current study. Other types of friction such as fluid friction, internal
friction, skin friction and lubricated friction [13] are of less importance in this context.
Dry friction models used nowadays can be divided into two groups: static or kinematic
(also referred to as dynamic or sliding friction). The best-known friction theory is that of
Coulomb. It can be said that the Coulomb friction law was the predecessor for all of the

other friction models [23].

Coulombs model states that when a body is moving along a plane, a friction force
acts in the opposite direction of movement and is fixed to the center of friction. The
friction force is proportional to the normal force pressing the surfaces together and is also
proportional to a constant, which is called the Coefficient of Friction (CoF), which is often
referred to with the symbol ” 7. In this case, there is no moment of friction with respect
to the center of gravity preventing the body from rotating. However, in reality a friction
moment prevents the objects from rotating, which is proportional to the force normal
between the surfaces and the CoF between the two materials. Methods for calculating

pure friction moments are presented by [6],|7]. Yet, pure rotation or translation is rarely

9
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the case. [10] and [11] derived an effective method for calculating the frictional force and

moment in case of a combination of a rotational and translational sliding movement.

2.3.1.1 friction cone

The friction cone concept is a way to model the forces that act on an object in contact
with a surface. It states that the forces can be represented as a cone shape, with the base
touching the surface and the apex pointing away from it. The size and shape of the friction
cone depend on the properties of the object and surface, such as the CoF and the normal
force. The total contact force must lie on or inside the cone. If the contact is sliding, the
force felt by the object lies on the boundary of the friction cone maximally opposing the

motion of the object relative to the contacting surface.

2.3.1.2 Center point definitions

Different definitions are used in the literature to indicate points in the slider plane. The
most important definitions are described below. The Center Of Mass (COM) is the center
of the mass distribution. The Center Of Pressure (COP) is the center of the pressure
distribution between a sliding object and a support surface. When there are no external
forces acting on an object, the COM is equal to the COP [10]. The Center Of Twist
(COT) is the Center Of Rotation (COR) of an object when a pure moment is applied to
it. Center Of Friction is the center of all friction forces during pure translation [10]. For
uniform isotropic friction with only in-plane loads, all points (COM, COP, COT, COF)

coincide.

2.3.2 Impact of bodies

During impact, energy is mainly dissipated in one of two ways: localized plastic defor-
mation and energy transfer to elastic vibrations [34]. Energy dissipation through elastic
vibrations is large for bodies with an elongated shape (bars, beams) while this effect is
much smaller for bodies with dimensions in three mutually perpendicular directions of the
same order. The kinetic energy loss is therefore characterized by the energy loss due to
local deformations [28]. The most popular model for describing local deformations during
impact is the linear Kelvin model [38], [39]. This model consists of a spring with stiffness
k, and a damper with a damping factor b, connected in parallel (Figure . The spring
is used to account for the elastic deformation forces in the body and the damper for the
absorption and dissipation of kinetic energy. The impact force F on the bodies can be
calculated as:

F =b,D +k,D (2.1)

where:

10
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D = deformation of colliding bodies (D =y, — yp)
D = speed of deformation of colliding bodies (D = 3 — Up)
b, = damping coefficient package

k, = stiffness package

yP Yo
Mmp mp J
‘ r
T |, -EZD P
- | Yo

me —

(a) Linear kelvin model [3] (b) Modified kelvin model [3]

Figure 2.3: Impact models applicable for automated material handling equipment

2.4 Slider and carrier design patents

Minor features in slider and carrier design can have a large impact on sorter performance.
Therefore, it is common in the industry to patent new slider designs when proven suc-
cessful. 44 patents related to slider and carrier design have been reviewed. Many patents
describe similar designs with minor differences, therefore the most important patents and

features are described below.

All patents describe some kind of slider or pushing block, sliding along a carrier. More-
over, in all designs, the slider is actuated by a pin and wheel mechanisms. Nearly all slider
designs have a pusher face (the face that comes in contact with parcels) angled to match
the outfeed angle. The angles range between 0 and 45° relative to the travelling direction.

The obvious reason for this is to maximize the contact area with parcels.

Most market-leading companies have a slider design featuring a rubber component
positioned at the pusher face as illustrated in Figure [2.4] which is often referred to as
"bumper”. The bumper mostly consists of a material with a lower stiffness than the
rest of the slider. The bumper is incorporated to increase gentle product handling (due to

softness) and increase traction between the slider and product to reduce product slippage.

11
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2.4. Slider and carrier design patents

(b) Slider push-face design [41]

19

-face design

Slider push

(a)

Figure 2.4: Slider design patents
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Chapter 3

System analysis and design requirements

The sorter and its requirements are analysed in this chapter. Upstream and down-
stream equipment is analysed as well since these also influence the performance of the
entire sortation system. Finally, parcel types, which could be processed on the system are

analyzed by identifying and classifying their important characteristics.

A typical PDS sortation system comprises of a sorter, upstream equipment which are
the Parcel Contour Scanner (PCS) and Parcel Gap Generator (PGG) and downstream
equipment (outfeeds) and a recirculation loop (Figure .

Upstream equipment
e

| PGG PCS |

HEE =

Recirculation loop

Figure 3.1: Standard lay-out PDS system [14]

3.1 Upstream equipment

Upstream equipment determines the state in which parcels enter the sorter (orientation,
position and gap between parcels). Upstream equipment also determines what informa-

tion is available about a parcel when it is fed to the system.

Two modules positioned upstream of the sorter, are important to consider in greater
detail; the PGG and PCS (Figure [3.2). The PGG consists of multiple conveyor belts to
which a stream of products with random gaps is fed. The machine creates customized

gaps between products based on their transport length.

The PCS determines the required parcel properties, as described in Section D.2 (con-
fidential Appendix).

13
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PGG

PCS

Final location
measurement

[TTTTTTTI
\{\rtual parcel

g " Central
No information Transport length of each parcel | Known of each parcel: Lcontroller
available on parcel known e Confidential
flow

Figure 3.2: Explanation of the upstream equipment (PCS and PGQG)

3.2 Parcel input position and orientation

Equipment upstream will ensure the parcel is always fed to the system in a specific ori-
entation (the longest dimension aligned in the transport direction). Moreover, the parcel
is always fed to the system in an orientation such that the height is equal to or lower
than the width. Condition [3.1] thus holds for all parcels. Parcels are fed to the system

in this orientation since it is the most advantageous orientation to ensure stable behaviour.

L,>W,>H, (3.1)

However, since this equipment has its limitations, the parcels are not always perfectly
aligned (see O,hy_initiar in Figure [3.3)). The y-position of the parcel is random, however,
there will always be a margin on both sides of the sorter which the parcel does not touch

(highlighted in blue). The x-position with respect to the carriers is also random.

3.3 Sorter analysis

The new sorter principle proposed by M. de Jager has been analyzed briefly in Section
vet the overall sort operations have not yet been analyzed. A detailed description
of the system is given in Section D.3 (confidential appendix). A simplified description is
stated here. Item enters the PCS and the required parcel properties are gathered. Based
on this information, the central controller defines sort trajectories (see Figure 12 in the
confidential appendix). These sort trajectories are then executed by the individual drives

attached to each carrier.

14
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~—L

mhu_transport

A
Yy Margin{

emhu_ir\itial

WSOI’tEf

Margini(

Figure 3.3: Parcel input state

3.4 Downstream equipment (outfeed)

The main parameters of the outfeed (Figure are its angle (Qout feed) and width (Woys feed)-
These two parameters determine the length of the outfeed window (Loyt feed window)- The
overall sorter length is determined by this outfeed window length and the number of
outfeeds on the same side (N feeds)- The sorter length is determined by Equation

Woutfeed

eoutfeed
Sorter

X . Outfeed

A

|-outfeed_window

Figure 3.4: Main atributes of an outfeed

Woutfeed
. _ . Woutjeed 3.2
sorter outfeeds 511 (Oout feed) )

Note: this equation does not include margins between the outfeeds.

3.4.1 Outfeeds

Outfeeds come in different types, listed below. The type of outfeed determines the con-
straints on the position, orientation and motion of the MHU when it enters the outfeed.

e Driven

— Roller

15
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— Belt
e Non-driven (gravity)
— Roller
— Slider (metal, wood, plastic)

A
/ \
S \
Driven rollers A\ Y \ Driven belts X\
\ \\\ \\ /,/
Y
ANY z 2.
\ \ /

(a) Roller driven outfeed (b) Belt driven outfeed
Figure 3.5: Critical outfeed types

The outfeed width is determined by three aspects; the physical dimensions of the
parcels, the sort strategy (explained in Section and a margin due to inaccuracies in
parcel behaviour. The largest parcel will be sorted sequentially to minimize the outfeed
width. The outfeed width will thus be determined by the width of the largest parcel and
the inaccuracies in its behaviour. The sort accuracy of large parcels is thus important

since these determine the outfeed dimensions.

3.5 Material Handling Unit (MHU) analysis

One of the main challenges of the sorter is handling a large range of parcels and the vary-
ing characteristics that come with this. Parcel characteristics which influence dynamic
behaviour are analysed in this section. Aspects influencing for example detectability are
definitely important for the entire system, but not within the framework of this study.
Moreover, parcel characteristics are described both quantitatively (mass, dimensions) and

qualitatively (shape, packaging material).

3.5.1 Geometric shape

The geometric shape of a parcel influences the locations of the contact points with the
carrier and slider. This in turn influences its behaviour. A classification of parcel shapes
is shown in Figure A variable shape means that the shape can change significantly

during contact with material handling systems.
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Shape
Cubic

Flat

Cylindric
al

Convex

Other

Variable

Figure 3.6: Geometrical parcel shape classification

3.5.2 dimensions and weight

The dimensions and weight of parcels can vary from a 20 gram envelope (LxWxH: 100 x
50 x 1 mm) to a 70 kg fridge (1500 x 1000 x 1000 mm). The maximal, minimal and average

dimensions of parcels are given in Table D.3 in the confidential appendix.

3.5.3 Base shape

Even though some parcels seem to have a perfectly flat base shape (such as a cardboard
box for example), there can be small deviations in the shape which can influence on its
behaviour significantly (Figure . Moreover, the base shape can have various surface

patterns, some typical patterns are shown in Figure |3.§

CONVEX TWISTED

Figure 3.7: Base surface shape deviations
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Figure 3.8: Examples of MHU base surface patterns [14]

The shape and stiffness of both the MHU and the carrier surface influence the pressure
distribution on the base surface of the MHU. The scheme in Figure [3.9) can be used to

classify the pressure distribution profile.

Spread out Centered

e

9 Pressure

©

=]

o - I High
Q

c

[e]
Q

e

[

2

3

0 -

= Low
s

R4

[a}

Figure 3.9: Pressure profile classification of parcel bottom surface

Note: The location of the COP is in the middle in all four Figures, yet does not have to be the
case.

3.5.4 Packaging material

Packaging material can be distinguished into primary and secondary packaging (Figure
3.10). The primary packaging material comes into contact with the sorter equipment
and thus has the greatest influence on the material behaviour. The secondary packaging
material mainly influences the stiffness of the package (in case the primary packaging is
flexible). Secondary packaging also influences the stability of the content. The main types
of packaging materials used in the industry are given in Table

The tensile strength of these materials is shown in Figure[A.3] Yet, when these materi-

als are processed into packing (such as a box for example) these properties become highly

non-homogeneous and anisotropic and could thus deviate from the indicated values.
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— Secondary packaging
. Primary packaging ‘

Figure 3.10: Primary and secondary packaging ( and are used for illustration)

Primary packaging Secondary packaging (padding)
Plywood / wood

Metal

Plastic Foam pallets

Chipboard Polyester fiber

Corrugated cardboard Schredded cardboard
Paperboard (kraft paper) | Corrugated cardboard
Solid cardboard Bubble wrap

Plastic foil Padded bubble wrap

Woven fabric

Plastic foam

Table 3.1: Packaging materials ,

Apart from the packaging material, the parcels can have additional (external) features

such as shown in Figure [3.11

Handles Shrink wrap Straps Ties Adhesive tape

= ] .

Figure 3.11: Additional (external) packaging features

3.5.5 Content

The type of content in a parcel is not of interest. However, the state of the content
(Figure can vary, influencing two important parcel characteristics; content stability
and the COM location. Content stability is categorized into four groups, based on the
banking angle (in degrees) at which content starts sliding (Table[3.2). To put these angles
in perspective, a bank angle of 45 degrees exerts a similar force on the content as a

horizontal acceleration of about 7 m/s%.

The COM can theoretically have any position within the MHU, however, VI sets
bounds on the COM location (Figure|3.13) to prevent problematic parcel behaviour.

19



3.5. Material Handling Unit (MHU) analysis 2023.MME.8779

Content stability | Stable MHU banking angle [°]
Fixed > 45
semi fixed 20 — 45
semi-loose 5—30
loose <5

Table 3.2: MHU content stability classification scheme

AAAIRED |

Uniform distributed  Uneven distributed

@ | | @

Load not secure and Load not secure and Confidential. Jpg
able to slide able to roll

ﬁ_\m| E%TDF

Load projecting
above handling unit

Load overhanging
handling unit
Figure 3.13: COM location envelope

Figure 3.12: State of MHU content

Besides the COM, the mass distribution is also of importance. The mass distribution
influences the moment of inertia of the body. The moment of inertia influences the rota-
tion behaviour of the parcel. The classification scheme in Figure is used to classify

the moment of inertia. A qualitative scheme is used since no numerical bounds are set by

VI on the moment of inertia.

Mass distribution
Pressure
Spread out Compact I High
-
Low
High Low
Moment of inertia

Figure 3.14: Moment of inertia classification scheme

Note: the location of the COM is in the middle in the figures, yet it is not constrained to this

position.
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3.5.6 Structural rigidity

Packages range in stiffness, from rigid products such as metal paint cans to soft clothing
bags. It is not possible to classify the stiffness with a single value because the stiffness
properties are highly non-homogeneous and isotropic. The classification scheme in Figure
[3.15l is therefore used.

Rigid: No Semi-rigid: The Flexible: The Soft: The package
deformations can overall shape of package is bent or completely deforms
be observed after package is maintained | twisted when in after contact with
contact with MHE. after contact with contact with MHE, MHE, the overall
MHE. Small local but the overall shape completely
deformations can be shape is changes.

observed. maintained.

Figure 3.15: MHU structural rigidity classification

3.6 Key Performance Indicators (KPIs)

A pre-study defined eight key drivers for the development of the new sorter. Five
of these key drivers are of interest to the current study. These key drivers serve as a
foundation for defining the Key Performance Indicators (KPIs). The key drivers and how

they can be impacted within the framework of the current study are explained below.

e Accuracy: minimize the difference between the expected parcel state and the actual

parcel state when it enters the outfeed.

e Capacity: minimize the space (in the x-direction) used by each parcel throughout

the sort process.
¢ Gentle handling: prevent damaging parcels during the sort process.

e Cost: the cost of the sorter approximately scales with its length. The length is deter-
mined by the width of each outfeed, determined by sort accuracy. Thus maximizing

the sorting accuracy minimizes the sorter cost.
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The system aspects are influenced by three variables related to the state of the parcel
(Figure [3.16)). These variables, together with the state of both the parcel and the sorter
(in terms of damage) are the KPIs used in the current study.

Accuracy Capacity
[ 77,777 Expected parcel state N / Towl space required
[ Actual parcel state
AXENO
AYerro
YA Y4 AABeror
X X x|
- Y,

Figure 3.16: Illustration KPIs

The KPI related to the sorter capacity (x-displacement error) should be minimized
throughout the whole sort process. The KPIs related to the outfeed width and down-
stream requirements are only of interest when the parcel enters the outfeed.

