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Abstract

Product individualization and the need to reduce lead times put increasing pressure on production system engineering. This includes the config-
uration of assembly systems regarding a new product variant. Therefore, model-based engineering is increasingly applied in development and
configuration tasks. To combine the two popular practices of using SysML in product development and AutomationML in assembly system
development, we propose to link both in an integrated modeling approach. It aims at a seamless assembly system configuration process build-
ing upon the capabilities of AutomationML for modeling and interconnecting products, processes, and resources, including their geometries,

kinematics, and behaviors.
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1. Introduction

The trend towards increasingly individualized products can
be seen in numerous industries, such as automotive, aviation,
and sports equipment manufacturing [1]. For example, seats,
overhead stowages, and personal entertainment options such
as screens or power outlets are only a few customization op-
tions for an aircraft cabin. The wide variety and increasing
modularization of the product also demand high flexibility
and reconfigurability of the assembly system [2]. Configura-
tion tasks can include the change of assembly sequences, the
change, new allocation, or physical reconfiguration of assem-
bly resources such as jigs, tools, or robots, and also more de-
tailed engineering tasks such as programming of control code
or the change of a parameter such as the torque in a screwing
process [2-4]. These changes or even the completely new
planning of an assembly system are often manual tasks con-
ducted by experts. They require deep knowledge of the prod-
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uct as well as the assembly process, the available assembly
resources, their capabilities, and, at best, also the previously
assembled products. In many cases, product design and as-
sembly planning are carried out separately [5], and the differ-
ent information is distributed across multiple sources, which
may not be up-to-date. Therefore, assembly system planning
and configuration tasks are time-consuming and error-prone,
leading to long lead times and iterative and costly processes in
product design, assembly system design, and assembly [6].

To overcome this, digital models of product and assembly
system data are needed that are always up-to-date and availa-
ble to anyone in the development and configuration process at
the necessary level of detail and in a known and established
format for the respective task. The utilization of machine-
readable models furthermore enables automation or data-
based decision-support systems in planning and configuration
tasks, allowing an earlier evaluation of change influences be-
tween product development and assembly planning [7].
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Current approaches for model-based co-development and
co-configuration are presented in the next section, highlight-
ing the need for a common modeling concept ranging from
early product development up to detailed assembly system
planning while still enabling engineers to use their discipline-
specific modeling tools. Such a concept involving SysML and
AutomationML is proposed in section 3 and applied to the ex-
ample of a smart jig for aircraft cabin pre-assembly in section
4 before the paper closes with a conclusion and an outlook.

2. State of the Art

Current modeling approaches range from Product Data and
Product Lifecycle Management Tools, which are dependent
on rather inflexible proprietary software platforms, to Model-
Based Systems Engineering (MBSE), which is increasingly
used as a holistic modeling approach, especially in the early
development stages of cyber-physical systems [8]. In this con-
text, the Systems Modeling Language (SysML) enables the
traceable modeling of requirements and structural and behav-
ioral information at different hierarchical levels while not
eliminating the need for discipline-specific tools and models,
posing a challenge to their integration [9]. In the domain of
production and assembly system engineering, the Automation
Markup Language (AutomationML) was established as an
open, XML-based, object-oriented standard for modeling and
exchanging plant engineering data [11]. It combines the repre-
sentation of hierarchies, attributes, relations, and interfaces of
objects with geometrical and kinematic information, behavior,
and sequencing information, including control code, Sequen-
tial Function Charts (SFC), and robot programs [10,11].

