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ABSTRACT 

Mobile robot systems are an automation solution in warehouses that make order 

fulfilment agile, flexible, and scalable to cope with customer orders' increasing 

volumes and complexities. Compared with manual operations, they combine 

higher productivity and throughput with lower operating costs. As the practical 

use of mobile robot systems increases, decision-makers are confronted with a 

plethora of decisions, but research is lagging in providing the needed academic 

insights and managerial guidance on the adoption and deployment of this novel 

technology. This PhD thesis aims to explain the mobile robot system 

implementation journey by conducting a mixed methods approach through three 

independent but interconnected papers. Paper 1 is based on a systematic 

literature review involving 107 papers from the literature. Paper 2 is a continuation 

of the systematic literature review to identify and evaluate available mobile robot 

systems in the market. It also offers mobile robot system selection approaches 

using the insights of five supply chain experts. Paper 3 is a multiple-case study 

involving four logistics functions from different countries. 

This thesis lists the potential motivations to adopt mobile robot systems. It offers 

multiple approaches to selecting an appropriate mobile robot system. It also 

provides a comprehensive adoption framework that elaborates on innovation 

diffusion theory and explains the entire mobile robot system adoption journey. 

Devising the phases of the mobile robot system adoption journey and 

categorising thirteen managerial decisions and nineteen contextual factors, this 

study offers guidance to supply chain managers and decision-makers.   

Keywords:  

supply chain management, case study, innovation adoption, automated guided 

vehicles, autonomous mobile robots, full-consistency method (FUCOM), 

innovation diffusion theory, technology-organisation-environment (TOE) 

framework
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1 Introduction 

Fulfilling customers’ orders swiftly and efficiently whilst managing the increasing 

complexity and variability of these orders is an ongoing challenge in warehouses. 

Especially with the effect of the e-commerce era, warehouse operations in many 

retail sectors such as consumer electronics, clothing and footwear, grocery, or 

pharmaceuticals got more complicated for a number of alterations in demand 

characteristics as follows. 

• Order structures: Customers prefer ordering fewer order lines to benefit 

from the competitive supply chain environment (free deliveries). In 

Germany, Amazon warehouses have an average of 1.6 products per order 

(Boysen et al., 2017).  

• Product variety: On top of having few order lines in a single order; led by 

the introduction of digital stores, product assortments have increased to 

attract more customers (Boysen et al., 2019). 

• Lead times: Customers expect to receive their orders the next day or even 

on the same day which also ignited a lot of studies on distribution centre 

locations and/or delivery optimisations (e.g., Rai et al., 2019; Voccia et al., 

2017; Yaman et al., 2012). 

• Demand variations: The demand is volatile. It can decrease with supply 

chain disruptions such as chip shortages (J.P. Morgan Research, 2022), 

or increase by up to fivefold in revenue on special retail days such as Black 

Friday (Adobe Analytics, 2019). 

To address this increased complexity of demand, warehousing people started 

investigating their bottlenecks to optimise their operations. Bartholdi and 

Hackman (2019) define warehousing processes based on the direction of 

physical flows: inbound and outbound. Inbound operations consist mainly of 

receiving, put-away, and storage, whereas outbound processes include picking, 

packing, and shipping. Frazelle (2016) includes sortation as a main outbound 

activity of warehouses, whereas Rushton et al. (2014) consider replenishment as 

well (Figure 1-1). Among these operations; order picking, which is the process of 

removing items from storage to shipping to meet a specific demand, is generally 



 

2 

the main operation that influences the design of a warehouse (Frazelle, 2016). 

The order picking phase may account for 50-55% of the total operating costs of 

manually operated warehouses (Bartholdi and Hackman, 2019; De Koster et al., 

2007; Rushton et al., 2014). This high percentage is primarily due to the amount 

of time lost by pickers walking within the warehouse, looking for the necessary 

products to pick (Boysen et al., 2019). This horizontal and manual travelling 

activity takes around 55% of the picker’s total time (Frazelle, 2016).  

 

Figure 1-1 Warehouse operations 

The complex nature of demands and operational bottlenecks mentioned above, 

caused warehouses to receive increasing attention from both academia and 

practice over the past few decades. Ultimately, warehouses have changed 

substantially with many new storage and handling systems. Companies have 

been re-engineering their warehouse operations towards automated and 

optimised fulfilment systems. As a horizontal automation solution, mobile robot 

automation systems were developed from 1950 onwards to eliminate the 

unproductive travelling time of human workers. Cambridge Dictionary (n.d.) 

defines a robot as: ‘a machine controlled by a computer that is used to perform 

jobs automatically’. Similarly, an unpersonned mobile robot is a mobile version of 

a robot. The first unpersonned mobile robot automation is the well-known 
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automated guided vehicles (AGVs). Since 2006, autonomous mobile robots 

(AMRs) have become an alternative to AGVs, offering more flexible and scalable 

solutions (Wurman et al., 2008). These robots have onboard intelligence helping 

them decide whether to slow down or stop and where to go next (Kattepur et al., 

2018). They can map the environment, plan their paths, dynamically respond to 

their surroundings, and bypass an obstacle without being remotely controlled 

(Horňáková et al., 2019). These functions make AMRs more flexible and suitable 

than AGVs for chaotic and complicated warehouse settings such as e-commerce. 