Even though the parcel’s motion (velocity direction, velocity magnitude and angular
velocity) is essential for the sort accuracy, it is not necessary to monitor this separately
for this study. Since any deviation in the motion of the parcel can already be detected

due to a deviation in the position or orientation. This concludes the KPIs in Table [3.3]

Domain | Variable | Description When

AZerror | X-position error Throughout entire process

AYerror y-position error

Parcel - - When entering the outfeed
Aberror | Orientation error
Damage Throughout entire process
Sorter Damage Throughout entire process

Table 3.3: KPIs

Moreover, there is also a difference between parallel and sequential sorting. When
a parcel is sorted sequentially, the x-displacement error does not influence the sorting

accuracy since the parcel is aligned with the outfeed. This is explained in greater detail

in Section [A4]

3.7 Conclusion

The KPIs for the current study are derived (Table , answering sub-questions 1 (which

was defined in Section|1.3]). System requirements and parcel characteristics which influence
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parcel behaviour are identified and analyzed (concluding sub-question 2). These variables
are summarized in Table These variable notations will be used to analyse the parcel

behaviour in the next chapter.

Input variables | Description Range

Lonha MHU length Confidential
Winhu MHU width Confidential
Hphu MHU height Confidential
Manhu Mass of MHU Confidential
Lo Moment of inertia No range defined

of MHU around x-axis

o Moment of inertia
MHU characteristics | Iy mhu . No range defined
’ of MHU around y-axis

I Moment of inertia N defined
o range define
zmhu of MHU around z-axis 8

COM position in Confidential
T, onfidentia
com x-direction

COM position in
Yeom . P . Confidential
y-direction

COM position in
Zcom . p, Confidential
z-direction

Rigid, semi-rigid
Structural rigidity ) gid, N gid,
imp or so

Strength Strong, average or weak

Fixed, semi-fixed,
Content stability e e

semi-loose or loose

Pressure profile between Centered or spread out
slider and MHU Concentrated or distributed
Initial parcel position in
Ymhu_initial y-direction (when fed to Confidential
MHU input state the sorter)

Initial parcel position in
Tmhu_initial x-direction (when fed to Confidential

the sorter) with respect to the carriers

Initial orientation .
omh'u,,’in’i,tial . Confidential
(around z-axis)

Transport speed of sorter
Utransport . p, ,p Confidential
(in x-direction)

Uy Divert speed Confidential
a_{slider} slider acceleration Confidential
Sorter settings oyt feed Outfeed angle Confidential
Wsorter Sorter width Confidential
slider /carrier pitch V) Confidential
Sort direction Single sided and dual sided
Sort strategy Parallel and sequential

1) The slider/carrier pitch is fixed since the new carriers should be retrofitable on older generation sorters.

Table 3.4: (Uncontrollable) input variables

Note: the table included confidential ranges can be found in the confidential appendix
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Chapter 4

Unwanted parcel behaviour analysis

Unwanted parcel behaviour is analysed in this chapter. First, all types of potential un-

wanted parcel behaviour are identified. Then the physical causes for each type of behaviour

are analyzed. By a combination of experiments and theoretical analysis, a conclusion is

drawn about which of the risks are significant and which can be discarded.

When analyzing parcel behaviour, it is necessary to focus on the unwanted behaviour

of critical parcels and load scenarios. These "rare” scenarios become relevant due to the

large number of parcels handled on the system. Some risks are discarded after analysis

because they proved insignificant based on worst-case scenario tests.

The following sources were used as input for identifying unwanted parcel behaviour.

e Interviews with internal experts

Previous test reports

Site visit

Literature review

Risks are separated and classified based on their physical causes and the outcome.

This resulted in twenty individual unwanted parcel behaviour types (Figure [4.1)).

— R1 - MHU shifts and/or rotates due to impact of the sliders

— R2 - Damage to either shoe or MHU due impact of the sliders
— R.3 - The Center Of Rotation (COR) of the MHU is in a
disadvantageous position

— R.4 - MHU jams between sliders

— R.5 - MHU shifts and/or rotates due to airflow and vibrations
— R.6 - MHU slides onto or over shoes

— R.7 - MHU topples backwards over sliders

— R.8 - MHU shifts and/or rotates due to secondary (loose

Out of scope content) impact
— R.9 - Overrotation of MHU due to angular momentum

— R.10 - MHU shifts and/or rotates due to acceleration and airflow
— R.11 - MHU has an excessive rotation radius

— R.12 - MHU deformation results in an increased transport length
— R.13 - MHU jams between slider and slat

— R.14 - MHU rotates due to insufficient support

— R.15 - MHU slides along the slider

— R.16 - Damage to either shoe or MHU due to contact pressure
— R.17 - MHU interferes with adjacent MHU

— R.18 - MHU jams between two opposite side positioned slider

I~ R.19 - MHU jams R.20 - MHU decelerates when
between sorter and contact with shoes is lost

Out of scope

C

outfeed
| Free sliding

L D S 1 T . V0 0 S S i [ L5 111 1 1 8

Out of scope: Parcel sliding/jamming between carriers

Figure 4.1: Identified potentially unwanted parcel behaviour types
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4.1 Design parameters

The slider and carrier design are represented by their most important parameters. These
parameters are referred to as design parameters and are shown in Figure (and summa-
rized in Table . This translation into parameters is done in order to gain insights into
the influence of the slider and carrier design through inspecting equations (related to par-
cel behaviour). The friction coefficients are split into orientation and direction-dependent
components. Moreover, the tangential slider friction coefficient (s tqn in the figure below)
is a function of the MHU angle. This angle is positive in the direction of the outfeed in
which the parcel is sorted (Figure [£.3).

5 Transport direction Dimensions Pressure center location ‘. Local contact geometry

Friction W Local contact
i o slider
coefficients

.{ curvature 0 tan_eg (Xspc) / . N

L \
;' eax_cg (Zsp()
[ 3k

\ -
4 \
7 -—

Lstider

Hs_tan (Brmnu)

S/

Y /

Contact area between
slider and MHU

N ¥
Contact area hetween
MHU Carrier Slider slider and MHU

Figure 4.2: slider and carrier design: controllable variables

Note 1: A cylindrical slider shape is only used for explaining the design parameters, the slider shape

is not constrained to any shape.

Note 2: the positive y-direction always points towards the outfeed in which the parcel will be sorted.

The y-direction in this figure is thus opposite from all other figures used in this report.

X,

mhu

\/

Figure 4.3: MHU angle definition
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Component Parameter type Variable | Description
The CoF between the carrier and
Carrier design | Friction coeflicient fo the MHU in the x-direction
The CoF between the carrier and
fey the MHU in the y-direction
The CoF between the slider and the
Hs_tan

Friction coefficient MHU in the tangential direction
The CoF between the slider and the
MHU in the axial

Hgider slider height

Dimensions Wstider slider width

:U/s,ax

slider design -
Lgjider slider length

The COP exerted by the

x
. ope slider on the MHU in the x-direction
Pressure center location
The COP exerted by the
Yepe slider on the MHU in the y-direction
The COP exerted by the
z
ope slider on the MHU in the z-direction
The slider geometry at the contact area
eta,n,cg . .
Contact geometry with respect to the x-axis
P The slider geometry at the contact area
e with respect to the z-axis
Local contact curvature | Rgjider The local contact curvature of the slider

Table 4.1: (Controllable) Design parameters

4.2 Research methodology

Two research methods were explored for quantitative analysis of the material behaviour;
computer simulation and physical experimentation. Both methods are graded (Table [4.2))

in four aspects considered important (Reliability /precision, cost, labour and flexibility).

Physical experiment-based research is chosen mainly due to the superior precision and
the advantage that there is no need to build a model, which can be very time costly. The
identified unwanted parcel behaviour modes (Figure have varying physical causes, this
would thus require building multiple models to cover all problems. Moreover, normally,
the main advantage of computer simulation over physical experimentation is that there
is no need to build the actual system. However, a test setup has already been built by
VI. Another advantage of computer simulation is its flexibility to change certain variables
and quickly find the system response, yet this does not weigh against the advantages of

physical experimentation in this case.

To measure the system response (KPIs) on the test setup there are multiple measure-
ment methods and instruments that can be used (Table [4.3). ”Quantity and quality of
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4.2. Research methodology 2023.MME.8779

Research method Computer simulation | Physical experiments
Reliability/ precision | - +
Cost 0 0
Labor - +
Flexibility + 0

Table 4.2: Comparison of research methods for quantitative analysis of parcel behaviour (grading +, 0, -)

measurement data” refers to the amount of data gained from the measurement. With the
measurement tape for example it is only possible to determine the final state of the parcel,
while the other instruments are capable of measuring the state throughout the test. A

tracking camera is chosen since it is superior to the other measurement instruments in all

aspects

Measurement method

Physical tracking

Optical tracking

Inertial tracking

Measurement instrument

Measurement tape

Video camera

Tracking camera

Inertial tracking unit

Physical measuring initial

Motion tracking

of package from

Multiple infrared camera

tracks the position of

Place inertial tracking

unit in package and

of measurement data

Description . . track acceleration,
and final state of package. | video frame image | markers placed on the . .
. derive position by
analysis. package. X
mathematical means.
Accuracy + + + -
Convenience - - + -
Availability + + + +
uality and quantity
Quality and q ¥ . iy n )

Table 4.3: Comparison of instruments to measure KPIs on test setup

The tracking camera measures the position (in three dimensions) of markers placed on
the parcel with a frequency of 120 Hz (see Figure . It uses this information to deter-
mine the state of the parcel in all six degrees of freedom (position and orientation). The
tracking camera has an accuracy of 0.5 mm, which is well within tolerance. The tracking
data is exported as a comma-separated value (CSV) file for post-processing in Matlab.
The y-position error is determined using the video recording instead of the measurement
data. This is done because it is difficult to accurately determine this error from the data.

Moreover, exploratory tests showed that this error is zero in nearly all cases.

4.2.1 General assumptions

The simple Coulomb friction model (only considering one friction coefficient instead of
static and dynamic) is used to simplify the analysis. This assumption is acceptable since
the theoretical analysis is mainly qualitative. Also, all parcels are assumed to have the
same friction coefficient over the whole base surface. Besides, the assumption is made
that no out-plane forces act on the parcel (unless stated otherwise). Therefore, the center

of mass (COM) in the calculations is thus equal to the center of friction (COF) as is
explained in Section [2.3.1.2

27



4.3. Shift and rotation due to the impact 2023.MME.8779

Tracking camera

—— = ]

n 7
I /1

7y
“n Reflective
\:\ //
7 X, Y, Z,

| Py
Individual slider control R ,/ / markers

Test setup

Figure 4.4: Test setup for simulating sort behaviour

For risks related to sequential sorting (rotation of parcels), only cubical shapes are
analysed since this captures the majority of large parcels (small parcels are sorted parallel

and are thus not rotated).

4.3 Shift and rotation due to the impact

The impact of the sliders on a parcel is one of the main issues for a regular sliding PDS.
When the sliders start accelerating, one or multiple sliders will hit the parcel with an

impact speed (Vimpact = vV 2Gstider AYerror, ) This impact could result in bouncing
behaviour (loss of contact), which in turn results in KPI errors.

A model for this impact event is presented by Piatkowski and is shown in Fig-
ure As described in Section during the impact of packages, energy is mainly
dissipated through plastic deformation. The impact event can be split into two separate
successive events: impact (during contact) and free sliding (after contact). The velocity of
the parcel after impact depends on the impact force. The impact force can be calculated

using the kelvin model presented in Section [2.3.2

Regarding the free sliding phase, the sliding distance can be determined by using
conservation of energy (Equation . The difference in kinetic energy (before and after
sliding) is equal to the work done by the friction force, since the carriers are horizontal,
no work is done by the force resulting from gravity. Moreover, aerodynamic forces are

neglected. From Equation [4.2|can be concluded that the only design parameter influencing
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the free sliding distance is the carrier friction coefficient (pte = [tte_z, fesz]”)-

E, =F, (4.1&)
1
Qmmhu(Avc)2 =Mmhy * g * He * dslid_dis (4'1b)
Resulting in:
dstid_dis.c = ()"
T sy (4.2)
dslid,dis,y = Zgyu%,y

For this problem, there can be a range of critical parcel types, some products are
relatively stiff (plastic crates for example) and some are light (envelopes for example). A
test is done to determine which product behaves worse upon impact. In the test (illustrated
in Figure, the sliders impact multiple parcels in a similar way, the sliders are stopped
right after the impact event and the distance between the sliders and the MHU (sliding
distance) is measured. The measurement results are represented in a box plot (Figure
, showing the median and spread of five measurements. A description of parcels used

in this test can be found in the confidential appendix.

Before impact  During impact Final state El E

E

=)

g

£

£ =

=

7 =

Shift after impact 5
A == I —
1 2 3 4 5 6 7 8
Parcel ID
(a) Test setup (b) Boxplot of test results

Figure 4.5: Test for determining what parcel behaves worst upon impact

Parcels 1 and 2, bounce the furthest after impact. Parcel 2 is expected to be the more
critical of the two since it is this parcel could be sorted sequentially, which is not the case
for parcel 1. Parcel 2 is therefore used to test the consequence of a position inaccuracy.

Moreover, two more parcels are added to this test set for redundancy.

The test report can be found in Section D.6 (confidential appendix). The most im-
portant results are shown in Figure These graphs show the orientation error (as
illustrated in Figure of each parcel as it moves across the sorter (in the y-direction).
The initial orientation of the parcels in this test is 0°, and the required orientation is 30°,
therefore, the measurement starts with an orientation error of —30°. A vertical line indi-

cates the closest position where an outfeed could be. This corresponds to a parcel with an
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initial position closest to the outfeed. The right-hand side of the plot corresponds to the
furthest outfeed position. This corresponds to a parcel with an initial position furthest
from the outfeed. Error bars indicate the standard deviation in parcel behaviour over five

measurements.

From the graphs can be concluded that parcel 2, which has the worst characteristics
in the view of impact and bounce, does not perform worst in this test. The parcel even
behaves better with an initial offset than without. This is due to a reduced friction coeffi-
cient resulting from the bouncing behaviour, which reduces other problematic behaviour
this parcel has (this specific behaviour will be discussed in Section 4.9). For the other
two parcels, the offset slightly magnifies unwanted behaviour that can already be seen in
the baseline measurement. Expected is that when the problems already present in the
baseline measurements are reduced or mitigated, an offset (distance is confidential) will

thus have little influence on the sort performance.

&
e 2
. £
g
@ 1
< ti
' e
— =
g 9]
=4
e S
o © —Perfect initial contact
k=1 —Perfect initial contact [ ]
i) ] — With initial offset
< —Desired orientation =
2 I (o] ——Desired orientation
o ——18 mm initial offset |
0 10 80 170 260 340 430 520 620 730 830 930 1040 Y 37 124 207 287 362 459 561 668 772 875
y-position of MHU center [mm] y-position of MHU center [mm]
(a) Parcel A9 (b) Parcel A1l

/-

e
77
7

,}“Jllr ——Desired orientation
7

—Perfect initial contact| |
——With initial offset

Orientation error - A8, [°]

0 15 61 105 163 276 380 486 591 696 801
y-position of MHU center [mm]

(c) Parcel 2

Figure 4.6: Initial impact test results - Orientation error (Aferror) (vertical line indicates the first possible

outfeed position)

Note: Numerical values have been removed from the graphs due to confidentiality

Therefore, sorting with the specified approach uncertainty (stated in Section 2 in the
confidential appendix) is acceptable. No additional measures are required for this risk.