Until now, concepts for the co-development or co-
customization of products and production or assembly sys-
tems mainly stayed within one of the different modeling tools
and focused on a specific configuration activity, such as as-
sembly sequence planning. For example, Schifer et al. [12]
automated the generation of production sequences from CAD
data with the help of a reference system modeled in SyML.
Sierla et al. [13] combined assembly sequence planning with
trajectory planning by modeling product interfaces and loca-
tion parameters in AutomationML. Jarvenpdi et al. [4] used
ontology modeling to implement a capability-based resource
allocation process. Similarly, Cavin and Lohse [14] present
the concept of decomposing a process requirement into lower-
level skill requirements and propose an abstract resource allo-
cation methodology. For the same purpose, products, process-
es, and resources (PPR) are defined as basic modeling ele-
ments in many approaches and also in AutomationML [11].
This well-known division is extended with a skill definition in
AutomationML by Pfrommer et al. [15]. Building upon this,
Backhaus and Reinhart [16] model products, processes, re-
sources, and skills in AutomationML to enable task-oriented
programming of assembly systems. In the aircraft cabin con-
text, Ghanjaoui et al. [5] propose a methodology to link prod-
uct development and assembly, building upon a PPR system
architecture model in SysML combined with knowledge-
based assembly process planning.

To summarize, the basic concepts used in many approach-
es to combining product and assembly system modeling are

very similar and build upon abstract PPR and skill model el-
ements. However, depending on the background of the re-
search, a more product-centric or assembly-centric view was
taken. While the former often relies on SysML, the latter ex-
plores the detail-engineering and exchange capabilities of Au-
tomationML. Thus, in the following, an approach is presented
that takes advantage of both modeling languages, ranging
from abstract product definition to detailed control code con-
figuration and enabling automated or assisted assembly sys-
tem planning and reconfiguration.

3. Assembly System Model

3.1. Common metamodel and ontology for product and
assembly system modeling

The modeling of assembly-relevant product information in
coherence to the assembly system information is a key to ena-
bling assistive or automated software tools for assembly sys-
tem configuration. To enable a mutual understanding of the
two domains while still using the domain-specific modeling
languages, a common basic metamodel must be formulated.
Berschik et al. [17] proposed such a metamodel in order to
connect the lifecycle phases of an aircraft cabin. An adaption
of this metamodel is depicted in Fig. 1. It allows a distin-
guishment between different lifecycle phases, such as product
development or assembly planning, on the one hand, and a
hierarchical level on which a model is defined, such as enter-
prise-, plant- or work-cell-level, on the other hand. On each
level, model elements of four groups can be used, namely re-
quirement, functional, logical, and physical elements. The da-
ta to be modeled is represented by different datatype ele-
ments, which consist of a name, a unique identifier, zero to
many properties, and references to internal or external data. A
datatype can be, for example, a product module, an assembly
resource, or an assembly process.

Element Datatype L

uiD

Level
|

Product Module |

Product Lifecycle Phase

Functional Element Assembly Process |

Reference

Product Development | Assembly Resource |

Assembly Process Planning

Logical Element ‘
Physical Element ‘

Fig. 1 Common metamodel for product and assembly system modeling

Berschik et al. [17] and Rath et al. [18] further defined an
ontology to connect the lifecycle phases of product develop-
ment and assembly system planning following the PPR para-
digm. Its most important relationship is refined and shown in
Fig. 2. A product module to assemble has a functional assem-
bly requirement. This high-level requirement may be broken
down into multiple assembly processes, which are then real-
ized by one or more resources that provide their skills in the
assembly system. The logical order of assembly processes is
defined in the assembly sequence. Following the metamodel,
the depicted elements are of requirement, functional, logical,
or physical-type and can all contain properties and references.
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Fig. 2 Ontology linking product development and assembly process planning
3.2. SysML modeling of assembly requirements

