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Abstract

The ongoing development of technology and Al facilitates the emergence of service robots in various
application fields. Hence, the development of robot-infrastructure product-service systems (PSS) will become
increasingly important. Based on the existing literature we propose a new methodological approach for a joint
development of robot and infrastructure in the context of a socio-technical system with various stakeholders.
We suggest digital models and physical prototypes to synchronize service and product development. The
applicability is demonstrated for autonomous waste management robots.

Keywords: robot-infrastructure systems, smart products engineering, product-service systems (PSS),
digital prototyping, requirements management

1. Introduction

Technology and Al advancements are driving the emergence of service robots across diverse fields
(Mintrom et al., 2022). Robots, as smart, connected products, incorporate mechatronic functionalities
and communicate across systems via the Internet of People, Things and Services (IoPTS) (Tomiyama
et al., 2019). Urban robotics necessitates restructuring the surrounding system for autonomous robots to
perform services (While et al., 2021). The requirements set forth for service robot development involve
a mixture of both product-oriented and service-oriented dimensions, rather than being exclusively
aligned with one or the other. Product-Service Systems (PSS) combine physical products and intangible
services, strategically designed and integrated to meet specific customer needs (Tukker, 2015). VDI
2206 guides interdisciplinary product development, emphasizing system interconnectivity,
digitalization, and integration into the internet of things and services (VDI 2206, 2021). Mechatronic
products integrate mechanics, electronics, and software using interdisciplinary methods, while systems
engineering offers general approaches to develop such interdisciplinary products (GréRler & Hentze,
2020; Walden et al., 2015). Early exploration of technology is crucial to prevent unintended
consequences, such as excessive energy consumption during operation (Guenat et al., 2022).

This research presents a methodology for synchronous designing of service robots, their additional
assistance infrastructure (AAI) and service systems, aligning with broader service goals from initial
strategic planning phase. It emphasizes early identification of necessary AAIl and service provision,
initiating service development concurrently with product and infrastructure development. This approach
is essential to obtain precise requirements for autonomous service robots, AAIl and service systems. It
also integrates digital and physical prototype for product and service development. Our research focus
has been derived on the basis of a thorough literature analysis (systematic-mapping review followed by
state-of-the art review) of actual methods for synchronized and non-synchronized design and lifecycle
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phases of robot-infrastructure and service systems, following the approach proposed in Design
Research Methodology (DRM) (Blessing & Chakrabarti, 2009).

2. State of the art for robot - infrastructure systems

Products evolve from basic mechanical components to complex smart products (Figure 1 (A)),
advancing from mechanical to mechatronic products and then to intelligent mechatronic products (IMP).
IMPs enable cyber-physical products or systems (CPS) to communicate and network with other products
by incorporating features like autonomy and real-time interaction (Tomiyama et al., 2019; VDI 2206,
2021). VDI 2206's new V-Model describes mechatronic and CPS development with a focus on
interdisciplinary collaboration and key activities including requirements elicitation, prototyping and
final product development. The guideline structures the "holistic product lifecycle” (HPLC) in five
phases as shown in Figure 1 (B), including the incorporation of information and communication
technology (ICT) (VDI 2206, 2021). The interdependency of product and service is not integrated into
the initial two phases of the HPLC (VDI 2206, 2021).
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Figure 1. (A) Evolution of mechatronic products into smart products (Tomiyama et al., 2019)
and (B) "Holistic Product Lifecycle" according to (VDI 2206, 2021)

The 10PTS enables CPS to communicate and integrate internet services, resulting in intelligent and agile
smart products, such as smart robots (Tomiyama et al., 2019). These interdisciplinary products and their
services can be defined as a system, which is a combination of interacting elements organized to achieve
one or more goals (ISO/IEC/IEEE 15288, 2023; Walden et al., 2015). Systems engineering outlays
generic methodologies for the development, utilization and retirement of such interdisciplinary products
(Walden et al., 2015). Smart products utilize sensors to gather operational and usage data, enhancing
service functions like efficient operation and life cycle management, therefore by definition, are
considered as PSS (Tomiyama et al., 2019). In this paper, we introduce a methodology for aligning
robot-infrastructure with service goals, focusing on a PSS. Subsequent sections detail PSS and robot-
infrastructure service designs and integration.