Also, during the experiments, no damage occurred to the sliders or the parcels.
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Both risks R1 and R2 can be discarded based on experiment results.

Note: R.1: MHU shifts and/or rotates due to the impact of the sliders. R.2: Damage to either slider
or MHU due to impact of the sliders.

4.4 Drift due to airflow and vibrations

When parcels are transported to their designated outfeed, they could shift backwards
(Figure [4.7). Even if the shift rate is low (in the range of mm/s), it can still add up to a

significant distance after travelling an entire sorter length.

Two phenomena cause the shift; vibrations of the carriers and airflow. The vibrations
are caused by moving parts in the sorter and propagating through the carriers to the pack-
ages on top. Vibrations can reduce the friction coefficient, depending on the: amplitude,

frequency, contact stiffness and direction of the vibrations [30].

DXerror™

Airflow

Figure 4.7: MHU drift due to airflow and vibrations

The influence of airflow can be split into two parts [32]:
e The airflow resistance of the body;

e The lift force on the parcel, especially the influence of the airflow between the bottom

of the parcel and the carriers.

The effect of airflow on the parcels can be researched by simulation. Hafner [12]
visualized the airflow around a plastic bag by using Computational Fluid Dynamics (CFD)
simulations (Figure . A graph (Figure is derived from the simulation with the
flow coefficients (drag coefficient and lift coefficient) for different flow directions. This
method can be very valuable in gaining insights into the aerodynamic flow patterns and
aerodynamic forces acting on the parcel. However, these results are only representative of
a single shape. Finding the aerodynamic response of a large range of parcels can thus be

very challenging and time-consuming, as is also pointed out in the study.
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Streamline
compressi

pressure

formation

Figure 4.8: Earodynamic simulation of MHU

To get a more general understanding of the forces acting on the parcel due to airflow

(shown in Figure [4.9), two general airflow equations are examined: those of lift and air

resistance.
VA
Fo AF
> _j_%gmmhu
0 X N, Fe

Figure 4.9: FBD of parcel on sorter when transported to outfeed

Aerodynamic lift [26]:
1
Fr = §dv2ALCL (4.3)
where:
F;, = Lift force
d = Air density
v = velocity of airflow
A = Lift generating surface area
C'r, = Lift coefficient
Aerodynamic drag :
2
Fp= Cd%Ad (4.4)
where:
FD = Lift force
d = Air density
v = velocity of airflow

Ay = Area of the object perpendicular to airflow
C', = Lift coefficient

The equation of motion of the MHU can than be stated as:

(mmhug - FL)#C__:L‘ - FD = Mmhy * z (45)
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The forces are due to the airflow scale with a factor of four and the friction force
and inertia scale with a factor of eight (Figure . It is thereby expected that this
problem will be most significant for small parcels. Experiments should thus be done with
small lightweight parcels. An envelope with an upward folded front edge increasing its lift
and drag coefficient is expected to be critical. However, there is currently no test setup

available to perform experiments and draw conclusions on this problem.

8x mass
mass 4x Area
s
Area ‘
Dimension ‘ 2x dimension
- > ™ »

Figure 4.10: Relation between dimensions, surface area and mass of MHU’s

No conclusions can be drawn on risks R5 and R.10 at this stage, additional testing

is required when a test setup is available.

Note: R.5: MHU shifts and/or rotates due to airflow and vibrations. R.20: MHU shifts and/or

rotates due to acceleration and airflow

4.5 Slide onto or over the sliders

During the sort action, there is a risk that MHUs fold up against or slide onto the slider.

There are four potentially undesired consequences related to this risk:

1. A positional error with respect to sliders (in the y-direction) potentially resulting in
a missort.

2. An increased frontal area of the package resulting in a high deceleration (due to
aerodynamic drag) during the free sliding phase.

3. Friction with slider resulting in an increased deceleration during free sliding phase

4. A reduced acceleration of the parcel COM, resulting in a reduced velocity when

leaving the sorter.

Within this specific problem, two cases are distinguished based on the initial contact
between the slider and package: wall contact (Figure |4.11al) and corner contact (Figure
4.11b)). The larger the slider height, the more parcels will be in the second category.
4.5.1 'Wall contact

When a parcel makes initial wall contact, there is already an error with respect to the
slider, which is referred to as the steady state overhang (Figure 4.11al). Although this
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Steady state overhang
Slide over shoe error—

SN~

(a) Wall contact (b) Corner contact

Figure 4.11: Initial contact mode for parcels with risk of sliding onto the sliders

steady state overhang is influenced by the slider height, it is considered out of scope. In-
creasing the slider height would result in the need for a higher scanning height. But it is
possible to reduce this steady state overhang with a higher scanner on itself (by changing
the slider trajectory based on it). Increasing the slider height to reduce this steady state
overhang would thus have no additional benefits.

From some exploratory experiments, it became clear that critical MHUs can behave in
three ways when the initial state is as shown in Figure Either the state of the parcel
doesn’t change throughout the sorting process, this is allowed and presents no problems.
Another possibility is that the front flap is folded (Figure . This is also allowed if
it prevents the parcel from sliding onto the slider. The third case is that the parcel slides

onto the sliders, potentially resulting in one of the four risks mentioned above.

2

(a) Initial state (b) Folded front flap (aim) (c) Slide onto the sliders (avoid)

Figure 4.12: Behaviour of a flexible package with sloping front flap during sorting

The (flexible) package is presented as two rigid sections connected by a hinge with
stiffness (see kyypy in Figure. From analyzing the equation of motion (Sectionin
the appendix) can be concluded that the slider friction (s q,) should be maximized and
the carrier friction (u.,) should be minimized to prevent sliding onto the slider. When
the front flap of the MHU is folded, the contact normal of the slider starts pointing in
the direction of movement, this prevents the MHU from sliding onto the slider further.

Folding occurs when the following condition is satisfied:

Hsi er
N, * % > Ky (4.6)

A higher slider will satisfy this condition for a larger range of packages (with varying k,ns

values). Maximizing the slider height thus also reduces this problem.
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Figure 4.13: FBD of flexible MHU sliding onto the sliders (wall contact)

4.5.2 Corner contact

The second case is when a package initially makes corner contact with the slider (Figure
4.11b)). In this case, the local slider geometry (04, cq) also becomes important (as shown
in the model in Figure 4.14)

Figure 4.14: FBD of flexible MHU - sliding onto sliders

In this case, it is possible to fully prevent sliding if the following condition is satisfied:

s ax = tan_l(ﬁ - eax_cg) (47)

Findings from exploratory tests and a previous test performed by VI confirm the risk
of parcels sliding onto or folding against the sliders (Figure [4.15). In these tests, this

folding caused a missort in some cases.

Folded against

the sliders

Figure 4.15: MHU folding up against the sliders (frames from video from a previous test performed by VI)

i
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4.6. Backward toppling over the sliders

2023.MME.8779

Experiments show that risk R.6 is real, design improvements thus have to be im-

plemented to reduce this risk.

Note: R.6: MHU slides onto or over sliders

This risk can be minimized by satisfying the design parameter objectives given in Table

4.4

Initial package state < Hg;q. | Initial package state > Hgjger
(corner contact) (wall contact)

Design variable | Objective Objective

Us_azx Maximize Maximize

Oaz_cq Maximize

Hider Maximize

He_y Minimize Minimize

Table 4.4: Design parameter objectives risk R.6

4.6 Backward toppling over the sliders

When parcels are accelerated there is a risk of toppling backwards over the sliders.

Whether this happens mainly depends on the COM location and the acceleration of the
sliders. The FBD in Figure[{.16D|illustrates a parcel with the worst possible COM position
(within the boundaries shown in Figure [3.13)). The critical acceleration before the parcel
starts toppling can be calculated with Equation[4.8] A worst-case situation would be with

a slider height of zero. This results in a critical acceleration of 5 m/s%, which is higher

than the required acceleration stated in Table D. confidential appendix).

(a) Ilustration

A,
% Winhy
.-
8*Mmhy
Cs % Lmhy
N )
s Halider
Ccl

vy~

(b) Free Body Diagram

Figure 4.16: Backward toppling
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a | = g* Winhu + 3Nc_stlider
critical —
2Lmhu - 3Hslider

So it is clear that the parcel will start toppling backwards in a worst-case scenario. Yet, as

(4.8)

long as the center of mass x-position does not move past the tipping point (indicated with
C. in Figure it will rotate back to a stable position after the acceleration stops. A
test is done to find out how far the parcel topples backwards during maximal acceleration
up to maximal speed. A block with a low height was put in front of the sliders during
the test to imitate a minimal slider height. The other important input variables were in

critical settings (see Table D.13 in the confidential appendix).

——Critical MHU
B .
et BRSNS el o @ —Stability limit

‘

eworst—case

: ' 0.0 0.2 03 05
A S g //‘ Time [s]

(a) Test setup (b) Test results [mean(blue), standard deviation (bars)]

Zworst—case

Backward tilting angle

Figure 4.17: Critical parcel backwards toppling test

Note: Numerical values have been removed from the graphs due to confidentiality

The results show that the parcel tilts backwards due to acceleration (as expected).
Yet, over five repetitions it does not tilt further than the tipping point (Figure {.174).
The risk of parcels toppling backwards thus proves to be insignificant if the COM position

is within the defined boundaries.

Risk R.7 can be discarded based on experiment results.

Note: R.7: MHU topples backwards over sliders

4.7 Shift and rotation due to secondary impact

When a parcel is accelerated, the content could start sliding due to its inertia. At some
point, the content will impact the side of the parcel. This impact event could result in
an uncontrolled situation, resulting in a shift and/or rotation. A model of loose content
during the acceleration of a parcel is shown in Figure The impact force resulting
from the impact event depends on the speed. This impact speed can be calculated by

37



4.7. Shift and rotation due to secondary impact 2023.MME.8779

rewriting Equation This results in Equation [4.9

Acontent-on-mhu = Uy — \/2 * g * [content * dsliding_distance (4.9)
A
Z .o
y
E—
Winhy—> L
g*mcontent
dsliding_distance thu 47$
thu

Y

Figure 4.18: FBD of sliding content due to inertia

Two input variables thus influence the impact speed, the parcel width and the friction
coefficient between the parcel and its content. The lowest friction coefficient possible is
rolling friction. A critical load situation is considered to be a bottle of water in a hard
plastic tote. The other test settings are stated in Section 4 in the confidential appendix.

(a) Loose bottle (b) Fixed bottle

Figure 4.19: Illustrations of MHUs used for secondary impact test

The results of the test are shown in Figure The tote carrying a loose bottle
(orange line) behaves significantly better in both the orientation and x-displacement. The
impact of the bottle ”pushes” the parcels towards the sliders reducing the overrotation
error. From these test results is concluded that secondary impact due to loose content is

not problematic and thus requires no additional design measures.
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—Fixed bottle
—Loose bottle

7= —Fixed bottle [

Orientation error - A8, [°]
Center x-position, Axo, [mm]

I ——Loose bottle[

0 26 76 128 207 316 430 532 636 742 846 951 1059

y-position of MHU center [mm] 00 01 02 03 03 04 05 06 07 08 08 09 10

Time [s]

(a) Orientation error (b) X-position error

Figure 4.20: Secondary impact test results

Note: Numerical values have been removed from the graphs due to confidentiality

Risk R8 can be discarded based on experiment results.

Note: R.8: MHU shifts and/or rotates due to secondary (loose content) impact

4.8 Excessive rotation radius

Parcels that are required to be sorted sequentially need to be rotated to match the outfeed
angle. The objective is to rotate the parcel in the smallest possible distance (in the y-
direction). Additional space results in a wider sorter. The risk that presents itself is that
the parcel cannot rotate fast enough; in other words, the parcel might have an excessive

rotation radius.

This could have two consequences. Either the parcel is sorted into the outfeed with an
insufficient rotation, or it could impact the sliders from the state in Figure [4.21] causing

it to over-rotate.

Two possible contact modes during the rotation of a parcel can be distinguished:
corner contact and wall contact. Corner contact (for which the model is shown in Figure
results in a normal force pointing in the direction perpendicular to the slider surface
(Btan_cg). Wall contact (for which the model is shown in Figure results in a normal
force facing perpendicular to the MHU. During the sorting process, if the parcel remains
in contact with the sliders, wall contact will be maintained. Yet, if the parcel rotates
insufficiently, the contact mode could transition to corner contact as illustrated in Figure
Since both contact modes are currently possible, both are analysed.

39



4.8. Excessive rotation radius 2023.MME.8779

(a) Sufficient rotation (wall contact) contact)

(b) Insufficient rotation (possibly corner

Figure 4.21: Parcel with an in- Figure 4.22: Contact modes during parcel rotation

sufficient rotation radius

Both the corner contact model and the wall contact model assume that only the fur-
thest downstream slider is pushing the parcel. This is certainly not always the case. In
many cases, multiple (or all) sliders exert a force on the parcel during rotation. However,
if this is the case, the parcel is in contact with the sliders and thus rotates as desired,

making it unnecessary to analyse.

Xspe

T D B Xinitial

\

(o} X

(a) Corner contact (b) Wall contact

Figure 4.23: FBD of parcel during rotation

The direction of the friction force exerted by the slider (Fy) depends on the direction
of motion of the contact point [21]. As explained in Section the natural COR of a
body is around its COP. The direction of motion of every point on a body is perpendicular
to this COR. The motion of the contact point on the parcel will thus move to the right, as
indicated with ”V, ,,p,,” in Figure[d.24] The friction force will thus, according to Coulombs
friction model, point to the left. This statement holds for all situations where 0,,, <

which covers all parcels with a problematic (high) rotation radius.
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Figure 4.24: Direction of motion of the contact point on the MHU and on the slider

The equations of rotation for both corner and wall contact can now be formulated as
follows:
Wall contact:

0“2[7; = N % (xcom — w)) — N5 * [bs_ tan * Yeom — Tf (4'10)
co$(Omny

Corner contact:
ezlz = N * Zcom * COS(etan,cg - Hmhu) — Nsx* Hs_tan * Ycom * Sin(gtan,cg - gmhu) —Tf (411)

where the planar frictional torque can be calculated with Equation Here, r, is
the vector from the COR to the local area where friction is computed. The x symbol
signifies the cross-product. Thus an object which is supported near its edges (wide pressure

distribution) has a large friction torque.

T /contactarea ,u(x’ y)p(x’ y)[ro ) |z§i: z; | ]dA (412)

The slider pressure center height (zgp.) also influences the rotation radius. The slider
pressure center height influences the location of the pressure center between the parcel and
carrier (indicated as Adppy pe in Figure [4.25). A higher slider thus effectively increases

Yeom, Making the rotation behaviour of the parcel even worse.

A

z

Fs *m
N, ‘T C, ]jg mhu
e

Zspc

v Fe

}< Admhu_pc - 4Nc

Figure 4.25: FBD - shift of pressure center due slider height

»
|

Y

Figure shows the results from of a test done with a parcel. The test report can be

found in Section D.6 (confidential appendix). As can be seen in the figure, the parcel has
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a lower rotation rate than the sliders resulting in an orientation error at the first outfeed

position (indicated in orange).

5

0

By e s s

10 b

Sliders
——Test parcel
——Desired orientation

0 10 80 170 260 340
y-position of MHU center [mm]

Orientation error - ABmhu [°]

(a) Orientation error plot (b) Video frame

Figure 4.26: MHU with excessive rotation radius test results

Note: Numerical values have been removed from the graphs due to confidentiality

Experiments show that risk R.11 is real, design improvements thus have to be

implemented to reduce this risk.