As mentioned in the state of the art, model-based engineer-
ing of mechatronic products is often supported by SysML to
allow traceability between product requirements, functions,
logical and physical elements. Therefore, SysML was chosen
as a modeling language for the product information in this
work. Most relevant for assembly sequence generation, re-
source allocation, and work order authoring is the information
on how the individual product modules are to be connected.
Therefore, the DIN 8593 [19] classification of joining opera-
tions was chosen for functional modeling of assembly re-
quirements on a high hierarchical level. The information on
component connections could be derived from CAD data, but
the utilization of SysML also enables traceable modeling of
assembly requirements which are derived from product re-
quirements, functions, behavior, and physical information. To
enable efficient modeling, all DIN 8593 joining processes can
be defined as stereotypes in SysML. A Block Definition Dia-
gram (BDD) is then used to depict the product structure from
an assembly viewpoint. Therein, the individual product mod-
ules to be assembled are represented as blocks with properties
such as mass and bounding box dimensions, as well as refer-
ences, for example to a CAD file. Directed associations are
used to model the relationship between these modules. There-
by, the stereotype library can be used to assign a type of con-
nection as a functional assembly requirement to an associa-
tion, as shown in Fig. 3. Further information can be added as
properties to the association, which also carries the multiplici-
ty of the components.

<<block>>
Product Module 1

<<block>>
Product Module 2

DIN8593 joining operation references
reference2 : UID2

references
reference1 : UID1

n1 property3  n2

properties properties

property1 : Type1 property2 : Type2

Fig. 3 BDD of a product module associated with another product module via
its assembly requirement formulated as a DIN8593 joining operation

3.3. AutomationML assembly system modeling

As AutomationML is predominant in research for assem-
bly system modeling, it shall be used to model the products,
processes, and resources on the assembly system side. In co-
herence with the general concept of AutomationML, the
RoleClassLibrary (RCL) is used to define generic resource
and process classes. These predefined classes can be used to
model the real available resources and processes of the specif-
ic assembly system context, such as the plant, in a Resource
and Process SystemUnitClassLibrary (SUCL), respectively.
While the RoleClasses are equipped with relevant empty

properties and interfaces from the AttributeTypeLibrary and
the InterfaceClassLibrary, these attributes and interfaces are
filled with specific values in the SUCL. Furthermore, the re-
sources are equipped with their process skills as Internal Ele-
ments (IE). From the SUCL, resources and processes can then
be instantiated in the Resource and Process InstanceHierarchy
(IH) to represent the configured assembly system for a given
product configuration, which itself is imported from a SysML
model. The different model elements and concepts are shown
in Fig. 4 and further detailed in the following subsections.

RoleClassLibrary SystemUnitClassLibrary InstanceHiererchy
Generic Resource Classes ResourceSUCL ResourcelH
Generic Process Classes —>
Generic Product Class Specific Available I Inst c |
T
Skills

ProcessIH
InterfaceClassLibrary ProcessSUCL ¥
PPR Connector Classes [Specific Awilable nst Assembly Processes
ExternalDataConnector Classes

ProductiH
AttributeTypeL.ibral

L bid i Product Structure

Property Type Definitions }—» [sysML Product Structure A |vTranslabon

Fig. 4 Overview of the assembly system modeling concept in AutomationML

3.3.1. Modeling of assembly requirements

To match assembly requirements with resource skills and
to provide a full representation of the assembly system in Au-
tomationML, the assembly-relevant product information dis-
cussed in section 3.2 must be translated from SysML into Au-
tomationML. To enable this, the DIN 8593 joining operations
are modeled as generic RoleClasses in the Process RCL.
However, the type of joint only defines an assembly require-
ment on a high hierarchical level, and assembly planners must
be able to further detail the assembly process. Therefore, the
VDI 2860 classification of handling functions, the DIN 8580
classification of adjustment functions, and additional auxiliary
and special operations are additionally defined as Process
RoleClasses in the RCL, as shown in Fig. 5a. To support the
process planning, in the Process SUCL, each DIN 8593 join-
ing operation is detailed by a sequence of processes which are
typically to be realized during the respective joining opera-
tion, as InternalElements. Fig. 5b depicts the example of an
insertion process, which is further detailed into subfunctions
following a Methods-Time-Measurement (MTM) cycle.

a 4 (@ AutomationMLBaseRoleClassLib {Version: 2.10.0 } b 4 (@ ProcessLib

4 [E AutomationMLBaseRole 4 [ 4.1_PutTogether {Role: 4.1_PutTogether)