1.1 Research Motivation 

Amazon, one of the most successful e-commerce companies, automated fulfilling 

e-commerce orders in their warehouses with AMRs by acquiring Kiva Systems in 

2012. Alibaba, Ocado, and JD.com are among the first companies that followed 

the warehouse automation move. With this shift in order picking operations, 

Amazon has cut its operational warehouse costs by 20% and saved $22 million 

per annum in picking costs for each of its fulfilment centres (Bogue, 2016). They 

achieved this saving through AMRs that bring shelves full of various items to the 

pickers while pickers stay in the packing station to prepare orders from items 

brought to them (Wurman et al., 2008).  

Owing to the automation successes of early adopters, mobile robot adoption in 

warehouses had a spectacular boost. Grey Orange, Geek+, IAM Robotics, 6 

River Systems, Magazino, and many other start-up companies are developing 

autonomous mobile robots for warehouses. Industry forecasts estimate that more 

than 50,000 warehouses, up from 4,000 warehouses in 2018, will be using over 

4 million mobile robots globally by 2025 (ABI Research, 2019). 

Although mobile robot systems seem quite promising, it is a very recent topic that 

drew attention from 2005 onwards. On top of that, 80% of the warehouses are 

fully manual even without basic automation, such as conveyors (Benady, 2016). 

These two points have led me to conduct an initial literature review on the subject. 

The initial literature review showed that the mobile robots, mobile robot systems, 

and managerial decision areas in the warehouse context are fragmented. There 
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were reviews (Le-Ahn et al., 2006; Vis, 2006) mentioning AGVs but most of them 

were technology-oriented and had fragmented managerial focus. Further, as 

some of these reviews are outdated for such a fast-moving subject, it would be 

beneficial to conduct a systematic literature review before an empirical work to 

cover the current literature and organise all the managerial decisions under one 

roof.  

During the literature review, it became evident that, apart from a few studies (e.g., 

Azadeh et al., 2019; Boysen et al., 2019; Wior et al., 2018), none of the reviews 

attempted (the reviews mentioned here include some mobile robot systems in a 

larger automation focus) on categorising and evaluating available mobile robot 

systems which would have a crucial practical output. Such highly productive 

systems require a rationale, alongside a set of evaluation criteria, for system 

selection to justify the capital investment associated with automation (Azadeh et 

al., 2019). Therefore, it is evident that an empirical study is necessary to offer 

potential system selection approaches. 

More importantly, all of these reviews, that the researcher came across, were 

calling researchers to action for further empirical studies that would aid the 

adoption of MRS from different angles. This is also because we still are in the 

‘early adopters’ stage for MRS innovation (Rogers, 2003), and we should be 

laying out the experience of early adopters for late comers; helping them to create 

a feasible, efficient, and comprehensive implementation strategy.  

There are lots of studies concentrating on innovation adoption in supply chain 

management (SCM). However, the main focus is on information systems (IS) 

technologies such as blockchain, big data analytics, and cloud computing. Mobile 

robots have received very little attention and thus empirical research (Hofmann 

et al., 2019). Moreover, there is a lack of a tailored MRS adoption framework that 

would aid decision-makers in the integration and implementation of warehouse 

mobile robot systems. Previous studies that have been conducted, fails to 

integrate managerial decisions, and mainly took a mathematical optimisation 

perspective of a particular MRS. Providing a fragmented list of managerial 

decisions, the reviews on mobile robots are not focused on the process of 
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innovation diffusion (Table 1-1). One of the studies concentrates on the adoption 

journey (process) but approaches to the journey in the healthcare context 

(Benzidia et al., 2019). Shamout et al. (2022) concentrate on MRS adoption but 

only focus on the factors affecting the decision to adopt such technologies rather 

than the implementation journey as a whole. Also, this work mentions contextual 

factors and is among a few, leaving the factors and their effect on MRS 

implementation only partially explained. 