Note: R.11: MHU has an excessive rotation radius

Design parameter | Objective Boundary condition
Tspe Maximize
. Minimize | —30° < Oppy < 30°
Otan_cqg Minimize | 0 mm < Tgpe < Wlider
Bdy Maximize
Hd_x
Zspe Minimize

Table 4.5: Design parameter objectives R.11

4.9 Over-rotation due to angular momentum

In case a parcel is required to be sorted sequentially it is first rotated and then translated
to the outfeed. After the rotation, the parcel could experience an overrotation (Figure
due to its angular momentum. Over-rotation could have three negative effects
(Figure . The parcel can rotate back towards the sliders resulting in impact, with
slide and/or rotation as a consequence. The parcel can also be sorted with an overrotation
(as shown in Figure . Finally, even worse than the other two scenarios, the parcel

could rotate counterclockwise. This rotation will be analysed in greater detail in Section

EI2.11
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Abyrror

(a) Impact resulting in shift (b) orientation error into outfeed (c) Backward rotation

Figure 4.27: Potential negative consequences of over-rotation

The magnitude of this overrotation can be approximated by using conservation of
energy (Equation [A.6).

Ey =Ey (4.13a)
1
ilz_mhuwzq,hu =Ophu * T (413b)
1 2
_Iz mhu
emhu :%wmhu (413(})

The friction torque (77) can be calculated using Equation m

Figure [4.28b] shows a model of the parcel after overrotation. From this model can
be concluded that the clockwise rate of rotation (back to the sliders) is increased by

minimizing both slider pressure center location (xg,.) and the slider friction coefficient

(“s__tan)'

Overrotation

Desired angle

(a) Ilustration

Figure 4.28: Overrotation of MHU
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During an exploratory test, this problem proved significant. Figure [£.29] shows the
results of a test done with a parcel (see Figure D.12 in the confidential appendix). The
parcel is rotated and overshoots to 9°, after which it starts converging back to zero slowly.

The closest possible outfeed position is highlighted in orange.

ggt —Test parcel
_Sﬁ{ ——Desired orientation |...

0 100 200 400 600 900 1100
y-position of MHU center [mm]

Orientation error - A8, [°]

(b) Video recording (su-

(a) Orientation error plot perimposed frames)

Figure 4.29: Overrotation due to angular momentum

Note: Numerical values have been removed from the graphs due to confidentiality

Experiments show that risk R.9 is real, design improvements thus have to be im-

plemented to reduce this risk.

Note: R.9: Over-rotation of MHU due to angular momentum

Design parameter | Objective | Boundary condition
Hex Maximize
Hey Maximize
Wslider Minimize
B van Minimize | 30° < ppy < 60°
Tspe Minimize

Table 4.6: Design parameter objectives risk R.9

4.10 Disadvantageous COR position

The position of a parcel after rotation can vary depending on its COR. The physical length
increase due to rotation is inevitable and is thus not seen as an error. However, an ad-
ditional length increase due to unused carrier space, as indicated in Figure 4.30) can be

minimized or even fully prevented.
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The equations of motion (in the x-direction) of a parcel during rotation can be derived
from the models shown in Figure

Total space required

Total space required

Unused carrier space (AXerror)

A

==

N

nitial state

Initial carrier space—¢———>

Y

X

Y | G
-

Figure 4.30: Varying final positions depending on the COR location

Wall contact :  Muppute = Nssin(Ompu) + Ns * (1 40,c08 (O — tes * M g (4.14)

Corner contact :  Mppy e = Ngsin(Ocg tan) + N * u;’imncos(ecgfmn) — ez ¥ Munhy * g

(4.15)

The displacement in the x-direction can thus be minimized by minimizing the slider
friction (fts_tan) and the local slider geometry (6eg tan)- Figureshows the x-displacement

of a parcel on the upstream and downstream displacement sides for the test described in

test report in Section D.6 (confidential appendix). As indicated in the figure, since both

sides have a displacement in the same direction, a part of the carrier is unused when the

parcel enters the outfeed. Due to this, the total space required to perform the sort action

thus increases.

!

Unused carrier
space

— — 4

Total space required

Physical space
-1 utilized by parcel

——Upstream x-displacement

x-displacement error, Ax.,,., [mm]

———Downstream x-displacement

00 01 02 03 03 04 05 06 07 08 08 09 10 i o
Time [s]
(b) Video recording (super-
(a) Measurement results imposed frames)

Figure 4.31: Disadvantageous center of rotation test results

Note: Numerical values have been removed from the graphs due to confidentiality
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Experiments show that risk R.3 is real. Design improvements thus have to be

implemented to reduce this risk.

Note: R.3: the COR of the MHU is in a disadvantageous position.

Design parameter | Objective
+ . . .
Ko tan Minimize
Otan_cg Maximize
Bdy Minimize
Hd_z

Table 4.7: Design parameter objectives R.3

4.11 Length increase due to deformation

Soft packages can deform upon contact with the sliders (as explained in Section .
This deformation can result in a length increase (as shown in Figure . The amount of
deformation is linked to the size of the MHU. Large MHUs thus show the greatest absolute
deformation. The deformation of these types of MHUs depend on:

e The size of MHU
Content
— Type of content (size, weight, packaging type)

— Orientation of content

Flexibility of the external packaging

Sort profile (how the sliders enclose the parcel)

Exploratory tests were done. The percentage increase in transport length was measured.

The amount of deformation was highly unpredictable (low repeatability in outcome) due to

the variability of some of the test parameters (particularly the orientation of the content).
Although this problem proved significant, large-size deformable parcels will not be

handled on the sorter, according to VI.

Exploratory experiments show that risk R.12 is real. Yet, it is out of scope since

critical parcel types for this risk will not be handled on the system.

Note: R.12: MHU deformation results in an increased transport length

Design parameter | Objective

Hd_y
Hd_x

Minimize

Table 4.8: Design parameter objectives R.12
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I | | || |

¥
|

increased transport lengt!

T

Soft primary packaging
(plastic bag for example)

content

Figure 4.32: Illustration of increased transport length resulting from MHU deformation

4.12 Unwanted rotation due to insufficient support

During the sort action, there is a risk that parcels will rotate due to insufficient support
of the sliders. Two situations can be distinguished: sequential sorting of large parcels and

parallel sorting of small parcels.

4.12.1 Sequential sort

When a parcel is sorted sequentially it will only be supported by the sliders along its
length side (as shown in Figure [1.33)). To prevent rotation, the COM x-position (com, )
should be equal to or greater than the contact point x-position (z._s). For a critical COM
position, this results in a maximal parcel orientation angle which is lower than the desired
sort angle (stated in the confidential appendix). Additional solutions are required since

this is not possible in the current situation.

Omhu < Ocom = tan_l(xcom) (416)

ycom

4.12.2 Parallel sort

Small parcels which fit in the outfeed in any orientation do not have to be rotated. For
these parcels, there are two sorting strategies. Either divert the parcel without rotation
or rotate the parcel to a stable orientation before diverting. The slider design changes de-
pending on the strategy chosen. Diverting a parcel without any rotation is advantageous

since it will result in no displacement in the x-direction. This strategy is therefore chosen.
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Figure 4.33: FBD of sequential sorted parcel - reduce unwanted rotation

For small parcels, a similar condition for maintaining stability as for the large parcel
(described above) is applicable. If the parcel COM position is in between the x-positions of
the most outer contact points, stable pushing is maintained. From this statement, stable
support regions are introduced (Figure . These are the edges of the parcel that are
in physical reach of the sliders (facing the sliders) and lay beyond its COM x-position.
Stable pushing (pushing without unintended rotation) is maintained as long as there is at
least one contact point in both stable support regions. From this rule, the conclusion can
be drawn that any MHU with a transport length greater than three sliders can always be

pushed in a stable manner regardless of the slider shape.

The "optimal” slider shape highly depends on the parcel shape. In other Sections,
mainly cubical parcel shapes were assumed. However, this problem focuses on small
parcels whose shape and orientation tend to be more random (observation during a site
visit). Therefore, any convex-shaped parcel in random orientation is assumed to be pos-
sible for this problem. Convex shapes are expected to make up the bulk of the parcels
handled by the system.

The effectiveness of a slider shape can be assessed based on the lowest parcel transport
length which it can push in a stable manner. For a flat slider (Figure [4.35]), which is
currently used for parallel sorting, this limit is at a transport length equal to three sliders.

Any parcel smaller than the critical transport length requires additional sliders on the
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Ltra nsport

COM region

Stable support region left A Stable support region right

Figure 4.35: Stable pushing transport

Figure 4.34: Definition stable support regions length limit for flat slider

upstream and downstream side for redundancy. The downside of this is a loss of capacity
since it requires larger gaps between the parcels. The flat slider shape is far from optimal
because the contact point location (zg,.) ranges between 0 and Wyjiger depending on the
MHU shape and orientation. The goal is to bring this z4,. on the upstream side to 0 and
the downstream side to Wy;4e for all parcel shapes and orientations. However, this is not
possible since the slider can only have a limited deformation (which will be explained in
Section . A compromise between the two objectives is a x4, which is centered for

all parcel shapes and orientations.

The theoretical analysis concludes that risk R.14 is real, design improvements thus

have to be implemented to reduce this risk.

Note: R.14: MHU rotates due to insufficient support.

Design parameter | Objective | Boundary condition
. Tspe Minimize
Large parcels (sequential sort) — - -
Hs_tan Minimize | 30° < 0,4, < 60
x Center for all 8
Small parcels (parallel sort) L mh
.. 0< Lspe < Witider
s _tan Maximize
-90° < emhu < 90°
Both P Minimize

Table 4.9: Design parameter objectives R.14
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4.13 Slide along the sliders

When a parcel is pushed under an angle, there is a risk of sliding (as indicated in Figure
4.36al). This would result in an x-direction error. For the case where there is no slide in

the x-direction (&,p, = 0), which is desired, the following calculation can be used:

F,=0 (4.17a)
Fscos(0mpu) — Nssin(Ompy) =0 (4.17b)
Fs = sts_tan (417C)
This results in the following relation:
Hstan = tan(Omhu) (4.18)

For the highest sequential divert angle, the friction coefficient thus requires to be at least:

lu’s_,tan > 0.57 fO’I’ Hmhu = 30° (419)

y A

| Fs
0 -
mhu
- —>
| o) X
(a) Hlustration (b) FBD of MHU when diverted under an angle

Figure 4.36: MHU sliding along the sliders

Theoretically, when the COF is above 0.57 (Condition there will be no slide.
Yet, vibrations (caused by moving parts) in the sorter and dirt on the slider or parcel
can reduce this COF. Moreover, uncontrolled MHU behaviour resulting in temporary loss
of contact with the sliders (bounce) also reduces the COF. Therefore, more stable parcel
behaviour is expected when the slider COF (ug ,,,,) is maximised (instead of constraining

a minimal value of p_ ., > 0.57).

In case the parcel does start sliding (&,,n, # 0), the ratio between the carrier friction

in the x and y-direction also starts playing a role.
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4.14. Damage due to contact pressure 2023.MME.8779

Theoretical analysis concludes that risk R.15 is real, design improvements thus have

to be implemented to reduce this risk.

Note: R.15: MHU slides along the sliders

Design parameter | Objective | Boundary condition

Mg tan Maximize 0 <0Omn, <30
Bdoy Minimize
Hd_x

Table 4.10: Design parameter objectives risk R.15

4.14 Damage due to contact pressure

The sliders exert a normal pressure on the parcel during pushing (Figure [4.37)). If this
pressure exceeds the tensile strength of the packaging material, the parcel could be dam-

aged.

Nl
-y B
N

Figure 4.37: Potential damage due to contact pressure illustration

The average pressure over the contact area depends on the pushing force and the area
in contact (Equation 4.20). However, the pressure distribution across the contact area
is generally not constant. The shape and e-modulus of both components influence the
pressure distribution across the contact area. High e-moduli result in greater differences
in pressure distributions and thus higher peaks in local pressure. Sharp edges for example
result in local pressure peaks. Below are two examples to illustrate the influence of shape

on pressure distribution.

= 4.2
P = (4.20)
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GO 0.2 0;4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
r/a r/a

(a) Cylindrical shape (b) Parabolic shape

Figure 4.38: Normal pressure distributions

The local pressure peak around the edges can thus be more than three times the av-
erage pressure (Figure 4.38a)). It is therefore important to design a blunt slider shape.

There are two standardized tests which are often used to measure packaging material
strength: the puncture resistance test and the Mullen burst test. Both tests measure the
strength of a flat piece of packaging material. However, on the sorter, the packages will be
pushed on their bottom edge, which has significantly higher stiffness and strength (Figure
[4.39). These two tests are thus not realistic to gain the necessary insights.

Figure 4.39: Variation in MHU strength and stiffness

4.14.1 Minimal contact radius

A customized version of the puncture resistance test is created. In this test, wooden

cylindrical shapes (Figure [4.40b|) are pushed into different packaging samples in a similar
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way the slider would. The highest possible load (which could be applied in reality) is
applied to the packaging samples using a bolt and spindle mechanism and a load sensor
for the force measurement. This process is repeated three times for each combination of
packaging sample and pressure cylinder, after which the damage to the packaging samples
is inspected. The pressure cylinders have ranging radii (10 to 45 mm) and heights (30 and
60 mm). A cylindrical shape (with a filet edge) is chosen because it distributes the pressure
evenly (no local peak pressure) and it can easily be translated into a design constraint for

the slider (as a minimal contact radius).

(a) Wall contact (b) Wall contact (c) Corner contact

Figure 4.40: Test setup - effect of slider shape on parcel damage

The packaging material samples are chosen using CES Edupack. This is an engineer-
ing material selection tool. Paper and cardboard proved to be critical packaging material
types (Figure . Four types of packaging samples were used in the tests (these are
stated in the confidential appendix).

In the case of wall contact, all packaging samples were able to withstand the peak force,
even for the smallest pressure cylinder. Pictures of the samples, both during loading and
after release, are shown in the confidential appendix. A minimal contact radius equal to
the smallest cylinder would thus be sufficient to prevent damage to parcels. Moreover, as
was expected, the pusher height has no influence on the damage (so increasing the slider

height does not reduce this problem).

With corner contact, the weakest parcel (parcel 2) was not able to withstand the
required pushing force. Moreover, an increase in pusher height showed no improvement.
So, there is a possibility that parcels get damaged when pushed on the corners. Yet, this

cannot be further reduced with slider design.

From the test results can be concluded that the slider shape must have a contact radius
equal to or greater than the smallest pressure cylinder (see Section 4 in the confidential

Appendix for this dimension). The height must be at least 30 mm.
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. i i i . Maximum Equivelant
Dimensions ‘Wall thickness | Maximum Equivelant
Parcel ID Type pressure [N] parcel mass [kg]
[LxBxH] [mm] pressure [N] | parcel mass [kg]
(Corner load) | (Corner load)
rrugated cardboard -
1 150x1005100 (?otruc,wted cardboard 9
single wall
Corrugated cardboard - See numerical values in the confidential appendix
2 200x200x110 3
single wall
3 430x350x350 Corrugated cardboard - 4
double wall
4 100x100x130 | Craft paper 0.5

Table 4.11: Results pressure tests

Experiments show that R.16 can be a real risk. However, the risk is mitigated if

the constraints in Table [1.12] are taken into account.