2.1. Smart products and product service systems engineering

GraBler & Pottebaum (2022) emphasize the shift from products to service-oriented functionalities,
promoting economic value and sustainability. They advocate aligning the "Generic Product Creation
System" (gPCS) with Circular Economy (CE) principles, employing strategies like Agile Strategic
Planning and Digital Worker and Learning Assistance (Graler & Pottebaum, 2022). Similarly, the
concept of PSS aims to integrate products and services to meet customer needs while aiming to minimize
resource consumption and environmental impact (Kjaer et al., 2019; Tukker, 2015). Kjaer et al. (2019)
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outlines a two-step approach that connects PSS to CE strategies by focusing upon resource reduction
and specifying the requirements for achieving absolute resource decoupling. PSS combines products
with traits like variability, user engagement, stakeholder involvement, and adaptability, posing
challenges in defining, analyzing, and predicting future requirements (Song, 2017). Morelli (2006)
stresses the importance of collaborative solution-oriented partnerships (SOP) in shaping effective PSS,
highlighting designers' crucial role and advocating for customized design methodologies. Digitalization
enables Smart PSS and offers interconnected products and services promoting independent interaction
and ongoing evolution, enabling tailored services integrated within products (Kuhlenkatter et al., 2017).
Smart PSS design methodologies emphasize on information technology (IT) driven value co-creation,
closed-loop, and context-awareness design (Cong et al., 2020). Cong et al. (2020) conducted a literature
review comparing smart PSS design methodologies, revealing a predominant emphasis on smart
products (21 items) over smart services (7 items). Based on their literature review, (Cong et al., 2020)
stressed the importance of prioritizing development methodologies for smart PSS from an information
(product-sensors or social-sensors based) perspective to enhance sustainability within a CE context.

2.2. Product design and service models for autonomous robots

Sostero (2020) defines robots as physical products that perform functionalities autonomously based on
the information technology embodied within. Service robots, as one variant of robots, autonomously
execute both physical and non-physical tasks by integrating information technology, thus being
categorized as smart products (Sostero, 2020). The service requirements to be fulfilled by autonomous
service robots have prompted the need for various methods and approaches in scientific and industrial
communities to collaborate on the product's design and functionality across various domains, such as
the autonomous robot and its service, underlining the necessity to develop them as PSS or smart PSS
(Ghim, 2023; T. Wang et al., 2023). Grahle et al. (2020) introduced a scenario-based method for defining
initial requirements in Autonomous Mobility on Demand (AMoD) services, incorporating proactive
planning and stakeholder feedback for shaping services by autonomous agents. Sabanovié¢ (2010)
stresses the influence of social and cultural factors on technology, emphasizing the need for a design
methodology deeply rooted in the contextual and functional requirements of autonomous service robots.
ISO 22166-1 advocates open supply chains in robotics for modular customization and safety (Zou et al.,
2022). MARBLE's modular design enhances performance and reusability, while service integration
emphasizes social sustainability (Gohlich et al., 2022; Kohl et al., 2020; van der Schoor & Gohlich,
2023). Ostermeier et al. (2022) aimed to optimize last-mile robot-truck delivery services by developing
route-planning algorithms to address real-world challenges and operational costs.

The methodologies in section 2 primarily focus on product or service development, overlooking their
interrelated development from the outset of autonomous product development. They neglect the
necessary assistance infrastructure, treating them as separate entities with independent lifecycles, which
can lead to resource wastage during redesign due to application constraints from various stakeholders.