[ Group {Class: AutomationMLBaseRole } 4 9413 _Insert {Role: 4.13_Insert)
Facet {Class: AutomationMLBaseRole } +o Skillinterface (Class: Skillnterface }
b [’ Resource {Class: AutomationMLBaseRole }
+o handledObject {Class: handledObject }
b [ Product {Class: AutomationMLBaseRole }

4 [R) Process {Class: AutomationMLBaseRole }

4 [ 4_DINB593_Joining {Class: Process }

+o targetAssy (Class: targetAssy }

+o predecessor {Class: predecessor }
b [fd 4.1_PutTogether (Class: 4_DIN8593_Joining } +o successor {Class: successor }
b [E] Reach {Role: Guide}

b [iE] Hold {Role: Hold}

b [ Bring {Role: Guide}

b {6 4.2_Fill (Class: 4_DIN8593 Joining }

b [ 4.3 Press (Class: 4 DIN8593 Joining }

b [kd] 4.4_ShapelessForm {Class: 4_DIN8593 Joining }
b [’ 4.5_Form (Class: 4_DIN8593_Joining }

b [ 4.6 Weld {Class: 4 DIN8593 Joining }

b [ 4.7_Solder (Class: 4 DIN8593 _Joining }

b [ 4.8 Bond {Class: 4 DIN8593 _Joining }

b [E 4.1.3_Insert {Role: 4.1.3_Insert)
b [ Release {Role: Release}
b [8 412 Layin (Role: 4.1.2_Layln}
b (8 4.1.4 Hook {Role: 4.1.4_Hook}
b B 4.2_Fill (Role: 4.2 Filly

4.9 TextileJoining {Class: 4 DIN8593 Joining }

4 [re] VDI2860_Handling {Class: Process }
b [ Store {Class: VDI2860_Handling } b [ 43 Press {Role: 43 Press}
b 9 4.4_Shap:
b B8 4.5_Form {Role: 4.5_Form}
b B 4.6_Weld {Role: 4.6_Weld}

b [ke] ChangeQuantity {Class: VDI2860_Handling }

{Role: 4.4_Shap )
b [’ Move {Class: VDI2860_Handling }
b [ Secure (Class: VDI2860_Handling }

> [¢] VDI2860_Control (Class: Process }

b [ DINSS8O Adjust Class: Process } b B 4.7_Solder {Role: 4.7_Solder}

b [ SpecialOperations {Class: Process } > [ 4.8_Bond {Role: 4.8 Bond}

Fig. 5 (a) Process RCL with joining processes, handling and additional func-
tions. (b) Process SUCL with joining processes detailed by subfunctions
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Translation of a SysML product architecture model into
AutomationML is simplified by an XML notation and a
common definition of the model artifacts according to the
metamodel. As shown in Fig. 6, the SysML product modules
(blocks) are instantiated in the AutomationML ProductIH, al-
so adopting the defined references and attributes. The assem-
bly requirements (associations) are instantiated in the Pro-
cessIH. Thereby, due to the common naming convention, the
SysML joining operations are matched with the Automa-
tionML joining operations from the ProcessSUCL so that also
the predefined sequence of assembly functions within each
joining operation can be instantiated or suggested to an engi-
neer for selection or alteration. Similarly, the predefined inter-
faces of the processes from the SUCL are instantiated. Among
them are the handledObject and the targetAssy interfaces,
which are connected by InternalLinks to the PPRConnector
interfaces of the products to be joined, as shown in Fig. 6.