Note: R.16: Damage to either slider or MHU due to contact pressure

Design parameter Objective
Rsiider Confidential
Hgider > 30 mm

Table 4.12: Design parameter constraints R.16

4.15 Deceleration during free sliding

During the final stage of the sort action, the sliders decelerate to prevent colliding with
the side of the sorter. When the sliders start decelerating, the parcel slides freely into the
outfeed. A model of this behaviour is shown in the top view Figure {.41] The |X|,|Y|

coordinate system is fixed while the z,y coordinate system moves with the carriers.

vidh Ay
lFD_Y
Vy P
Ffriction
X
>
Vtransport
—_—
»
|X]

Figure 4.41: FBD of the free-floating parcel after contact with sliders is lost

The forces acting on the parcel influence its trajectory when leaving the sorter. The

trajectories resulting from the different forces acting on the parcel are illustrated in Figure
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[4.42] The drag in the x-direction counteracts the deceleration due to friction. Moreover,
the drag in the x-direction is larger than in the y-direction, since the velocity in the x-
direction is greatest. Due to this, there can be different critical cases. The first case is a
parcel with a high friction force and negligible drag forces. The second case is a parcel
with high drag forces and negligible friction force. A parcel with a combination of both

will likely not be critical since the forces counteract one other.

Fo x Optimal Fp , Fey

Figure 4.42: Alternative trajectories of a parcel resulting from different forces

The sliding distance of a parcel during free sliding has already been calculated in
Section (Equation . This equation can be used to calculate the positional error
in the x-direction resulting from the deceleration of the parcel (see Figure [4.43)). The
expected free-sliding distance is stated in Table D.7 in the confidential appendix. The x-
position error is within an acceptable margin with this free sliding distance. Deceleration

due to friction is thus not a significant problem.

400 . : . . . .
E 300 // .
g e
® 200 | - -
5 _,_./""/
= ¥ -
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& e
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0 20 40 60 80 100 120 140

Free sliding distance [mm]

Figure 4.43: X-position error resulting from deceleration due to friction (x = 0.6)

Deceleration due to drag has similar causes as discussed in Section[4.4] However, there
is currently no test setup available to perform experiments and draw conclusions on this

problem.

No conclusions can be drawn on risk R.20 at this stage, additional testing is required

when a test setup is available.

Note: R.20: MHU decelerates when contact with sliders is lost
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4.16 Non-performance related constraints and objectives

The aspects of the design related to performance (parcel behaviour) are all analyzed.
Yet, there are also other aspects which need to be considered for the design. The most
important aspects are: control (of the slider trajectory), noise, wear and energy use. The
constraints and objectives related to these aspects are given below. A rationale is attached

to each constraint or objective as an explanation and justification.

4.16.1 Control related constraints and objectives

1. Limit the slider weight (msider < Mstider-mazs Mslider-maz 1S stated in Table 3 in the
confidential appendix)
Rationale: the inertia of the slider influences its ability to accelerate and decelerate.
The slider weight is a constraint to reach desired specifications

2. Maximize the slider stiffness
Rationale: any slider deformation will be unpredictable since many parcel charac-
teristics are unknown (weight, friction coefficient, COM location). Any slider de-
formation that will occur thus introduces uncertainty in positioning the slider in the
desired location (to make contact with the parcel). Deformation and, thus slider
stiffness need to be limited to maximize the predictability of contact point location.

3. Minimize the slider pressure center in z-direction (minimize zgp.)
Rationale: the majority of MHUs are stiffest near their base surface (zspe) as illus-
trated in Figure[[.59. High stiffness is beneficial for robust control.

4. Minimize pressure center distances (minimize zspe, Yspe and center zgpc)
Rationale: zgpe, Yspe and xspe influence the moment which needs to be counteracted
by the slide bearings. Minimizing these design parameters reduces the slide friction

forces, which benefits the slider position control.

4.16.2 Noise-related constraints and objectives

1. Minimize the slider height and mass (minimize mgyjiger and Hgiger)
Rationale: at the head and tail pulley, the carriers and sliders revolve around a chain
wheel pulley. The chain, at the base of the carriers, travels at a constant speed around
this pulley (at radius Ry). The carrier and slider travel on a greater radius (Rs),
and there will thus be a sudden speed increase, which causes vibrations resulting in

noise emissions. Minimizing the slider height and mass minimizes noise emissions
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Zspe

Xspc

Y

Figure 4.44: Relation between the slider pressure center location and the slide bearing forces/ moment
forces in the slider

Speed

Viransport “Ra/Ry
Vlm nsport

Shoe position

Shoe position

Figure 4.45: Relation between slider height and noise emission at the end take up

4.16.3 Wear related constraints and objectives

1. Maximize slider height and local contact radius (maximize Rgjiger and Hgpiger)
Rationale: wear on the slider pusher surface can be minimized by mazimizing the

contact area with parcels. Increasing the contact area decreases the overall stress,
decreasing the wear rate .
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2. Minimize pressure center distances (minimize Zspes Yspe, center a;spc)
Rationale: these parameters influence the normal force on the slide bearings, as is
explained in Section [{.16.1 Minimizing these normal forces reduces the wear rate
of the bearings.

4.16.4 Energy use related constraints and objectives

1. Minimize the slider weight (mg;der)

Rationale: the slider weight influences energy use at acceleration.

4.17 Conclusion

The unwanted parcel behaviour analysis started with the identification of 20 separate
modes (Figure . The physical causes for this behaviour are analyzed by a combina-
tion of theoretical analysis and physical testing (Section . Seven risks proved to be
most significant at this stage of the design process (see Table . The design parameter
objective of these risks are summarized in Table and B.2] These design parameter

objectives will be translated into a physical concept design in the next chapter.

Five risks proved insignificant since even critical load situations showed no significant
problems. Therefore, these require no additional solutions. Also, for the three risks, there
was no conclusive answer on their significance because additional testing is required for
which a test setup is not available yet. Future tests should give insights into the signifi-

cance of these risks.

Finally, four risks are out of scope currently. These modes, which are all risks related
to the jamming of parcels, are mainly influenced by fine design details rather than the
overall design. Measures for mitigating these risks should be implemented into the design

after its overall shape and materials are chosen.
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Chapter 5

Conceptual solutions

From the parcel behaviour analysis in the previous chapter, seven risks remain. First,
these risks are translated into seven functions (Figure . The process of finding solu-
tions for these functions is split into two parts (as illustrated in Figure . In the first

part, solutions originating from brainstorming are analysed and assessed. In the second

part, the conceptual design is derived from the parameter objectives found in the previous

chapter. Both the solution from brainstorming and the concept design are meant to be

implemented together to maximize performance improvement.

Brainstorm

1 solution (related to

— i —>
Merphelogical chart the slider trajectory)

Y

Overall solution

Theoretical parcel
behaviour analysis

Design parameter
objectives

\

—»  Concept design

Figure 5.1: Conceptual solution process

The overall solution aims to accomplish the functions in Table These functions

focus on reducing the problems found in Chapter

Reference | Function

F.1 Reduce the space required for rotation

F.2 Reduce overrotation due to angular momentum

F.3 Reduce overrotation of the MHU due to angular momentum
F4 Increased rotation rate

F.5 Reduce unwanted rotation

F.6 Reduce slide along sliders

F.7 Prevent damage due to contact pressure

Table 5.1: Functions of the conceptual solution(s)

5.1 Morphological chart

The second part of this chapter focuses on the generation of a concept design based on the

design parameter objectives derived in Chapter [d] This design methodology is particularly
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5.2. Concept design (resulting from parameter objectives) 2023.MME.8779

suited for gaining insights and finding solutions or compromises for conflicting design ob-
jectives. However, the solution space using this methodology is rather limited. Therefore,
a second design methodology based on brainstorming is also used. This methodology ex-
plores a much larger solution space. The solutions from the brainstorm are structured in
a morphological chart, which is shown in Figure and showing different solutions
per function. Some solutions can be found for multiple functions; these solutions thus

solve multiple problems.

The solutions are graded based on implementation cost and expected effectiveness. One
solution is chosen for further analysis. This solution is related to a new slider trajectory for
rotating parcels. This solution does not require additional hardware, making it much more

cost-effective than other solutions. Furthermore, the solution serves multiple functions.

5.1.1 Improved slider trajectory

In the currently proposed sort strategy, there is certain unwanted behaviour related to the
rotation of parcels (Section and . Based on the analysis of these problems,
an improved slider trajectory is derived. This new trajectory reduces the angular velocity
during the sorting process. This decrease in angular velocity is expected to significantly
improve the parcel rotation behaviour. A detailed description of this slider trajectory is

given in Section D.7 in the confidential appendix.

5.2 Concept design (resulting from parameter objectives)

The slider concept design comprises of its shape and friction coefficients. Specific materials
to facilitate these friction coefficients are not chosen. The design is split into three parts
which are analyzed separately: the shape in the XY-plane, the shape in the YZ-plane
and the tangential friction coefficients. The design of each aspect is based on the design

parameter objectives related to that specific aspect.

5.2.1 Slider shape (in XY-plane)

Three design parameter objectives relate to the XY-plane slider shape; the pressure center
(xspe) contact geometry (0rqn_g) and the contact curvature (R,). The slider shape in the

XY-plane is designed on the basis of these design parameter objectives, summarized in

Table 5.2

The most crucial function fulfilled by the XY-plane slider shape is reducing unwanted
rotation of small parcels due to insufficient support (analyzed in Section . The XY-
plane slider shape is essential for this function since no other solution can accomplish it.
As derived in Section an optimal slider shape would have a centered contact point

for every parcel shape and orientation. A possible slider shape for this would be a single
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Reference Tepe Otan_cq R
F.1 Max
T F2
< | F3 Min
| F4 Max Max
é F5 Sequential sort | Min
3 Parallel sort Center (for all 6,,4,)
S| F6
F.7 Confidential
Control related Min. range
Wear related Min. range Max
Noise related
Energy use related Min. range
Boundary condition 0 < Zspe < Witider —90° < Btan_cg < 90°

Table 5.2: Design parameter objectives related to the slider shape in the XY-plane

point slider (Figure . However, the downside of a single contact point slider is that
it cannot support parcels that partially overlap the carrier (as illustrated in Figure .
The optimal slider shape should thus have a centered contact point (zg,.) for any parcel
shape and orientation and be capable of supporting parcels that only partially overlap the
carrier. This leaves the design space indicated in Figure[5.3] Three potential slider shapes

within this design space are shown in Figure

F Center Xsp for any parcel

/ b shape or orientation
X

X
/ \

/ — Design space

Enable supporting partially
overlapping parcels

‘ Confidential

Figure 5.2: Single point slider

shape
P Figure 5.3: Design space slider shape

All three shapes focus on the same two objectives, center the contact point for parcels
which overlap at least half the carrier width and enable corner contact for parcels which
span less than half the carrier width. The minimal transport length parcel which can be
diverted in a stable manner with these slider shapes is reduced to %Wslid” (see Figure

5.4). This is an improvement of factor two with respect to a flat slider shape (see Figure
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[3)

A risk related to the slider shapes shown in Figure[5.4]is jamming parcels between adja-
cent sliders. This risk is analyzed in greater detail in Section D.8 (confidential appendix).
To minimize this risk, the contact geometry angle (6ian_cg) should be minimized. This
angle is the lowest for slider shape ”a” since the constant contact angle. This triangular

slider shape is therefore chosen.

a) b) c)

-
X

Figure 5.4: Stable pushing transport length limit for optimal slider shape

The final slider shape is shown in Figure [5.5] The slider is triangular-shaped, the
exact angle is shown in Figure D.16 in the confidential appendix. The angle is chosen
as a compromise between offering reliable support of small parcels and preventing parcels
from jamming between sliders (see Section D.5 in the confidential Appendix for this anal-
ysis). Moreover, the shape ensures a predictable (centered) contact point, minimizing the
moment forces in the slider and slide mechanisms. Finally, the contact curvature across
the whole slider is restricted to the minimum (R;,;,) determined in the test described in

Section This prevents damaging parcels due to contact pressure.

Predictable (centered)
contact location

Reliable support of
small parcels

Rmin Rumin

Figure 5.5: Concept design - XY-plane shape (topview)
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5.2.2 Slider shape in YZ-direction

Three design parameter objectives relate to the YZ-direction slider shape; the pressure
center (zsp.) contact geometry (fqz_cq) and the slider height (Hgiger). The slider shape in
the YZ-plane is designed on the basis of these design parameter objectives, summarized
in Table 5.3

Reference Hpider Zspe Oaz_cq
3 F.1
E F.2 Max Max
= F3
g
= F.4 Min
% F.5
“‘5 F.6
Al F7 >30 mm Min
Control related Min (mgpiger) | Min
Wear related Min
Noise related Min
Energy use related | Min (mgiger) | Min
Boundary condition 0 < zspe < Hyliger | —90° < 0gp g < 90°

Table 5.3: Design parameter objectives related to the slider shape in the YZ-plane

The overall shape (shown in Figure slightly banks backwards to maintain a low
pressure center with parcels. This low pressure center is beneficial for parcel behaviour and
minimizes load on the slide bearings. The top edge is rounded with the minimal contact
radius determined in Section to prevent damaging parcels. The slider height (shown
in Figure D.16 in the confidential appendix) is chosen as a compromise between avoiding
sliding of packages onto the sliders and reducing weight. Finally, the groves are a solution
to the conflict illustrated in Figure and force products down, preventing (mainly
flexible) packages from sliding onto or folding up against the sliders. These groves’ shape

and size are chosen intuitively; their optimal shape could be a future research topic.

5.2.3 Tangential slider friction coefficient

There are various conflicting objectives for the tangential slider friction coefficient (see Ta-
ble . However, when looking at the direction-based components, it can be found that
nearly all objectives require a high friction coefficient in one direction and a low friction
coefficient in the other direction. Multiple solutions are considered to facilitate this (see
the morphological chart in Figure .

A rotary ratchet and pawl is chosen as solution since this is a passive and robust
solution regardless of the packaging material. The concept design based on this rotary

ratchet and pawl mechanism is shown in Figure [5.7] and is named the friction diode.
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(a) Side view (b) Cross-section

Figure 5.6: Concept design YZ-plane shape

Reference Ws.tan | Boundary condition
F.1 Min + | —30° < Oy < 30°

T|F2

§ F.3 Min - | 30° < Oy < 60°

g| F4 Min + | —30° < Oy < 30°

§ F5 Sequential sort | Min - | 30° < 0,1, < 60°

;% Parallel sort Max (]_ngszcaih?/‘zdg&
F.6 Max - | 0° < Oppy < 30°
F.7

Control related
Wear related

Noise related

Energy use related

Boundary condition

Table 5.4: Tangential slider friction coefficient objectives

Free rotation (u<0.05)

High friction padding

Mechanical diode

Fixed component (. > 0.8)

Figure 5.7: Mechanical friction diode concept illustration

From a friction perspective the slider is comprised of three parts (Figure [5.8b)); a high
friction material over the majority of the slider surface (section 1), a friction diode (section

2) and a low friction material (section 3).
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Section 1: High friction material

Section 2: Mechanical

Section 3: Low friction material Hictian diode

Low friction
material or wheel Mechanical diode
(a) Concept design overview (b) Concept design devided into sections

Figure 5.8: Overview final slider concept design

”Section 1”7 comprises of a material with a high friction coefficient in all orientations
and directions. This section comes into contact with parcels between 45° and 90° when
in wall contact and nearly all cases of corner contact. The high friction coefficient in all

directions prevents small parcels from rotating.