3. Service oriented desigh methodology

According to VDI 2206, the preparation of operator models for utilizing intangible assets (services)
occurs during the realization phase of the HPLC (VDI 2206, 2021). The separation of product and
service considerations can pose challenges when services require product design changes or additional
AAI. Cong et al. (2020) concluded that the current trend of addressing e-services independently
underscores the importance of adopting and developing holistic design approaches, considering both
physical products and digitalized services within the Smart PSS framework. The proposed methodology
emphasizes defining requirements and creating digital prototypes during strategic planning for
autonomous robot-infrastructure and service systems, aligning with service goals. This interrelated-
products-based-service-thinking approach seeks to streamline the design process for autonomous
products, reducing resource consumption across simultaneous product and service lifecycles. It offers a
unique perspective by synchronizing the lifecycles of robots, assistance infrastructure, and service
systems, diverging from the traditional non-synchronous approaches. Based on these characteristics, the
methodology has been named as CLAPS (Co-existing Lifecycle initiation and management for
Autonomous Product-infrastructure and Service).
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3.1. Generalized methodology and interrelated product and service lifecycle

CLAPS enhance the HPLC (Figure 1 (B)) by introducing five additional phases in the strategic
planning and development phase. It also modifies realization/ production, use, and end of life phases for
the autonomous service robot, additional assistance infrastructure (AAI), and service system,
synchronizing their lifecycles as interrelated products throughout. It can be incorporated into the HPLC
(Figure 2) for developing robot, AAI and their service systems. The first phase (1) analyzes stakeholder
input, represented by a brief use-case description. It examines the current service process for automation
by an autonomous product, focusing on socio-technical aspects and identifying key stakeholders and
domain expertise. Second phase (2) collects requirements for the autonomous robot and service in the
service-event area (SEA), creating and evaluating a digital robot prototype for service suitability.
Deficiencies may trigger adjustments or new developments for AAI for collaborative service. In the
third phase (3), an operation management system is designed for optimizing the service goal, such as
minimizing energy consumption and service time, and is simulated in the designated SEA to assess its
alignment with the robot and AAL. In the fourth phase (4) adjustments are made to the digital prototypes
and requirements, ensuring iterative refinement. If successful, the requirements are specified in the fifth
phase (5) and the output initiates the modified product and service development, emphasizing their
interconnected and iterative evolution with integrated ICT for knowledge sharing.
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Figure 2. Incorporation of methodology in the holistic product lifecycle (adapted from VDI
2206: 2021)

The realization/ production phase is split into two interrelated and synchronous phases for
autonomous product, AAI, and service system as components of a PSS. The use phase utilizes the
components of PSS, and the end-of-life phase also integrates the impact of all components as
interrelated products.