4 %3 IH_Processes

4 [@4.13 Insert (Class: 4.1.3_Insert Role: 4.13 Insert}

<<block>> o Skillinterface (Class: Skillinterface )
Pl
\9 +o handledObject (Class: handledObject} 4

-0 targetAssy (Class: targetAssy ) 4

roforences
refURI : file://ICOLLADAPIug1.dae

properties +o predecessor (Class: predecessor }

mass : Real [1]=0.3

+o successor (Class: successor }
outerDiameter : Real [1] = 20.98

b [E Reach {Role: Guide}

b [ Hold {Rele: Hold)

b [ Bring (Role: Guide)

b [ 4.1.3 Insert {Role: 4.1.3 Insert)

1
4.1.3_lnsert

1

—bocion b [ Release (Role: Release)

Socket 4 %5 IH_Product

N

4 [@ Plug (Role: Product}
*2 COLLADAInterface (Class: COLLADAInterface }

reforences
refURI : file:/)ICOLLADASocket! dae

pro
mass : Real [1]= 1.1 +o PPRConnector (Class: PPRConnector ) 4

innerDiameter : Real (1] = 21.0

4 [@ Socket {Role: Product}
*2 COLLADAInterface (Class: COLLADAInterface }

+o PPRConnector (Class: PPRConnector } 4

Fig. 6 Insertion of a Plug into a Socket as modelled in SysML (left) and as
translated into AutomationML (right)

3.3.2. Modeling of the assembly sequence

One of the most important tasks in assembly system plan-
ning is the definition of an assembly sequence. The individual
assembly processes can be ordered not only manually, but al-
so by utilizing semantic reasoning and other sequencing algo-
rithms. In AutomationML, an assembly sequence can be
modeled by connecting the individual processes’ interfaces
“predecessor” and “successor’” with InternalLinks, as shown
in Fig. 7a. This allows the automatic generation of an SFC or
other sequence diagram as shown in Fig. 7b, which itself can
be referenced on the top level of the ProcessIH.

a b g Resources b
4 %5 1H Processes
4 [ 47.1.1 Joini {Role: 4.7.1.1_Joi
«o Skillinterface (Class: Skillinterface }
+ handledObject {Class: handledObject } b

+o targetAssy {Class: targetAssy } b

4.7.1.1_JoiningSoft
SolderRigidBody

~o predecessor (Class: predecessor }

-0 successor (Class: successor} 4

4 [i€]4.1.3_Insert {Role: 4.1.3 Insert}
~o Skillnterface {Class: Skillnterface }
+o handledObject {Class: handledObject } b
+o targetAssy {Class: targetAssy } b
~ predecessor {Class: predecessor } 4

~o successor(Class: successor} 4

4 [E 431 Screw (Role: 43.1_Screw}
«o Skillinterface {Class: Skilllnterface }

4.3.1_Screw

+o handledObject (Class: handledObject } >
+o targetAssy (Class: targetAssy } b

+o predecessor (Class: predecessor } 4
+o successor (Class: successor )

b %8 IH_Product

Fig. 7 Example of a simple assembly sequence (a) modelled in Automa-
tionML and (b) visualized as sequence diagram

3.3.3. Resource modeling and resource allocation

Just as the processes, generic assembly resources such as
tools, workers, or robots are defined as role classes in the Re-
source RCL. The specific resources available in the context of
the assembly system can then be defined in the Resource
SUCL, where properties such as cost, weight, and handling
capacity are filled with values. Geometric and kinematic in-
formation can be referenced via a COLLADAInterface. Fur-
thermore, the skills of the resource are modeled by instantiat-
ing processes from the RCL as InternalElements within the
resource. Fig. 8a and b show an example, where a worker
with the attributes payload, cost, and language offers the high-
level skills PutTogether, Press, and JoiningSoftSolder.

The skill modeling enables an automated or assisted re-
source allocation process based upon a matching of the skills
offered by resources available in the SUCL with the required
assembly processes from the IH. Depending upon the desired
level of detail, as well as the type of resource and process, this
matchmaking can take place on both described hierarchical
levels of the assembly processes. During the allocation pro-
cess, predefined rules comparing the assembly requirement of
a product module, including relevant properties such as the
weight, with the resource skills, including relevant properties
such as the payload, enable automatic reasoning. When a re-
source is allocated to a process, it is instantiated in the Re-
source IH, and the PPRConnector of its ProcesslE is associat-
ed with the Skilllnterface of the respective assembly process
by an InternalLink, as shown in Fig. 8c.