-45° <0, $45°

-45° <Oy <45 °

45 ° < Bppy £ 90°
-90 ° £ By < -45°

Low friction coefficient s
High friction coefficient s

Figure 5.10: Support small parcel

Figure 5.9: Ranging friction coefficient concept design (top view)

”Section 2” comprises of the friction diode (presented in Figure . A parcel that
will contact the slider with an angle between —45° and 45° will thus experience a high
friction coefficient in the negative x-direction and a low friction coefficient in the opposite
direction. Firstly, this enables sorting parcels under an angle without sliding (risk R.15,
Figure as shown in Figure Secondly, the low friction coefficient in the positive
x-direction improves the rotation rate of the parcel and reduces the x-displacement due
to rotation, reducing risk R.3 and R.11 (Section and .

Finally, ”section 3” consists of a material with a low friction coefficient in all directions.

This part comes in contact with parcels with an angle between —45° and —90° as shown in
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Figure This component, together with the friction diode satisfies Condition D.10 in
the confidential appendix for adding additional support sliders (explained in Section D.8

in the confidential appendix).

See confidential| appendix.JPG

(b) Friction coefficient measures related to the new slider

(a) sequential sort topview trajectory
Figure 5.11: Friction diode features

5.3 Carrier design

For the carrier friction coefficient objectives shown in Table[5.5 there are many conflicting
objectives. Due to the number of conflicting objectives and the lack of a solution for
these conflicts, finding a well-founded compromise at this stage is difficult. Therefore, the
following steps are recommended for VI. First, test the remaining risks which could not
be tested yet (see Table . The concept design should be updated based on the results
of these tests. When the concept design is updated it can be produced and tested (this
will be described in further detail in Section [7.2]). Finally, depending on the conclusions
that can be drawn from these tests, the carrier design can be used to reduce the remaining
unwanted parcel behaviour (using Table . Figure shows different solutions for

achieving anisotropic friction in case this would be required.

Reference Hex ‘Mc,y
3 F.1 >
=|F2 Min
i F.3 Max | Max
S| Fa4 <
<
g F.5 >
= | F.6 >
[}
~lFET

Control related
Wear related

Noise related

Energy use related | Min | Min

Boundary condition

Table 5.5: Carrier design parameter objectives

Note: The greater than and less than signs (<, >) indicate that the objective is to mazimize the ratio

between the variables.
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5.4 Conclusion

The final slider concept design (Figure focuses on decreasing the seven risks which
proved to be most significant from the parcel behaviour analysis. The different aspects
of the slider in terms of shape and friction coefficients have been carefully chosen based
on design parameter objectives. Using this methodology gives a clear overview of any
conflicting design objectives. For the conflicting design objectives which were present,
solutions have been derived. Such as for example the friction diode (Figure .

On top of the concept design, also additional solutions were explored. The most
promising solution (from the morphological chart in Figure and [B.2)) is chosen to an-
alyze in greater detail. The effectiveness of the concept design and the additional solution

will be explored in the next chapter.

Table 5.6 gives an overview of the relations between the solutions found in this chapter

and the function they accomplish.

F.5
F1 |F2 |F3 |F4 - F6 | F.7
Sequential | Parallel
sort sort
Tangential slider
o |+ - |+ +
. . friction coefficient
slider design
XY-plane
) 0 - + +
slider shape
YZ-plane
slider shape and + +
friction coefficient
Carrier design | Friction coefficients | +/- | +/- | +/- | +/- | +/- +/- +/-
New slider trajectory + + + +
Table 5.6: Relation between functions and solutions (positive impact ”4”, negative impact ”-”, to be

determined ”+/-”, neutral 70”)

Note 1: The tangential friction coefficient negatively impacts the overrotation in two ways. Firstly,
it increases the rotation rate of the parcels, increasing the overrotation due to their angular momentum.
Secondly, the design does not take the design parameter objective for reducing overrotation into account,
since other functions were given a higher priority here.

Note 2: The low pressure center (due to the shape in the YZ-plane) benefits the parcel rotation rate.
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Chapter 6

Results

From the parcel behaviour analysis in chapter[f), seven unwanted behaviour modes re-
mained. Solutions for these seven problems have been generated in chapter[3. The effec-
tiveness of these solutions will be assessed in this chapter on the basis of experimental test

results.

6.1 Prototype

One of the major aspects of the concept design that requires testing and assessment is the
friction diode (shown in Figure . A prototype (Figure is therefore created which
can be mounted on the test setup. The prototype consists of a metal component with
a diameter of 30 mm which has a ratchet and pawl mechanism inside, enabling rotation
in only one direction. A rubber tape around the circumference provides a high friction

coefficient.

Figure 6.1: Mechanical friction diode prototype

6.2 Reduce overrotation due to angular momentum

As explained in Section [£.9] there is a risk that parcels overshoot when rotated. This
issue can be reduced by decreasing the angular velocity of the sliders during sorting. A
new slider trajectory, with a decreased angular velocity, is proposed (Section [5.1.1]). This

trajectory is implemented in the test setup and compared to the current sort trajectory.

Figure shows the performance improvement (%) in terms of the orientation error
using the new trajectory. This is calculated using Equation [6.I] The overshoot is signif-
icantly reduced for a y-position greater than 500 mm. However, below 500 mm the new
trajectory behaves significantly worse. The trajectory used in this test could thus only be

used if there is sufficient distance to the outfeed. This depends on the initial y-position of
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the parcel. A possibility is to customize the trajectory, based on the y-distance available.

|A06rror,old | - |A96rror,new ‘

* 100% (6.1)
| A‘967"7“07“,old |

100 b "’"”"”"""""'"”'"”""”";f?“"?"’j”:"’f';f""T-Z_i:t ””””””””””””
% 71 TSRS S — F‘f ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
£
o
>
2
g o
S
2 50 77777777777777777777777777 /] —Equal performance
8 :
..g New slider trajectory
2
= -100 -
O 0 10 80 170 260 340 430 520 620 730 830 930 1040

y-position of MHU center [mm]

Figure 6.2: Increased rotation radius results

The overrotation could be further reduced by decreasing the tangential slider friction
lhs_tan, yet this could result in an increase of risk R.14. Another possibility is to increase

the carrier friction coefficient, yet this is also in conflict with other risk reduction objectives

(Table [5.5).

6.3 Increased rotation rate

An excessive rotation radius of parcels proved to be a problem, as explained in Section
Analysis of this problem concluded that one of the major design parameters influencing
this problem is the tangential slider friction (1 ,,,), which should be minimized. The
friction diode prototype satisfies this objective. To find the effectiveness of this solution,

it is tested and compared to the current slider design.

Figure shows the performance improvement (%) in terms of the orientation error
(calculated using Equation . As expected, the friction diode greatly improves the first
stage of the sort action. Reducing the y-distance required to rotate the parcel from its
initial orientation (0°) to its desired orientation (30°) by 27 %. This reduction becomes
even larger when the parcel has a an initial orientation of —30°, as can be seen in figure
13 in the confidential Appendix. In this case, the y-distance required for this rotation
(which is 60° in total) is reduced by 35 %. Loss of contact between the sliders and parcel
due to the under rotation (which occurs with the current slider design) is also completely

eliminated (for the specific parcel that is tested) with friction diode.
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Yet, when using the friction diode, the parcel orientation still diverges after reaching
the desired orientation. This is partially caused by the increased rotation rate that the
prototype design enables (this results in the problem explained in Section . The new
slider trajectory proved to be an effective solution for this overrotation (Figure . This
solution can, therefore also be combined with the friction diode to improve the behaviour

of this parcel further.
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= I T e s
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E

—
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= Friction diode prototype

c Z
o ——Equal performance ‘ /
= -100 S I =

E Friction diode prototype

= with new trajectory

O -150

37 124 207 287 362 459 561 668 772
y-position of MHU center [mm]

Figure 6.3: Increased parcel rotation rate results

The remaining error is primarily due to insufficient support for this parcel. Measures

to reduce this problem are analyzed in the next Section.

6.4 Reduce unwanted rotation

As explained in Section there is a risk of unwanted rotation of parcels during sorting.
An improved slider shape has been derived to reduce the rotation of small parcels. How-
ever, with the test setup, it is currently not yet possible to position the sliders based on
the parcel contour. Yet, this feature is required to test the effectiveness of the XY-plane
slider shape in preventing small parcels from rotating. However, based on the theoretical
analysis, the transport length of parcels which could be sorted in a stable manner is re-
duced from 3W;ger to %Wslider- The parcel length distribution for parcels in the market
segment ”smalls” is shown in Figure 18 in the confidential Appendix. From this figure
can be derived that with the new slider design, an additional 63% of all parcels in this

segment can be pushed in a stable manner.

6.5 Reduce space use during rotation

A disadvantageous COR position can result in additional space use (see Figure 4.31)).
From the analysis of this problem (in Section |4.10) was concluded that the tangential

slider friction (. ,,,) should be minimized to reduce this problem. The friction diode
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prototype satisfies this objective. To find the effectiveness of this solution, it is tested and

compared to the current slider design.

The test results are shown in Figure [6.4 The graphs show a parcel’s upstream and
downstream displacement throughout the sort action for both the current slider and the
prototype. When the has an orientation of 0° (Figure the prototype reduces the x-
displacement throughout the sort action by 22 % (from 287 mm to 223 mm). For an initial
parcel orientation of —30°, this reduction is 39 % (from 242 mm to 149 mm), as can be

seen in Figure 16 in the confidential Appendix.

100

[S)]
o

o

Friction diode

n
=}

-100
Current design

x-displacement error, Ax,,,,, [mm]

-150
——Up. x-displ. current design
-200 1 ——pown. x-displ. current design
250 | Up. x-displ. friction diode prototype
Down. x-displ. friction diode prototype _
-300

0.0 0.1 0.2 0.3 03 04 05 06 07 08
Time [s]

Figure 6.4: Improved center of rotation results (6mnu_initiar = 0°)

6.6 Reduce sliding along the sliders

The current slider design already has a relatively good friction coefficient to prevent sliding.
A comparison between the friction diode and the current slider thus gives little insight.
So instead a comparison is made between the friction diode (low friction in only one direc-
tion) and a low-friction material slider (low friction in both directions), to highlight the

importance of a sufficient friction coefficient in the negative x-direction.

Figure[6.5| shows the x-displacement of the center of a parcel throughout the sort action
for both the friction diode slider and a low-friction material slider. With the low friction
slider, the parcel keeps sliding in the x-direction, up to a total displacement of 241 mm.

This highlights the importance of a sufficient friction coefficient in the negative x-direction

(M;j(ln) .
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——Low friction coefficient slider

-Friction diode prototype

Center x-position, Ax,,,, [mm]

00 01 02 03 03 04 05 06 07 08 08 09 10
Time [s]

Figure 6.5: Reduced sliding along the sliders results

Note: Numerical values have been removed from the graphs due to confidentiality

6.7 Conclusion

A prototype is created to assess the effectiveness of different features of the concept design.
Every design aspect that is tested showed improvement with respect to the current slider
design. These improvements and their impact on important system properties are given

below. The calculations and assumptions used to calculate these percentages are shown

in Section [A.T0

e Improved rotation behaviour, maintaining better contact with the sliders during the
sorting process (less over- or under-rotation). This enables sorting parcels in the
desired orientation more accurately. This can potentially reduce margins, which can
reduce the sorter length by up to 14% (see Section . Moreover, an increased
parcel rotation rate could reduce the sorter width up to 16% (Section .

e More efficient rotation of parcels results in up to 16 % less space required for the
rotation of parcels. This could result in smaller gaps between parcels, yielding a
potential capacity increase up to 16 % (Section [A.10.3

e Increased capacity due to improved support of small parcels, allowing smaller gaps

for these parcels.

e Enable sorting square parcels with an unfavourable COM location without unwanted

rotation, which was not possible before.
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Chapter 7

Conclusion and recommendations

This chapter concludes the steps taken and methodologies used to come to the main
findings of this study. Also, recommendations are given to both Vanderlande Industries
and the scientific community for potential future actions to maximize the impact of this

study.

7.1 Conclusion

The aim of this project was to research the influence of the slider and carrier design on
the performance of the sorter. Also, these insights should yield a new slider and carrier

design which improves the sorter performance. These steps have been taken to achieve this.

Four main drivers for developing the new sorter have been translated into KPIs for the
current study. These KPIs (Table represent important aspects of the physical parcel
state during the sorting process and when entering the outfeed. Important sorter variables
and settings which could affect these KPIs have been identified and analyzed. Moreover,
also parcel characteristics, which impact performance, have been studied and the most
influential ones have been listed. These variables, which influence the parcel behaviour,
but can not be controlled, are referred to as input variables. These input variables are
summarized in Table

Based on multiple input sources, 20 separate unwanted parcel behaviour modes were
identified (Figure [.1). Parcel behaviour is divided into these separate modes based on
their cause and outcome. The physical causes for each type of unwanted behaviour have
been analyzed individually. This was done by a combination of theoretical analysis and
physical testing (Section . The slider and carrier designs were translated into design
parameters which could be used in the theoretical analysis. These parameters represent
the aspects of the design that have the most influence on parcel behaviour. The tests were

performed on the test setup described in Section 3 in the confidential Appendix.

During these tests, the KPIs were extracted by measuring the physical state of the
parcel using a tracking camera (Figure . On the basis of these KPI values, seven
risks proved to be most significant (see table . To reduce these risks, objectives and
constraints were derived for each influential design parameter. These design parameter
objectives are summarized in Table and
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In order to minimize these risks, a design was created based on the design parameter
objectives. The different aspects of the slider in terms of shape and friction coefficients
have been carefully chosen in order to satisfy the most objectives possible. This resulted
in the slider design shown in Figure Using this methodology gave a clear overview
of any conflicting design objectives. In case of any conflicts, the first step was to find
solutions to still satisfy both objectives. Such as the friction diode (Figure and the
horizontal groves in the pusher surface (Figure . In case no solution was found for
the conflict, preference was given to the risk with the least alternative design parameter

solutions.

(a) Current slider designs (b) Proposed concept slider design

Figure 7.1: Current and new slider design

On top of the concept design, also additional solutions were explored for further per-
formance improvement. The two most promising solutions (from the morphological chart
in Figure and [B.2]) have been analyzed in greater detail and necessary design measures

are taken in order to incorporate these features.

Finally, a prototype was created and tested in order to assess the effectiveness of the

solutions. In these tests, the current slider design is compared to the concept design.

e Improved rotation behaviour, maintaining better contact with the sliders during the
sorting process (less over- or under-rotation). This enables sorting parcels in the
desired orientation more accurately. This can potentially reduce margins, which can
reduce the sorter length by up to 14% (see Section [A.10.1)). Moreover, an increased
parcel rotation rate could reduce the sorter width up to 16% (Section .

e More efficient rotation of parcels results in up to 16 % less space required for the

rotation of parcels. This could result in smaller gaps between parcels, yielding a
potential capacity increase up to 16 % (Section [A.10.3]).

e Increased capacity due to improved support of small parcels, allowing smaller gaps

for these parcels.
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e Enable sorting square parcels with an unfavourable COM location without unwanted

rotation, which was not possible before.

In conclusion, as the research has shown, an improved performance have been achieved
with the new concept design while also reducing the number of slider configuration re-

quired.

7.2 Recommendations

7.2.1 Roadmap for slider and carrier design

First, it is important that VI tests the three risks which are primarily driven by aerody-
namic forces (R.5, R.10 and R.20). These tests can be done when a setup is available that
also moves in the x-direction (which is not the case for the setup currently used). Besides,
the concept solutions related to the slider trajectory should be implemented and assessed.
This regards the trajectory of support sliders and parcel contour-based parallel sorting.
Based on the conclusion that can be drawn from the activities above, the concept design
can be updated and improved. When the overall concept design of the slider is definite,

measures to prevent jamming should be implemented (R.4, R.13, R18, R.19).