3.2. Specific methodology for robot-infrastructure product service system

This section provides a thorough explanation of the first five iterative phases within CLAPS, explaining
the processes involved (illustrated in Figure 3). The stakeholder's defined use-case is the input for the
methodology. The goal is to analyze the current service-process system intended for replacement by
autonomous agents in the first phase. This analysis identifies key elements, stakeholders, and issues for
automation within the socio-technical system. Albers & Rapp (2022) suggests a similar descriptive
model for new system development, based on socio-technical systems theory. This analysis promotes
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collaborative Solution-Oriented Partnerships (SOP). CONSENS aids in gathering requirements by
understanding the service environment, identifying stakeholders, and defining application scenarios
(Kaiser, 2014). Figure 3 contrasts projects using the proposed methodology (highlighted green) with
ongoing projects with physical prototypes (labelled as Standard Physical Prototype Development
(SPP)). Requirements for these ongoing projects are typically comprehensively documented in
requirements document and initial solution concept document, covering product goals, end-user needs,
and service goals for autonomous products, leveraging product development expertise (Gohlich et al.,
2021). In the second phase, general requirements for the autonomous robot and their functionalities are
to be established to align with SEA operational characteristics and specific service goals, such as
minimizing energy consumption. These are also based on the results of the first phase as the input for
the second phase. The process involves creating a preliminary PSS design using methodologies such as
Integration Definition for Function Modelling (IDEFQ). IDEFO is recommended, as it helps in
transforming interconnected requirements as functions (Morelli, 2006). An initial requirement analysis
ensures these requirements are suitable for the intended product development in the designated service
context (Bender & Gericke, 2021). These analyses may reveal complex needs, constrained by external
stakeholders, such as city speed limits affecting delivery speed or precise delivery times requiring
customer data collection. These needs underscore the importance of having assistance infrastructure that
aids the autonomous robot in fulfilling the service without breaching the constraints and requirements
of related stakeholders. Subsequently, digital prototypes for autonomous products and supporting
infrastructure are to be developed using methodologies such as the Digital and Virtual Product Creation
methodology from (GréaRler & Pottebaum, 2022). Along with the digital prototypes, the functional
models can also be simulated for extracting important characteristics of the functionalities such as
energy consumption, service time to perform the functionality etc. Insights from SPP projects can be
incorporated during the initial requirement analysis phase, allowing for potential digital process
implementation via the CLAPS instead of continued physical prototype development.
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Figure 3. CLAPS Processes in the first five phases of the methodology

In third phase, the process involves designing an operation management system for SEAs by
conceptualizing the operational tool based on service goals, characteristics, and functionalities.
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Designing the framework can utilize Design Research Methodology (DRM), which clarifies research
goals, understands design factors, develops support, and evaluates effectiveness (Blessing &
Chakrabarti, 2009; Saldierna & Lino, 2010). The smart service framework integrates service robot
functionalities, additional assistance infrastructure (from phase two), and service features into a
functional model. Utilizing the Methodology for Smart Service Architecture Definition (MESSIAH)
facilitates this process, amalgamating approaches from PSS design, Smart Service design, and MBSE
(Halstenberg et al., 2019). Mathematically simulating the designed operation management framework
using functional characteristics from phase two allows analysis of alignment with service goals,
potentially revealing further optimization possibilities for digital prototypes. If further optimization is
deemed necessary, based on the analysis of results from the simulated service tool in the third phase,
then the optimizations in the fourth phase should be aligned with the overall service goal. In the fifth
phase, the requirement document (for SPP-based projects) or the requirement model (for the specified
MBSE methodology) is updated, resulting in a preliminary specifications document (Géhlich et al.,
2021) or an updated requirements model for the MBSE-based approach. This process also involves an
updated solution concept, delineating requirements for the autonomous robot, AAl, and the service
system's development, while outlining their interdependence in integrated development. The results act
as an input in phase 5 for the interrelated development of product, AAI and service.

4. Validation: Application for use-case MARBLE

For demonstrating the applicability of CLAPS, a service robot in the field of waste management has
been taken into consideration. The Mobile Autonomous Robot for Litter Emptying (MARBLE) project
at the Technical University of Berlin has developed a functional prototype of a service robot capable of
autonomously emptying street litter-bins (Gohlich et al., 2022). The MARBLE prototype (Figure 5 (a))
follows the Modular Product Architecture (MPA), emphasizing efficient product development based on
requirements management (Gohlich et al., 2021; Gohlich & Fay, 2021; Gohlich et al., 2022).

4.1. Phase 1 and Phase 2: MARBLE and assistance infrastructure

The methodology begins with a socio-technical analysis of the LB emptying process using an MBSE
model, specifically using CONSENS and Magic Systems of Systems Architect 2022x software. CO-
emissions and service costs are studied, revealing significant emissions and costs from service vehicles.
Essential service elements are identified for replacement by the MARBLE service robot. Functional and
design requirements are established based on use-case provided information. MARBLE's functional
model, created with IDEFO, details functions hierarchically. Due to space and speed limitations,
MARBLE's SPP design can't manage more than four 50% full litter-bins (LBs) without intermediate
transfer. Hence, we propose a Mothership (MS), an AAI vehicle. Digital prototypes for MARBLE and
the MS comply with VDI 2206 and are created in SOLIDWORKS 3D CAD software.