a P & Robotlib
b @ Gripperlib
4 8 Workerlib
b & AssemblyWorker1 {Role: Worker)

C T8 Resources
4 [ AssemblyWorker3 {Class: AssemolyWorker3 Role: Worker}
+o PPRConnector {Class: PPRConnector )

o ResourceConnector (Class:

8 ExternalDataReference (Cl

b B3 AssemblyWorker2 {Role: Worker} 4 [E 413 Insert {Role: 4.1.3 Insert}

4 [ AssemblyWorker3 {Role: Worker} - PPRConnector (Clas: PPRConnector) 4
& ExternalDataReference (Class: EtemalDataReference )
+© PPRConnector (Class: PPRConnector }

4 (431 Screw (Role: 431 Screw)

+o ResourceConnector (Class: ResourceConnector } o bR

% lass: ExternalD: i

8 ExternalDataReference (Class: ExtemalDataReference |
b [ 4.1_PutTogether {Role: 4.1_PutTogether} 4 @471
b [ 4.3_Press (Role: 4.3_Press) ~o PPRConnector (Class: PPRConnector ) 4
b [E4.7.1) {Role: 4.7.1_ }
b 8 TransferDeviceLib

(Role: 47.1.1

“# ExternalDataReference {Class: ExternalDataReference |

s : AssemblyWorker3

Unit  Dataype

Payload 30 kg xsifloat

b [ 431 Screw (Role: 431 Screw)

Cost 100 D67 xsfloat
b 98 IH_Product
Language  eng xslanguage -

Fig. 8 (a) Example of resource modeling in the SUCL, including (b) attrib-
utes. (c) Modeling of resource allocations by linking resource skills with pro-
cesses in the Resource and Process InstanceHierarchies.

3.3.4. Modeling of resource behavior and configuration of
assembly instructions

One of the main benefits of AutomationML in the context
of assembly system configuration is the possibility of linking
the model elements with behavior models, control logic, and
robot programs. Therefore, the effort in generating assembly
instructions or executable control code during a planning or
configuration process can be greatly reduced. While an over-
all logic of the desired assembly system behavior is built by
defining the assembly sequence on the process side, each re-
source has to be addressed differently to inform it of its de-
sired behavior. While workers require human-readable as-
sembly instructions in their preferred languages, a robot con-
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troller needs an interpretable program code. Therefore, the
concept of SkillTemplates is introduced. In the SUCL, each
resource is linked to an empty shell of a work instruction in a
format that it can interpret. This can be for example a textual
work instruction template referenced by an ExternalDataCon-
nector or the shell of a PLC program referenced by a PLCo-
penXMLInterface. Furthermore, each process skill IE offered
by a resource in the SUCL is linked to the specific work in-
struction element able to trigger the desired behavior when
added to the SkillTemplate shell of the resource. For certain
resources such as grippers, the SkillTemplate can be the in-
herent behavior of the resource modeled in an IEC 61131-3
conform way such as a State Chart or SFC. The individual
process skill is then linked to a specific element of the SFC
with a PLCopenXMLlInterface, as shown in Fig. 9.

In a software-assisted assembly system planning or config-
uration process, the configuration of SkillTemplate shells with
specific process SkillTemplates takes place when a resource
skill gets allocated to a required assembly process. Thereby,
the SkillTemplate is instantiated as the actual work instruction
for the resource in the InstanceHierarchy. Due to the linkage
of product, process, and resource information, an automated
parametric configuration of the assembly instructions is ena-
bled. This can include setting torque, speed, or other parame-
ters in a SkillTemplate, especially enabling an efficient recon-
figuration of assembly systems after parametric changes.

b & Robotlib
4 @ Gripperlib
4 8 EGUB0-PN-N-B (Role: MechanicGripper)

