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Abstract: With the advent of cellular transportation systeigalogistics met a completely new concept
of materials handling. The advantage of this teghaiis its ability to provide increased productvénd
flexibility of material flow combined with a higkegree of automation. Despite many advantages,nthe i
dustry has hardly adopted the concept, due to kiggt and the effort that is necessary to develep th
hardware. Implementing modular assembly kits cdp heduce the workload. In addition, modular as-
sembly kits allow for a simple exchangeability ofnponents based on individual requisitions. The pur
pose of this paper is to present a new modulargiiesatalog and knowledge representation for autono-
mous shuttle vehicles, providing an integral apmlvavith the advantage of both open path navigation
on the shop floor as well as inside an automatecage system. Current systems are analyzed acaprdin
to their tasks and functions. With the resultshef analysis, requirements of possible new systeendea
fined. Based on a requirements list, four essemstiddassembly modules are categorized: carriage and
drive train, sensor technology and control, enengyanagement and load handling devices. In a
knowledge-based engineering approach the inteni@iahips and dependencies between each module
are demonstrated. The combination of technicaltamis contained in the design catalog allows the-cr
ation of several potential systems. A total of ¢hexemplary shuttles are described from differet p
spectives: the shuttle "flexible" is able to handbeltiple loads with varying dimensions, the slauttl
"standard" describes a single load system simitavethicles currently used and finally the shutbedg-

et" that provides similar functionality at a loweost.

Key words: shuttle system, autonomous guided vehicle, cellubnsport system, function-oriented
modularization, assembly kit, modular design cajalo

1. INTRODUCTION authors are convinced that this is not due to &idety

As the markets got more and more volatile over theof the concept but rather caused by high cost &t e
last years, logistics service provider had thedasing  necessary for hardware development.
need to deal with changing performance requirememts It is evident that there is a demand for flexibled a
intralogistical material flow systems. Since corti@mal  changeable system architecture, because the ¢gtast-
conveyor techniques and automated storage andvatri ation of material handling systems aims to fulfilich
systems as well as the methods used to plan su@tima requirements. However current systems that incatgor
al flow systems cannot fulfill these challengesjuter  the concept are often a combination of severaviddal
transport systems were developed. The basic comfept systems that have been developed for other specific
cellular transport systems is to replace conveaticon-  tasks. For example the storage process is handled b
veyors with a decentralized material flow system bygnelf operating shuttles, while the transportatidrthe
distributing the necessary fu_nction_s to a swarrsrqﬁll goods to other areas of the warehouse (e.g. watioss)
seli-organized fu.nctional units. Th's enables mh@ is accomplished using autonomous guided vehicles. A
gree of automation but still provides the flexityilito saving in time and money can be expected simply by

change the system according to the operator's wurre avoiding the internal transshipment between thévide

needs [1, 2]. ual entities
Despite the many advantages of cellular transport '

systems the industry has hardly adopted the contépt

1.2. Current research activities
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Fig. 1. Fraunhofer Multi Shuttle [source: Dematic GmbH].
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Fig. 2.Ylog AiV [source: Knapp Inustry Solutions GmbH].

In the following sectiorcurrent systemare analyzed
on a structural levelith a focus on hardware devp-
ment. There are several systems that try to replan-
ventional conveyor technique batly two qualify as real
application of cellular transport syste|

1.3. TheFraunhofer Multishuttle Move

The Multishuttle Move was developin a close co-
operation by the Fratofer Institute for Material Flo\
and Logistics and the company Dem GmbH. It was
the very first prototype that wamiild based on the idea
of decentralized acting entities (Fig. 1).

The vehicles are very similar to the first genena
Dematic $uttle vehicles. For example tt share the
same chassis. While located insideseking system the
vehicle is railguided and hence can only move up
down the aisle. In order to operate like an auteoh
guided vehicle an additional drive train and selvenzart
sensors were added. Each vehicle weighs 13.nd can
carry a payload of 40 kg [1, 2, 5, 6].