4.2. Phase 3: Operation management system as service

Digital prototypes of the robot and MS provided initial energy consumption and operation time
parameters, validated through MATLAB and Python simulations, aiming to reduce both parameters as
a service goal. Based on insights from the first phase of MBSE-based socio-technical analysis, task
allocation and route planning for MARBLE and the MS have been selected to design the operation
management system. The decision to prioritize route planning for assessing energy consumption and
operation time as measurable success factors of the service was strengthened by following DRM
approach similar to that outlined in Saldierna & Lino (2010). To establish a functional model for the
service system integrating MARBLE's functionalities, AAIl and operational management tool like route
planning, the MESSIAH approach was utilized. It facilitated the establishment of interrelated
functionalities among the service components, forming the basis for a functional model for smart PSS.
For SEA Monbijou Park, Berlin, with 51 LBs, a management system framework was established, with
a physical layer defining robot, MS, and SEA characteristics, and a platform layer using algorithms to
optimize routes for minimal energy consumption and operation time based on LB positions and 50%
filling levels (Brautigam et al., 2022). Routes considered MARBLE's limited garbage storing capacity.
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4.3. Phase 4: Digital prototypes and optimization possibilities

Phase 3 analysis revealed a mismatch with service goals and an assumption about 50% filling levels of
LB fullness that might not be true in reality. To address these issues, three solutions were considered:
the first involved a fleet of MARBLE robots and a redesigned MS prototype (Figure 4 (A)), which
reduced operational time but increased energy consumption (Gupta, van der Schoor, & et al., 2022).
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Replacement Batteries Depot MARBLEs

Microcontroller w.
LoRaWAN Gateway|

Battery
Box

Ultrasonic Sensors

Trash Depot l

(A) CAD Model of the Mothership (B) Prototype of the Filling Level Measuring Device
Figure 4. Prototypes for mothership and smart litter-bin as additional assistance infrastructure

Secondly, adding an aluminum-alloy cover to the MARBLE compressor (Figure 5 (C)) increased
garbage storage to seven LBs, reducing energy use by 34% and operation time by 30% with the route
planning service. Thirdly, by substituting the costly robot arm with a magnetic lock system (Figure 5
(B)), energy use was reduced up to 37% and operational time up to 30% with integrated route planning.

Compressor and | ) Electromagnetic Key

Litter-bin || Robotic Arm w. Extractor
Triangular Key

Autonomous
_ Platform

\

Triangular Lock

Garbage Basket
(A) Actual prototype design of MARBLE (B) MARBLE with alternative lock opening mechanism

Compressor Lid

Compressor Lid

(C) MARBLE with re-designed compression lid ‘ (D) MARBLE with incorporated changes from (B) and (C)
Figure 5. Different variants of MARBLE's digital prototypes for efficient service

Still with these possible solutions, the problem of unknown filling levels of LBs persisted. Wang et al.
(2018) suggested a data-driven approach for smart PSS by analyzing user behavior. Therefore,
transforming LBs to smart prototypes (Figure 4 (B)) with real-time fill data saved 13% energy for a
single MARBLE with MS (Gupta, Kremer, & et al., 2022). Smartening Berlin's LBs costs 87 € per unit.
We manually collected data from 51 LBs for three weeks, achieving 83% accurate filling predictions,
and integrated this into the route planning algorithm. We introduced a machine learning (ML) based
Simulated Rebalancing based Route Planning (SRRP) strategy, deferring LB emptying below 25% full
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until the next day, resulting in a significant 45% energy reduction and a 30% decrease in overall
operation time (Pollak et al., 2024). Figure 6 depicts MARBLE and redesigned MARBLE fleet routes
with SRRP, indicating energy consumption of 3.51 kWh and 2.14 kWh, and operation times of 1.22
hours and 0.96 hours, respectively. Compared to a single MARBLE without MS and non-SRRP,
redesigned MARBLE and its fleet with MS and SRRP significantly reduces energy consumption by
66.95% and operation time by 75.19% respectively.