+o ResourceConnector (Class:

nterface (Class: PLCopenXMLinterface )
+o PPRConnector (Class: PPRConnector )
4 @ Release (Role: Release)
2 PLCopenXMLinterface (Class: PLCopenXMLInterface ) |
+o PPRConnector (Class: PPRConnector )
> [ EGUT0-E1-M-8 (Role: MechanicGripper)
b 5 EMH-RP114-8 (Role: MagneticGripper) -
b B8 GSW-V25 {Role: VacuumGripper) L a:;‘
4 @ Workerlib
b B8 AssemblyWorker1 (Role: Worker)

O]

> 8 AssemblyWorker2 (Role: Worker)
4 B AssemblyWorker3 (Role: Worker)
+o PPRConnector (Class: PPRConnector }

+© ResourceConnector (Class: ResourceConnector }
*2 ExternalDataReference (Class: ExternalDataReference }

b [ 4.1_PutTogether (Role: 4.1_PutTogether)

\

4 [ 43 Press (Role: 4.3 Press)

Role: 431 Screw)

e prrrp—
sin (Role: 43.4 Pressin)

-2 PPRConnector (Class: PPRConnector )

5 ExemalDataeference(Clas: emalDatateference) = |

b (€435 Nail (Role: 43.5_Nail)

b [ 47.1 JoiningSoftSolder (Role: 4.7.1 JoiningSoftSolder} T

Fig. 9 Two examples of SkillTemplates defined in the SUCL: inherent behav-
ior of a gripper (above) and human-readable work instruction template of a
worker with process-specific work instruction element (below)

4. Application Example

A modular smart jig for the assembly of variable aircraft
cabin components was chosen as an application example to
test the modeling method. The jig is used for the pre-assembly
of cabin modules, enabling early testing of components and
reducing efforts in final assembly steps. As cabin modules
such as overhead stowage compartments (OHSC) vary in di-
mensions, mass, mounting position, and subassemblies to in-
stall, a high number of individual fixtures would be required.
Thus, a modular jig that can be flexibly configured for the
specific assembly task is beneficial.

As a simple example use case, two product modules are to
be pre-assembled, connecting them through a bayonet mount
(InsertLock). Fig. 10a shows the product modules and process
requirement, imported from a SysML model and instantiated
from the AutomationML SUCL in the IH. The predefined se-
quence of detailed assembly functions must be adapted and
extended for the specific process, leading to the assembly se-
quence depicted in Fig. 10b and modeled in Fig. 10c.

a b

b %8 Resources

Hold

4 % 1 Processes

4 [©)4.1.5 InsertLock {Class: 4.1.5_InsertLock Role: 4.1.5_InsertLock}
+o Skilllnterface (Class: Skillinterface }

o handledObject {Class: handledObject } 4

o targetAssy (Class: targetAssy ) 4

+o predecessor (Class: predecessor }
+o successor (Class: successor }
b [ Reach (Role: Guide}
b (@ Hold (Role: Hold)
b [ Bring {Role: Guide}
b [ 415 InsertLock (Role: 4.1.5_InsertLock)
b (@ Release (Role: Release)

Translate

4 5 1H_Product
4 [ OH_R10023._1 {Role: Product}
*2 COLLADAInterface (Class: COLLADAInterface }

~ PPRConnector (Class: PPRConnector } 4

4 [ OH_R10024._1 {Role: Product}

*2 COLLADAInterface {Class: COLLADAInterface }

Declamp Declamp

Fig. 10 (a) Product modules and process requirement as imported from a
SysML model and instantiated in the IH. (b) Assembly Sequence Diagram.
(c) ProcessIH with additional process steps and sequence information. For
readability, not all elements and links can be shown.