1.4. Ylog AiV (Ylog-Shuttle)

The autonomous intelligent vehicle (AiV) winitial-
ly devebped by the company YLOG GmbH that is n
a subsidiary of Knapp AGFig. 2. The shuttle is also
rail-guided but its unique selling proposition is ar-
wheel steering. Beside normal operations this ial
steering concept enables driv at right angles inside the
racking system. Furthermqrehe system is equipped
with lifting devices that canarry the whole shuttle vi-
cle. This allows the AiV taeach any storage comt-
ment in the racking system.

In contrast to theMultishuttle Move, the AiV is not
equipped with the samexten of sensors. Transportation
based on open path navigation is not possible ha
rail-based infrastructure is necessary outside a rat
system.

The AiV can handle small load carriers with &y-
load of up to 50 kg [7].

1.5. Aims and goal®f the researct

The main pupose of this paper is to present a r
modular design catalog and knowledge representédic
autonomous shuttle vehicle&n integral approach based
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on specified functions, related requirements ansige  mation of the intralogistical processes to a fuoral
modules is investigated. The advantage of open patistructure.
navigation on the shop floor as well as inside ato-a

mated storage system is considered. 2.2. Requirements of the system and its components

In order to develop a method to design a modular ma
2. MATERIALS AND METHODS terial flow system the modularization strategy tade

The VDI-2206 [8] V-model as macrocycle is chosen defined [13]. The process of modularization thafuisc-
as basic approach for the elaboration of the desiga- tion-oriented is based on the ideas presented4hdtd
log. Further details of the system are derived qushe  [15]. Figure 4 illustrates this function-orientecddulari-
general guidelines VDI-2221 [9] and VDI-2222 [1@ff zation for autonomous shuttle systems. Starting wie
product development and construction methodology. highest degree of abstraction the global systemimeq

ments are defined by the strategic targets and tafsihe
2.1. Definition of system boundaries and functions individual warehouse. The sub-elements of the auton

The goal of cons_olidat_ing autonomous f[ransport-vehi mous shuttle system in the first layer of the grapbp-
cles and shuttle vehicles in an integral desigreephcan  — resent the functions resulting from the global iesgu
be reached by modifying the current system bouadari ments. With increasing concretization within anétae

by either 1) adding the racking system to AGVs pby . .
adding the warehouses shop floor to conventionattleh micro cycle of the V-model, -the local requiremefus
systems. The second approach is presenteo‘?aCh sub-system can be derived from the globaksyst

Intralogistical processes of warehouses demangjlayhi "équirements. Each sub-system consists of technical
sophisticated system design. Consequently, in its¢ f modules. The main-functions are divided into sub-
step the complexity needs to be reduced by intiodue  functions and assigned to the technical modulegngv
hierarchical structure, as proposed by generalesyst technical module consists of further sub-moduldsesE
theory. Every process that is identified as beisgpatial  sub-modules represent the most detailed level anden
for the material flow system is specified and dineed.  5re very concrete. The degree of abstraction ielew
Q;rsmreizlrjg the key functions can be defined asnmai .,ntinyously until all requirements are charactstiz

In accordance with VDI-2411 [11] and VDI-2860 Table 1 shows ﬁ‘” exlampl'e of global req?'re”;ghts. of
[12], the following functions are vital for autonomms the system as well as OC? requwer.nents: 9r t i ni

sub-modules. The group wise clustering similar tdi-o

shuttle systems: : s .
. convey/transport material; nary assembly groups that is shown in Fig. 4 issalt of

« handle material: change (sort, divide, merge), secu the hierarchical structure and can be used to eleal
« store material. assembly groups on the fly. This is useful in oraefind

Figure 3 depicts the essential functions thatiakeett ~ solution principles that are likely to fulfill thadividual
with the necessary flows of energy, material arfdrin  tasks.
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Fig. 3. Functional structure of autonomous shuttle systems.
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Fig. 4. Functioneriented modularization of autonomous shuttle sgstby using the -model