Scenario MARNLE Fleet w. MS Re-designed MARBLE Fleet (C+AL) N\
Legend:
w. MS and SRRP
Energy Consumption 3.51 kWh 2.14 kWh MS: Mothership
Operation Time 1.22 Hours 0.96 Hours C+AL: Compressor

and Alternative Lock

SRRP: simulated

Rebalancing based
Route Planning

Marked Litter-bins

J —.— Route Robot 1

Latitude [°]
Latitude [°]
Latitude [°]

‘ _._ Route Robot 2
. | , { )— Route Robot 3
13.397 13398 13.399 13.400 ?-_. 395 13.396 13.397 13.398 13.399 13.400 ;\v 395 13.396 13397 13.398 13.399 13.400 _._ Route Mothership
Longitude [°] Longitude [°] Longitude [°] \. /
(A) Litter Bins in Monbijou Park (B) Route — Fleet w. MS (C) SRRP - Fleet w. MS

Figure 6. Operation routes for SEA with a fleet of MARBLEs and mothership

4.4, Phase 5: Specific requirements for the product and service development

Specified additional MARBLE requirements involve compressing a minimum of seven 50% full LBs
and simplifying the LB operating mechanism. A mothership is essential, and accurate LB filling data is
crucial. The mothership should prioritize automated garbage transport with MARBLE, and SEA
adjustments should align LB densities with high-visited areas. Feedback mechanism from the
compressing machine can assure reliability, especially when combined with the SRRP approach. These
modified requirements are further used as inputs in the product, AAIl and service development phase.

5. Discussion and outlook

We introduced the CLAPS methodology to incorporate the lifecycle driven requirements in early
product development phases. CLAPS methodology takes into account co-existing lifecycles of
autonomous robots, AAI, and operation management service systems as interrelated components. In
comparison to researched methodologies, which treat these components separately, by concretizing
interrelated requirements upfront, CLAPS minimize the need and risk for late design changes.
Demonstrated in project MARBLE, CLAPS utilized ML and other service management algorithms for
further improvements of fleet operation, by reducing energy consumption and operational time,
validating its effectiveness in achieving service goals.

Further implementation of realization/ production, use, and end-of-life phases for the MARBLE service
components within CLAPS is essential for complete validation. CLAPS has been defined for general
autonomous robot-infrastructure, hence enabling the comprehensive design of other service robots and
smart products by establishing comprehensive requirements for the product, its AAI, and services. For
the methodology's enhancement, it is crucial to ensure sustainability by uniformly evaluating all
dimensions across diverse design concepts (Graliler & Hesse, 2022; van der Schoor & Gohlich, 2023).
Incorporating approaches from (Stark, 2022), such as the linking of virtual product creation to PSS
features, including maintenance, repair and overhaul, across product and service lifecycles, can
contribute to methodological evolution. Large-scale CPS for smart robots, designed as a System of
Systems (So0S), can improve complex robot-infrastructure and service systems by integrating MBSE
approaches into the proposed methodology, beyond the approach undertaken in this research work.
Lastly, it is important to assess the proposed methodology using quantitative key-performance
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indicators. Rondini et al. (2020) introduces the Engineering Value Assessment (EVA) method for PSS
evaluation, including trade-off identification through Importance-Performance Analysis from consumer
and producer perspectives. Currently we are implementing and refining such approaches to validate our
methodology, incorporating aspects like synchronized lifecycles from designers' and users' perspectives.
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