The finished concept design can be produced. Rapid prototyping is particularly suit-
able to produce the required shape. A surface treatment will be necessary (with some
kind of rubber-like material) to give the slider its required friction properties. Finally, this

design should be tested and further optimized.

7.2.2 Parcel behaviour in outfeeds

One of the main aspects of the new sorter is accuracy, sorting as many parcels into the
right outfeed as possible. In the current study, this is maximized by improving the parcel
behaviour on the sorter. However, the behaviour of parcels when they entered the outfeed
is not analyzed. An analysis of the behaviour of the parcel in the outfeed could yield
further accuracy improvement. Firstly, this could be done by improving the outfeed design.
Secondly, the sort trajectory of the sliders could also be optimized based on findings of
parcel behaviour in the outfeeds. An example of this could be that light products are
highly impacted by aerodynamics in the outfeed, requiring throwing them further back or

forth in the outfeed to compensate for this unwanted behaviour in the outfeed.

7.2.3 Dataset on parcel characteristics

The analysis of the parcel characteristics in this study is mostly qualitative because little
data to work with was available. For future development or optimization studies, it can be
valuable if a large dataset on parcel characteristics would be available. Competitor Siemens

already seem to have a data set like this [32], yet this is not publicly available. Such a
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dataset enables a statistical design approach which results in more realistic requirements
and load scenarios. A critical parcel could then be chosen for example based on statistical
relevance instead of taking a parcel which is the worst case in all aspects (as was currently
often done). This approach might have resulted in very rare and insignificant scenarios
as a foundation for system requirements. The data could be gathered by implementing

sensors and cameras in the first actual system that will be delivered to a client.

7.2.4 Future studies

A solution found in this study which could be further explored is the proposed friction
diode (Figure . Robotic manipulators often require single-direction friction as was the
case for the slider. A popular solution for this is so-called gecko adhesion [2], which uses
Van der Waals forces to stick to a surface when loaded in a specific direction. Though
this solution is only applicable when the product to be handled has a smooth surface.
The friction diode is capable of achieving this same principle for rough surfaces. Yet,
no robotic applications of the proposed friction diode have been found. This leaves the

possibility of exploring other applications where this mechanism could be a useful solution.
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Appendix A

Figures and calculations

A.1 Literature figures
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Figure A.1: Typical footprint of different linear and loop configuration sorters
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Figure A.2: Typical compatibility of different sorter types with varying products types
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A.2 Yield strength of commonly used packaging types
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Figure A.3: (Tensile) strength of packaging materials (from CES Edupack)
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Figure A.4: Packaging material comparison graph (Youngs Modulus and yield strength)
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A.3 Physical impact model

Cs (xo, yo)

Figure A.5: Physical model of slider impact on parcel

where:

Mp, M2 = mass of package and slider (m, > ms)

kp, by, k2, ba = coefficients of stiffness and damping of the package and slider support

Yo = position of slider

Yw = displacement given to the slider by actuators

Zo, Yo = position of center of mass of package

¢, = Components of the velocity of the center of mass of the package
T = moment of friction forces between the package and carriers

Fe, F, = components of the friction force of the package on the carriers

A.4 Absolute outfeed protrusion error calculation

The absolute outfeed protrusion is the distance a parcel protrudes from the outfeed mea-
sured perpendicular from the outfeed side (as illustrated in Figure [A.6)).
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Outfeed

Sorter
Figure A.6: Definition of the absolute outfeed protrusion distance

This absolute protrusion distance with a certain x-position error depends on the outfeed
angle and sort angle. In the picture below, the blue contour is the initial position of a
parcel. The orange contour is the parcel when shifted in the x-direction (error). The
green parcel is the final location of the parcel in contact with the sliders. The effect of
the x-position error (xerpor) on the outfeed width error can be magnified or eliminated

depending on the sort angle (0sor¢). " Ad” can first be calculated with:

x
Ad = < Al
c08(Osort (A1)

Then the outfeed protrusion error (highlighted in red) can be calculated with the following:

. Lerror
Woutfeed,error = Sln(aautfeed + esort) * (A2>
Cos(esort

Xerror_left

Figure A.7: Morphological chart (part 2)

When the sort angle (50,¢) is equal to the outfeed angle, the x-error (Zepror) cancels
out; this is thus the case for sequential sorting. Thus in other words, the x-position error

does not influence the sort accuracy in case of sequential sorting.
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A.5 Drag coefficients of a plastic package
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Figure A.8: Airflow coefficients of a polybag for different flow directions

A.6 Calculation sliding onto slider

Equation [A 4] for estimating whether a parcel will slide onto the slider or not are derived

using the model presented in Figure 4.13

—F. — Feoo + Ng x sin(f) + Fs % cos(8) = My * & (A.3)
_mmhu*g*,ufc,y_szln(ﬁ)*Ns,ufs,ax*,ufc,y"i‘Ns*Sin(ﬂ)"i_Ns*Hs,ax*cos(B) = Myphy * T (A4)

A.7 Calculation backward toppling

The critical acceleration before a parcel starts toppling can be calculated by setting the
angular acceleration (o) equal to zero (since there is no rotation around the x-axis in a
stable state):

M, =I, % ay (A.5a)
2x H h
Ns * Hslider + Myphy * g * Wmhu — Qeritical * Mmhu * % =0 (A5b)
P ZB*NS*Hslider _’_g
critical 2 % Moo ¥ Wmhu 2
(A.5¢)
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And the Equation of motion in the y-direction is following;:
Fy =Mmhu * Aeritical (AGa)
Ns - Fc =Mmhu * Qeritical (A6b)
Ns — Mmhu * 9 * Ueoy =Mmhu * Qeritical (AGC)
Substituting these equations gives the following equation:
W, ey Haii
Qeritical = g * i+ Poy P olider (A7)

2Lmhu - 3Hslider

A.8 Calculation free sliding deceleration

The motion of such a parcel which is decelerated due to friction is illustrated in Figure
[A.9 The final parcel state (when it left the sorter) has three potential error states: speed

(AvVerror), direction (Acerror) and position (AZerror)-

Ayshoe_decellerate7

b

//

Alverlrorlz ;’virtuali - Vactu

~AXdecelleration

al

L]

AXpre—s::urt# }'

Figure A.9: Parcel trajectory error due to deceleration after contact with sliders is lost

The deceleration is considered until the parcel is fully clear of the sorter. The sliding

distance can be calculated by the conservation of energy. The difference in kinetic energy

(before and after sliding) is equal to the work done by the friction force, since the decks

are horizontal, no work is done by the force resulting from gravity. Aerodynamic drag is

neglected.

by =E,

1
5 m(Av)2 :mgﬂdsliding,distance
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A.8. Calculation free sliding deceleration 2023.MME.8779
So the velocity direction error is:
Av — v
AQerror = tan_l( ) — tan_l(M (A.11)
VUsorter Usorter

Ater’r’or = Atno'rmalAtdecelerated

dsliding,distance dsliding,distance

Aterror = s - vitur
2

Where:
vp=v; — Av
and
AZerror = Alerror * Usorter

Then:

A o dsliding,distance dsliding,distance
Lerror = Usorter * ( - )
Vinitial Uinitial+(vi_\/QQNdsliding,distance
2

The x-position error (Azepror) resulting from the deceleration is plotted in Figure

with respect to the deceleration distance of the sliders.
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A.9 Conclusion (table) material behaviour analysis

Discard
Number | Potential risks in parcel behaviour o - - Take into account
Within margin | Inconclusive | Out of scope

MHU shifts and/or rotates due to

R.1 X
impact of sliders
R.2 Damage to either slider or MHU due X
impact of sliders
R3 The COR of the MHU is in a X
disadventageous position
R.4 MHU jams between the sliders X
RS MHU shifts and/or rotates due to X
airflow and vibrations
R.6 MHU slides onto sliders X
R.7 MHU topples backwards over sliders | X
MHU shifts and/or rotates due
R.8 X

to secondary (loose content) impact
Overrotation of MHU due to

R.9 X
angular momentum

MHU shifts and/or rotates during

sorting due to airflow

R.10

MHU has an excessive rotation
R.11 ) X
radius

R.12 .MHU deformation results in an X
increased transport length

MHU jams between slider and

R.13 X
slat
R4 MHU rotates due to insufficient X
support
R.15 MHU slides along the sliders X
R.16 Damage to either slider or MHU X
due to contact pressure
RAT MHU interferes with adjacent X
MHU
R.18 MHU jams between two opposite X
side positioned sliders
R.19 MHU jams between sorter and X

outfeed

R.20 MHU decelerates when contact X
with sliders is lost

Table A.1: Conclusion parcel behaviour analysis

Note 1: A detailed justification for the parcel behaviour conclusions can be found in Section D.7 (confi-

dential appendiz)
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A.10 Sorter performance increase calculations

A.10.1 Length decrease due to reduced rotation overshoot

If the sorter does not manage to push parcels into the outfeed in the required orientation,
the outfeed width has to be increased (Woyt feed margin)- The new sort trajectory reduced
the orientation error by about 8° and this is not even a critical parcel yet (so this reduction
could even be bigger). For a parcel with maximum dimensions W,x, = 900 mm and

L,he = 1000 mm, the outfeed margin can be calculated as follows:
Wout feed-margin = 5in(Aberror) * Lihu = 139 mmm (A.12)
This is an outfeed width increase of 13,9 %. So, if all parcels handled by the sorter would

be similar to parcel A9 used in test the sorter length could be decreased by 14% with

the new trajectory.

Aeerrur/ - <l \\\
'/// \ ‘//_,_,

Parcel P

"

../’// & @\ o
" Outfeed QN G F

“\ e
\ i

N
\\/_/—
Sorter

Figure A.10: Parcel length distribution for small parcels

i

A.10.2 Sorter width decrease due to reduced rotation radius

The prototype reduces the distance (in y-direction) required to rotate the parcel from 0 to
30 degrees by 99 mm [6.3] When the parcel has an initial orientation of —30°, the reduction
is 195 mm. On an avarage sorter width of 1200 mm this could result in a 8,5 % and 16 %

width decrease.
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A.10.3 Improved COR location

The parcel in Figure D.18 (confidential appendix) uses 927 mm in the x-direction through-
out the sort action with the current slider design. With the friction diode, this distance
is reduced by 16 % (to 775 mm). In case the whole flow of products would consist of this
parcel type in this orientation, the friction diode would thus have the potential to increase

the throughput capacity by 16 %.
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Appendix B

Conceptual design

B.1 Design parameter table

Design parameter objectives are derived in Chapter {4] for the seven most significant un-

wanted parcel behaviour types that were found. These objectives are summarized in Table

B.1and B2

Reference Hgtiger | Ltider | Watider | ts_tan Hsaz | Tspe Yspe Zspe
F1 Min:r N
2 —30° < Oppu < 30
=|F2 Max Max +
& Min -
g|F3 o ) Min
] 30° < Oy < 60°
= .
£ M
S| F4 in + Max Min
g —30° < Oy < 30°
a8} "
Min -
Sequential sort n Min
F. 30° < Oppp < 60°
Max
Parallel sort 0 < Zspe < Witider Center (for all 6,,1,,,)
—90° < Oy < 90°
F.6 0° < Ompu < 30°
F.7 >30 mm
0, =60+£5°
Control related i ?Q
Omhy =305 . e
X Minimize variation . .
Wear related Min (Msiider) Min Min
— over all €,
Noise related
Energy use related
Boundary condition ‘ ‘ 0 < 2spe < Watider 0 < Yspe < $Latider | 0 < Yspe < 3 Hatider

Table B.1: Combined design parameter

objective table (part 1)

Reference Otan_cq Oaz_cq Lo ‘ Hey | Rs
F.1 Max >
g F2 Max | Min
%é F.3 Max
¢| F4 Max <
g Sort with rotation
8| F.5 - - >
8 Sort without rotation
ElFe >
F.7 > 25mm
Control related
Wear related
Noise related
Energy use related Min | Min
Boundary condition —90° < Orancg < 90° | —90° < Oz cq < 90°

Table B.2: Combined design parameter objective table (part 2)
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B.2 Morphological charts

The morphological chart in Figure and show the solutions found in a brainstorm
per function. This section does not consider solutions related to the design parameters
(explained in Section . An example would be increasing the slider height as a solution
for function ”F.2”. This solution is not considered here because it is already considered
during the conceptual design process. The solutions are graded (++,+,+/—,—, ——)
on their implementation cost and expected effectiveness (in accomplishing the function).

These aspects are indicated with a ”C” and "E”, respectively.
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Solution 1 Solution 2 [ solution 3 [ solution 4 [ Solution 5
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o
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F.3 | Reduce ower
rotation of the
MHU due to
angular momentum
F.4 | Reduce the rotation | Control the input x- Exert opposite force on the percel to increase rate of rotstion Changs
radius of the MHU | position of the parcel support
m pressure
y distribution
Suction Active friction control
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- e = o by —
Apply vacuum Pre-position or slide shoe with 1 Lift parcel by
= suction force high friction pad under the s of
......... parcel incline
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lifted to contact the
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C:+ E- e Er4s CH- E+ ga E 4 s Ea
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MHU due to impact | - . !
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[messurad) parcel orisntation
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Figure B.1: Morphological chart (part 1)
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Figure B.2: Morphological chart (part 2)
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I
i
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Figure B.3: Morphological chart -
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B.3 Groves in slider surface

AN LOW Zgpc

(b) Force parcels down (maximize

(a) Maintain a low pressure center 6az_cg) (c) conflict solution

Figure B.4: Design rationale of groves in slider shape
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Abstract

The performance of a Push Divert Sorter (PDS) is highly influenced by the design of components
interacting with parcels. The shape and materials of these components influence the locations, directions
and magnitude of forces acting on parcels, which influences their dynamic behaviour. The influence of the
design of these components on the system performance is analyzed, and an improved design is proposed
and assessed.

Keywords: Material handling, Automated sortation systems, Push divert sorter, Design optimization, parametric design

Worldwide parcel shipping volumes are continuously increasing [8]. Automated material han-
dling equipment is key in accommodating this increase. The performance of this equipment requires
continuous improvement. The need to handle a broad range of parcel types together with high
throughput rates are major challenges the industry is facing. However, a research topic that has so
far received little attention is the design of parcel interaction components. These are components
that come into contact with parcels throughout the sorting process.

A new-generation PDS aims to push the boundary in terms of throughput capacity and parcel
variety. To maximize the performance of this system, research is done on the influence of the design
of parcel interaction components on the system performance. Moreover, for further performance
improvement, the utilization of increased manipulation capabilities offered by the new sorter design
is also explored.

The performance of automated sorting systems is influenced by the behaviour of parcels. Research
into parcel behaviour on automated sorting equipment is mainly done by T. Piatkowski. Over a
series of studies [4], [5], [6], [7] Piatkowski build models to analyse and simulate dynamic phenomena
occurring on automatic sorting systems. However, this research is limited to a single cardboard box.
Also, only impact events are analyzed, other parcel behaviour is not researched.

The behaviour of parcels on a PDS can be analyzed using theories of planar (two-dimensional)
pushing mechanics. M. mason laid the groundwork for this research topic, introducing the friction
cone and defining methods for predicting the direction of rotation when an object is pushed [3]. K.
Lynch built upon this work and introduced a method for analyzing the stability of an object being
pushed by using graphical representations [2].