Table 1
Excerpt of the requirements list
Organizational Description of require- Value
and process ments
data
Type | Phase Unit
System
General basic conditio —
Throughput [TU/h]
Availability [%]
Storage capacity -
Nominal power consup- [kW]
tion
Load carrier
Type -
Dimensions [mm]
Mass [ka]
Payload [ka]
Specific properties -
Shuttle vehicle

Dimensions [mm]
Total mass [ka]
Total payload [ka]
Freedom of movement -
Max. speed [m/s]
Max. acceleration [m/s?]
Nominal power [W]

Following the guideline VDI-251016] the following

subassemblies can be identified for autonomoustist
vehicles:

undercarriage: travellingear concept, suspensit
drive train, steering, brakes;

load handling device;

warning and safety devices;

vehicle control system;

energy supply and management;

operating elements;

devicedfor position determination arlocalization;
data transmission.

Design elements

Module 3: Energy supply
and management

Module 4; Load handling
device

Maodule 2: Control
system

Module 1: drive train

Fig. 5.Modular design of an autonomous shuttle vel.

Since modularization is a prerequisite of the de
catalog, the subassemblies are grouped into abfe:
assembly kit that can easily be changed and ade
This "further enhances the flexibility. The struetuis
shown in Fig. 5. Finallysome subassemblies are cd-
idated into one module.

3. RESULTS
3.1. Modular design catalog

On the basis of welthown solution principlefrom
autonomous transport vehicles aconventional shuttle
vehicles a complete design catalog is compilThe
purpose ofa design catalog ito assist in a systematic
engineering process witktructurc and accessibility to
knowledge. The formadescribed ir[17] is used for the
one-dimensional desigratalo.

The knowledge that is contained inside is base:
literature and guidelines like V2510, the authors ex-
perience and industrgecepted technologit

Additionally all determiningparameters and interfac-
es for each subassembly digted. The quality of the
parameters and the values respectively are asseasec
on the information’s certainty arare marked in colors.
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3.2. Knowledge representation

Physical interrelationships represent all direcn-

To demonstrate thénterrelationshis between the nectons that transfer forces except for mechanical pe

physical, mechanical,
relations.

modules of the assembly lkat design structure matrix which is represented by the mechanical ones. kdat
used. Classes ofinterrelationships are defined as interrelationships primarily represent the transiois of

electrical and informatic electrical power and have to be subdivided intana-

nent and regulated energy supphcording to the elec-

Fig. 6depicts the complete design matrix showin¢  trical components. All informational interrelatidngs

four types of relationand clusters that are autoiically represent direct or indirect connections ~system) that
determined by the program.

are used to exchange information and 1
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Fig. 6. Design structure matrix.

Table 2
Excerpt of the modular design catalog showing different types of load hatidg device:
Classification part Principal part Access part
Type of L . L Multi-deep Type of load . max. Package
. Basic principle | Implementation Common name Generic picture . Velocity
handling storage carrier payload space
1 2 3 1 Nr. 1 2 3 4 5
Pull Chain Chain conveyor 1 no tray 0,6 m/s 250 kg 10
Carry over
Grasp, clamp Guide rail Clamps 2 yes bin/tray 1,2 m/s 100/250 kg 9
Belt Telescopic belt 3 yes bin/carton 0,8 m/s 50 4
Telescope - :
Telescopic table 4 = bin 0,4 m/s 50 7
Underride Table —
Lifting table 5 no all - 500 kg 3
Rigid plattform
Fork Fork 6 yes palett - 1.000 kg 7
Belt Belt conveyor / 7 no all 0,5 m/s 1.000 kg 6
4%
Pass over Convey
Roller Roller conveyor H |:| H H 8 no all 0,5 m/s 1.000 kg 6
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Fig. 7. Graph showing ur- and bidirectional dependencies between the subatise.

Fig. 8. Rendering of the shuttle ‘flexible’ carrying two M.

Fig. 9. Rendering of the shuttle standard.



M. Schadler, N. Hafner and ®olfschluckne / Proceedings in Manufacturing Systems, Vol. 442, 2016 / 103108

107

Fig. 10.Rendering of the shuttle type budget.