~ PPRConnector (Class: PPRConnector } 4

The main task of the planning process is to configure the
jig to fixate and pre-assemble the two modules. To do so, the
assembly system planner can rely on multiple jig modules
such as main body, height and angular adjustment, linear ac-
tuator, fixture, and sensor modules, as well as further re-
sources modeled with their properties and skills in the SUCL.
The model of required processes and products with their pa-
rameters in the IH enables the engineer and an assistive soft-
ware tool with underlying matching rules to allocate and con-
figure the different jig modules with limited effort. An excerpt
of the SUCL is depicted in Fig. 11, and the configured and
allocated resources in the IH in Fig. 12. While one of the
product modules is already clamped in the stationary fixture
of the jig, the other product module is inserted into the mova-
ble fixture by an assembly worker. After the product is
clamped, the linear actuator performs a translative motion to
connect the two modules. Subsequently, the worker rotates
the bayonet mount to fixate the connection. Finally, a sensor
integrated into the jig checks the orientation of the bayonet
before the product is declamped.

4 @Jiglib 4 @ Fixturelib
4 9 Slig_Body_SI0XL (Role: Jig) 4 B OH_R1 Fixture_1 (Role: Fixture}

+o ResourceConnector (Class: Re +o ResourceConnector (Class: ResourceConnector )

*# COLLADAInterface (Class: COLLADAInterface }
o PLCopenXMInterface (Class: PLCopenXMinterface )
+o PPRConnector (Class: PPRConnector}
b 2 SJig_Body_SI02XL (Role: Jig}
4 B HeightAdjustModules
>E - 0200 (Role:

2 COLLADAInterface (Class: COLLADAInterface )

-+ PPRCon fss: PPRConnector)
4 (@ Clamp (Role: Clamp)

+o PPRConnector (Class: PPRConnector }

b 8 HeightAdjustModule_200-400 (Role: LinearModule)
4 8 AngAdjustModules

b 8 AngAdjustModule_0-90 (Role: RotaryModule)

b &8 AngAdjustModule_0-180 (Role: RotaryModule)

4 3 LinMoveModules
4 [ LinMoveModule_0-50 (Role: LinearModule]
+o ResourceConnector (Class: ResourceConnector |

“2 COLLADAInterface (Class: COLLADAInterface }

b 3 OH_R1_Fixture 2 (Role: Fixture}
b EOHL

ture._1 (Role: Fi

2L CopenXMI
+o PPRConnector (Class: PPRConnector )

b (@ Checkor

b B3 LLineSensor_LE100-1 (Role: Measuring Device)

{Role: CheckOrientation)

Fig. 11 SystemUnitClassLibraries of the available jigs, fixtures, and measur-

ing devices for the configuration of a modular jig
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Fig. 12 (a) CAD rendering of the configured modular smart jig and worker
during the assembly process. (b) IH of the configured and allocated resources.

5. Conclusion and Outlook

The increasing demand for individualized products across
industries requires flexible and reconfigurable assembly sys-
tems as well as model-based approaches to facilitate their co-
development and co-configuration by automated or decision-
support systems. To enable mutual understanding between
product development and assembly system planning while
still enabling engineers to use their discipline-specific model-
ing tools, this research introduces an integrated modeling ap-
proach using SysML and AutomationML, building upon a
common metamodel and ontology for product and assembly
system modeling. SysML is utilized to capture product struc-
tures and general assembly requirements, while in Automa-
tionML, the assembly processes are detailed and sequenced,
the available resources with their skills are described, and the
interconnections between products, processes, and resources
are modeled. The newly introduced concept of SkillTemplates
furthermore enables the assisted or automated configuration
of control programs and work instructions.

The application example of a modular smart jig for aircraft
cabin pre-assembly demonstrates the practical applicability
and effectiveness of the proposed modeling method. Based
upon the SysML and AutomationML models, assembly sys-
tem planners can quickly configure and adapt the jig for spe-
cific assembly tasks, reducing manual effort and facilitating
virtual commissioning.

Future work can focus on exploring the modeling approach
with advanced optimization algorithms and machine learning
techniques to automate and optimize assembly system plan-
ning and configuration. This will establish a quick feedback
generation to evaluate the influence of changes on the overall
system. Integration of the proposed modeling approach with
Industry 4.0 concepts can further enable real-time monitoring
and adaptive reconfiguration of assembly systems, enhancing
their resilience.
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