2 D.K.J. van der Wielen ef al.

1. System analysis and design requirements

The system being researched has been proposed by M. de Jager [1] and comprises of a series of
beam-like components referred to as carriers (see Figure 1a). Each carrier is equipped with a movable
plastic block called the slider. The motion of each slider can be controlled individually by an electric
motor as indicated in the figure. The carriers and parcels positioned on top, move in the indicated
transport direction. Outfeed lanes are positioned on the side of the sorter. When a parcel nears its
desired outfeed, the sliders start moving, pushing the parcel into the outfeed, this process is also
referred to as sorting. This sorting process can be done in one of two ways. If a parcel fits into the
outfeed in its initial orientation, it is sorted by a pure translation. If this is not the case, it is first
rotated to align with the outfeed and then translated into the outfeed (Figure 1b).

- " Slider motion
Transport direction

Carrier
Slider

Parce\
\/
4

\ Y Drive motor.

a)

Outfeed
A

Figure 1. a) System overview, b) Sort strategies

The position and orientation of the parcels are only measured when they enter the system. It
is thus not possible to correct any unexpected parcel behaviour once on the sorter. It is therefore
important that the actual parcel state (position and orientation) is close to its expected state when
entering an outfeed. Large deviations between the actual state and the desired state could result in
the parcel being sorted into the wrong outfeed, or not fitting in the outfeed. Three KPIs which are
considered to be important for maximizing the accuracy of the sorter are shown in Figure 2. These
are the position in x and y-direction(Axesror, Aerror) and the orientation (A8 eyor). These KPIs should
be minimized at the moment a parcel enters the outfeed.

Besides accuracy, also the throughput capacity of the sorter is influenced by parcel behaviour.
The total space required for a single parcel (highlighted in red in Figure 2) is influenced by the
x-displacement during sorting (Axeror). The amount of space required for a single parcel influences
the density of parcels on the sorter, which influences its capacity. Finally, besides accuracy and
capacity, it is also important that both parcels and the sorter are not damaged during the process.
This concludes the following KPIs which should be minimized:

Table 1. Design KPIs

AXerror x-position error Throughout entire process

Ayerror y-position error
AO orror Orientation error | When entering outfeed
Parcel Damage Throughout entire process

Sorter Damage Throughout entire process




Accuracy Capacity
Expected parcel state N (m Total space required

[ Actual parcel state

AXE"OT

AYerro
YA Y vy
Y Aeerror
X X X

Figure 2. KPIs

2. Parcel behaviour analysis
The behaviour of parcels is influenced by a range of different aspects, three of which can not be
influenced. These are the following:

* Parcel characteristics: (dimensions, weight, overall geometric shape, base shape, packaging material,
content, structural rigidity and yield strength);

* System configuration and settings: (outfeed angle and transport speed);

* Initial state of parcel (input state): (position and orientation).

These aspects are referred to as uncontrollable input variables. The whole list of uncontrollable
variables is summarized in table 4 in the appendix.

The behaviour of parcels is also influenced by the design (shape and material) of the parcel
interaction components, which are the sliders and carriers. Moreover, the slider trajectory also
influences the behaviour. The design of these components is translated into parameters which
represent their most important properties (see Figure 3). Parameters such as friction coefficients are
split into orientation and direction-dependent components to gain detailed insights into the influence
of certain properties. Moreover, the tangential slider friction coefficient (indicated as s 14y in the
figure) is a function of the parcel orientation.

z ‘ Transport direction Dimensions Pressure center location‘.y Local contact geometry

Friction W, Local contact
slider _‘

coefficients

curvature 0 tan_cg (Xepc) /

o \\
/ eax_cg(25|3:)

7 [ \
'7‘ /H- ‘
4 \ /

s ton (Bruna) | Ssidery

Contact area between
slider and MHU

A 4
/ Contact area between
MHU Carrier Slider slider and MHU

Figure 3. (controllable) design variables

Numerous modes of potentially unwanted parcel behaviour are identified from analysis and
observation of the sorting process. The influence of the design parameters and input variables on
each mode are analyzed using available formulas and theories. These insights offer the basis for a
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realistic critical load scenario test. Such a scenario relates to a parcel with poor characteristics (given
the specific problem being tested) in a critical initial position and sorter settings. The parcel behaviour
during such a critical scenario is tested on the setup illustrated in Figure 8. A tracking camera records
the parcel trajectory throughout the sorting process. The KPIs are extracted from this measurement
data.

From this analysis, seven problems prove to impact the KPIs significantly and thus require
improvement (Figure 4).

/P.l - Damage due to \ ﬁz - Underrotation duem ﬁ?, - Overrataiion due\ ﬁ.ﬂf - Unwanted rotatiorm

exceeding pressure insufficient rotation rate to angular momentum due to insufficient support

ﬁs - Increased space usa Kp,s - Slide along sliders dh ﬁ? - Slide onto sliders d@

due to inefficient rotation to insufficient traction to insufficient traction

Figure 4. Most significant unwanted parcel behaviour

3. Conceptual solutions
To reduce these problems, both improved slider trajectories and improvements to the design of the
sliders and carriers are explored.

In the current sort strategy, there is certain unwanted behaviour related to the rotation of parcels
(Problem P.2, P.3 and P.4 in Figure 4). Based on the analysis of these problems, an improved slider
trajectory is derived. This new trajectory reduces the angular velocity during the sorting process.
This decrease in angular velocity is expected to significantly improve the parcel rotation behaviour.

3.1 Conceptdesign

Since the design parameters have been used for analyzing the parcel behaviour, it is possible to
define objectives for each design parameter in order to reduce the problems. These design parameter
objectives are summarized in table 2 and 3. This presentation of the design objectives gives a clear
overview of any present conflicts.

Both the shape and friction characteristics of the concept design are carefully chosen based on
these objectives. Conflicts on the parameter level are resolved by looking at the component level.
For example in the table can be seen that there are multiple conflicting objectives for the tangential



slider friction coefficient (its_ran). Yet, when looking specifically at direction-dependent components,
it can be found that the majority of the conflicts have differing directions (indicated with a "+ or
"=" symbol). A single-direction friction material or component would in this case thus resolve these
conflicts. Taking into the boundary conditions also provides an opportunity to resolve conflicts.
Using this methodology resulted in the concept design shown in Figure 5.

High friction
material

Low friction
material

Friction diode

Figure 5. Final concept slider design

The main features of the new design are shown in Figure 6. The slider’s shape is carefully chosen
to satisfy the pressure center location and contact geometry objectives. Components with specific
friction properties are positioned at specific positions on the slider. Due to this, parcels encounter
four different friction coefhicients depending on their orientation and direction of movement (see
Figure 7).

3.2 Experimental results

Experiments are performed to assess the effectiveness of the design and slider trajectory improvements.
One of the aspects of the concept design that requires testing and assessment is the friction diode. A
prototype is therefore created which can be mounted on the test setup (Figure 9).

The new slider trajectory, which decreases the angular velocity, aims to reduce the overrotation of
parcels (problem P.3). Figure 10 shows the performance improvement (%) in terms of the orientation
error using the new trajectory. This is calculated using Equation 1. The solution almost completely
eliminates the overrotation (after a distance of 500 mm).

The rotation behaviour using the prototype also showed significant improvement. The rotation
rate increased (as can be seen in Figure 11 and 12). The distance required to rotate the parcel to its
desired orientation is reduced up to 34%. Also, the rotation is done in a more efhicient way when
looking at the x-displacement (Figure 13), reducing the displacement in this direction by 16 %.

Moreover, problem P.6 is also mitigated as is shown in Figure 14. This Figureshows the x-position
of a parcel during the sort action. After some initial shift due to rotation, it can be seen that the
prototype functions as expected and prevents further sliding of the parcel along the sliders.
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Finally, the whole slider design features rounded edges with a minimum radius (confidential).
This curvature is validated (on test setup 15) to be sufficient to prevent damage due to contact pressure.

4. Conclusion

In conclusion, a methodology of KPIs-based testing with a tracking camera enabled analyzing the
effect of unwanted parcel behaviour on the system performance for a broad range of parcel types. The
most significant problems related to parcel behaviour have been identified (Figure 4). An improved
slider trajectory has been proposed and tested for effectiveness. Moreover, a concept design based on
design parameter objectives is presented. The new design improves parcel behaviour significantly.
Finally, the carrier design can be used as a final measure for improving the remaining problematic
parcel behaviour. This can be done based on the design objectives presented in Table 2 and 3.
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Appendix 1. Conceptual design

Tables 2 and 3 show design parameter objectives to reduce the seven problems which were found.
Moreover, also constraints and objectives on other important aspects are given, these are: control,
wear, noise and energy use.

Table 2. Combined design parameter objective table (part 1)

Reference Hider Liider | Wilider | s tan Msax | Xgpe Yspe Zspe
°
koS
T
D .
¥
é F1 Min
£ =30 < 6, < 30
2
@
o
F.2 Max Max +
F3 Min - Min
30 < 0, < 60
F.4 Min + Max Min
=30 < 0,y < 30
F.5 | Sequential sort Min - Min
30 < em/m <60
Max
Parallel sort 0 < xgc < Wiiger Center (forall ©,,,,)
90 < 0, < 90
F.6 0 <8, <30
F.7 >30 mm
' = Minimize variati . '
Control related Min (1mg;4.,) O = 60 £5 inimize variation Min Min
0, =30£5 overall ©,,,,
Wear related
Noise related
Energy use related
Boundary condition ‘ ‘ 0< Xspe < Wv/r’r{cr 0< Yspe < %Lxlfdl'r 0< Yspe < %F[xlfd('r

Table 3. Combined design parameter objective table (part 2)

Reference o a0 Oux_cq Mex | Moy | R
°
®
®
8
c F.1 Max >
©
£
K]
o
o
F.2 Max Min
F.3 Max
F.4 Max <
F.5 | Sequential sort >
Parallel sort
F.6 >
F.7 > 25mm
Control related
Wear related
Noise related
Energy use related Min Min
Boundary condition =90 < Brangg <90 | -90 < Bax ¢ < 90
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small parcels pressure center location
# N
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Figure 6. Main features of new slider design

-45 ° < Oparce1 €45 °
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45 ° < Bpareel < 90°
-90 ° < Bparces < -45°

Low friction coefficient s
High friction coefficient s

Figure 7. Friction coefficients slider

Appendix 2. Experiments

The test setup used for the parcel behaviour experiments is shown in Figure8. The slider trajectories
can be generated on a dedicated computer. The motion of the parcel is measured by tracking
reflective markers attached to the parcel with a tracking camera positioned above the setup. The
KPIs are derived from a data file extracted from the camera.

The friction diode prototype shown in Figure9 consist of metal component with a diameter of
30 mm which has a ratchet and pawl mechanism inside, enabling rotation in only one direction. A



Tracking camera

‘ I L

e ' Reflective
7

AR / 7/ markers

Y P e

Individual slider control

 Test Setup

Figure 8. Test setup for simulating sort behaviour

rubber tape around the ring provides a high friction coeflicient. This component thus effectively has
a high friction coefhcient in one direction and a low friction coeflicient in the other direction.

Figure 9. Friction diode prototype

Appendix 3. Measurement result graphs

The measurements below show the performance improvement (%) of the solutions in terms of the
orientation error. The position of an outfeed (in the y-direction) depends on the initial position
of a parcel, therefor the motion of the parcel is plotted over the entire range of initial y-positions.
The first possible outfeed position is highlighted with the vertical line. The overrotation is reduced
significantly as can be seen in the graph.

IAegm)r_old = |Aeerror_new|

0
A0 * 100% (1)

error_old |
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Figure 10. Reduce overrotation with the new slider trajectory - test results

Graph 11 and 12 show the orientation of a parcel throughout the sort process for both the
current slider design and the prototype design. The rate of rotation is significantly improved with
the prototype. Due to this the prototype requires 34% less distance in the y-direction to reach its
desired orientation.

100 [ N —

50 {-— : f"f ‘\

[——TFriction diode prototype

——Equal performance
-100 AR

Friction diode prototype
with new trajectory

Orientation error improvement [%]

-130

0 37 124 207 287 362 459 561 668 772
y-position of MHU center [mm]

Figure 11. Increased rotation rate using prototype design - test results
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Figure 12, Increased rotation rate using prototype design (-30 degrees initial orientation) - test results

Graph 13 and shows the displacement of a parcel in both directions for the current design and
the prototype. The amount of space required in the x-direction is decreased by 14 % when using
the prototype.

x-displacement error, Ax,,,., [mm]

100

w
o

o

&
S

-100

-150

-200

-250

-300

ez i .~ ) S s s e

—Up. x-displ. current design

——Down. x-displ. current design
-Up. x-displ. friction diode prototype

Down. x-displ. friction diode prototype

0.0 0.1 0.2 0.3 03 04 05 06 0.7 0.8
Time [s]

Figure 13. Improved rotation center using prototype design - test results

Friction diode

Current design
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——Low friction coefficient slider

——Friction diode prototype

Center x-position, Ax,,,, [mm]

00 01 02 03 03 04 05 06 07 08 08 09 10
Time [s]

Figure 14. Reduce slide along sliders using prototype design - test results

Pressure
shape

Hsample

Figure 15. Test setup pressure test

Appendix 4. Inputvariables



Table 4. (Uncontrollable) input variables

13

Parcel characteristics

Input variables | Description Range
Lparcel Parcel length 50 < Lpuyeel < 2438 mm
W bareel Parcel width 50 < Wieel < 1067 mm
Hpareel Parcel height 1 < Hpypeel < 914 mm
MpPareel Mass of Parcel 0.02 < mpy < 70 mm
L o Moment of inertia Noan e et e
N of Parcel around x-axis
Iy - Moment of inertia T
N of Parcel around y-axis
L o Moment of inertia T T
- of Parcel around z-axis
COM positionin
Xcom . P . %L < Xeom < %L
x-direction
COM positionin
Yeom . 2 . %WSYcamS%W
y-direction
COM positionin
Zcom . P . 0 < zoom < %H
z-direction

Structural rigidity

Strength

Content stability

Pressure profile between

slider and Parcel

Rigid, semi-rigid,

limp or soft

Strong, average or weak
Fixed, semi-fixed,
semi-loose or loose
Centered or spread out

Concentrated or distributed

Parcel input state

Initial parcel position in
YParcel_initial y-direction (when fed to
the sorter)

Initial parcel position in
XParcel_initial x-direction (when fed to

the sorter) with respect to the carriers

200 S yparm/_initial S (Wson‘er - 200) mm

0< X Parcel_initial < 127 mm

Initial orientation
eparcelfinilia[ .
(around z-axis)

-30 < 0,

arcel_initia

1 <30

Sorter settings

Transport speed of sorter

Vtransport . ) ) 1 mls < Vtransport <35 mls
(in x-direction)
vy Divert speed 1,27 m/s
a_{slider} slider acceleration 1 mls®> < agigy < 10 m/s?
20 < Xyyfeed < 30
Kougfed Outfeed angle = Poufeed =
(wish: up to o feed = 45)
Wsorter Sorter width 1000 mm, 1300 mm and 1400 mm

slider/carrier pitch !

Sort direction

127 mm
Single sided and dual sided

Sort strategy

Parallel and sequential

1) The slider/carrier pitch is fixed since the new carriers should be retrofitable on older generation sorters.




	Introduction
	Literature
	System analysis and design requirements
	Unwanted parcel behaviour analysis
	Conceptual solutions
	Results
	Conclusion and recommendations
	Figures and calculations
	Conceptual design
	Research paper