Another possibility to illustrate the dependendbe-
tween the subassemblies is depicteFig. 7. The arrows
in the graphlinking the elements can be either - or
bidirectional resembling the reciprocal influen:

Finally the knowledge can be concentrated usin
ontology editor. The ontology can bebrowsed using
queries. This allows the illustration of;

» the modular structure;

» exemplary instances of tlassembly k;

» the main determining parameters;

» the degree of requirements fulfillme based on the
requirements list;

» reciprocating influencelsetween the modul;

« the interrelationshipsccording to the design sc-
ture matrix.

3.3.Design concepts on a modular bas

The simplicity of the modular design catalog
smart visualizatiorof the knowledge representat can
be used to develop thertinent moduleof the assembly
kit and to form an autonomseushuttle vehicl without
hassle A total of three exemplary shuttles are desci
from different perspectives to demonstrate the lo#i-
ties of the elaborated engineering conc

The first prototype is calledflexible”, as it is the
most v ersatile draft. It is designéd handle multiple

loads with varying dimensions ranging from -
800 mm. This is achieved by using a load handliie-
vice that is adjustable in length. Furthermore kbad
handling device igapable of storing goods double d
in the shelves of the racking sys! to increase storage
density. The chassis is conceived as to-resistant
sheet metal constructiohe divetrain is configured as
all-wheel drive and alwheel steerin, providing the
highest degree in freedom motion. A lithium based
battery system in conjunction with capaci, provides
power to keep the vehicle up and running duringor-
mal work shift. Figure 8hows a rendering of ttshuttle.

The second shuttl@=ig. 9)is called "standard”, as it
describes a vehicle witlconventional but indust-
proven technologylt is designed to carry a single lo
with static dimensions of 40x 600 mm. The chassis,
drivetrain and steering argentical to the first solutio

The third shuttle (Fig. 10% called"budget” as it pro-
vides similar functionalityat lower cos. The focus is set
on practical solutions. Thisomes witl compromises,
e.g. in terms ofreedom of motio. The drivetrain is able
to provide open path navigati, but only with two de-
grees of motion because tlséeering is designed as a
differential drive.The energy supply is based on ~
efficient NiMH accumulatorlt is able to carry a mven-
tional small load carrier.

o . Function-oriented
sc?)ezn;t:gns Ozg;%;%ﬂ modularization and Elaboration of solution
P pec | determination of global - principles
of comprehensive tasks and local requirements
v
Classification of Assessment of EF zﬁﬁ s;(irﬁiveggéﬁg
subassemblies in a ——>| interrelationships and [——= to form an aut)(;nomous
modular manner dependencies shuttle vehicle

Fig. 11.Overview of design concept.
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4. CONCLUSION

An innovative design concept (see also Fig. 11ngisi
a modular design catalog has been introduced slstas
engineers in defining the products capability andcf
tionality using proven guidelines. A function-orted
modularization helps deriving system requirements o
different levels of abstraction leading to concretenpo-
nents of autonomous shuttle vehicles. Differentitsoh
principles can be elaborated using literature eativity
techniques.

The subassemblies can be further classified in @& mo

ular manner to form adjustable assembly kits. The[5]

knowledge representation of ontologies and dedigits
ture matrices can be used to assess the reciprgcati
interrelationships of the subassemblies and tteiame-
ters. Different solution principles can be appliedfit
individual requisitions. Finally a detailed detenaiion
of these parameters can be realized that leadsetbnal
configuration of the subassemblies and the assekitbly
Three examples with different scope illustrate pibe
tentials of the outlined process of engineering pratl-
uct development.

5. OUTLOOK

A first draft to enable a rough automatic compuotati
of parameters like driving power or operating rafge
an initial specification is implemented. This cdétion
scheme is to be expanded in the future.

A systematic materials selection for autonomous

shuttle systems as part of this research was dolisn

[18]. Further research is necessary to assess atinev
production and manufacturing technology regardieirt
suitability.
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