Overall, an adoption framework offered in mobile robot industry need to support 

the decisions, factors, and steps across the MRS adoption journey in warehouses 

as highlighted in Table 1-1. However, current state-of-the-art is fragmented and 

falls short towards creating such frameworks. To help creating an efficient and 

beneficial implementation environment, this thesis addresses these gaps in the 

literature and includes the necessary aspects of the MRS adoption journey 

through a paper-based structure. The following section explains the overall 

research aim and objectives that are targeted to fulfil the aim.
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Table 1-1 Overview of MRS in warehousing literature 

Focus on… MRS in 

Warehousing 

Managerial 

Decisions 

MRS Adoption 

Decision 

MRS Adoption 

Process 

Factors Affecting 

MRS Adoption 

Fazlollahtabar and Saidi-Mehrabad, 2015; 

Lamballais et al., 2017; Merschformann et 

al., 2019; Roy et al., 2019; Vivaldini et al., 

2015 
 

    

Bechtsis et al., 2017; Fragapane et al., 

2021; Jaghbeer et al., 2020; Le-Anh and 

De Koster, 2006; Vis, 2006   
   

Benzidia et al., 2019 

   
 

 

Shamout et al., 2022 
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1.2 Research Aim and Objectives 

This PhD thesis aims to shed light on the entire MRS adoption journey in 

warehouses. It includes the motivation of warehouse managers to adopt such 

systems and also examines the implementation journey of these automation 

solutions (Figure 1-2). This study uses a mixed method approach, as it employs 

both qualitative and quantitative methods to collect and analyse data (Tashakkori 

and Creswell, 2007). There are three research objectives: 

1) To systematically review and categorise the managerial decisions that 

warehouse managers need to consider from the extant literature. 

2) To identify, categorise, and evaluate MRS from the extant literature and 

investigate potential system selection approaches. 

3) To empirically investigate the MRS adoption journey and elaborate on the 

literature about the managerial decisions and factors affecting the MRS 

adoption journey. 

Table 1-2 provides a summary of these objectives, relating them to their 

respective chapters, research methods, and key findings. The table also 

highlights the outline of this thesis. 

 

Figure 1-2 A brief MRS adoption journey 
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Table 1-2 Thesis structure, objectives, research methods, and key findings 

Chapter Title Relevant 

Objective 

Research 

Methods 

Description or Key 

Findings 

Chapter 1 Introduction - Description: Introduces the 

context of the study and 

provides the research 

motivation, research design, 

philosophical paradigm, and 

outputs of the study. 

Chapter 2 

(Paper 1) 

Systematic Review 

of Mobile Robots 

in Warehouses: 

Decision 

Framework and 

Research Agenda 

1 Systematic 

literature review 

(SLR) 

Key Findings: Synthesises the 

managerial decisions from 107 

scholarly papers and 

categorises these decisions into 

three levels to offer a conceptual 

framework for the case study. It 

also devises a structured 

research agenda for further 

research. 

Chapter 3 

(Paper 2) 

Mobile Robots in 

Warehouses: 

Evaluation Criteria 

for System 

Selection 

2 Systematic 

literature review 

& Survey with 

five supply 

chain experts 

Key Findings: Categorises and 

evaluates MRS through a set of 

criteria. It also applies equal 

weight and full consistency 

method (FUCOM) approaches to 

the set of criteria informed by 

supply chain experts to select a 

suitable MRS. 

Chapter 4 

(Paper 3) 

Mobile Robot 

System 

Implementation in 

Warehouses: an 

Adoption 

Framework 

3 A multiple-case 

study involving 

four companies 

and eight 

warehouses 

Key Findings: Elaborates on 

innovation diffusion theory to 

explain the MRS adoption 

journey. It also illustrates the 

interaction of managerial 

decisions and contextual factors 

and how they affect MRS 

implementation to finally offer an 

integrated adoption framework. 

Chapter 5 Conclusion - Description: Highlights the 

overall theoretical and practical 

contribution of the thesis. Also 

mentions the limitations of the 

study and proposes future 

research directions. 
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1.3 Research Design and Structure 

This study benefit from two distinct research method stances simultaneously by 

combining qualitative and quantitative methods for data collection and analysis 

procedures, resulting in the mixed method approach. This approach aims to 

produce a more complete and comprehensive understanding of the phenomenon 

being studied by including both extreme approaches (Plano Clark and Ivankova, 

2016). This way, it also reflects the aim to help practitioners in their decision-

making processes. 

Figure 1-3 sets out the overview of the research design implemented in this 

thesis. Chapter 2 lays the conceptual foundation of further studies by conducting 

a systematic literature review. Even though Chapter 3 and Chapter 4 seem 

merely interconnected, they do align in the path of MRS adoption through the 

italic questions written in Figure 1-3. Further, both of them uses the outputs of 

Chapter 2 to make their contributions. 

 

Figure 1-3 Overview of the research design 
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1.3.1 Paper 1: The systematic literature review 

Conceptual foundations 

The main aim of conducting an SLR is not only to obtain an overview of the 

literature on mobile robots in warehouses but also to be able to replicate the study 

again whenever necessary. SLRs are characterised by being replicable, rigorous, 

and transparent (Mallett et al., 2012). Therefore, it would be ideal to devise 

managerial decisions in this structured manner which is also the first objective of 

this thesis. 

Paper 1 gathered 107 papers either from scholarly journals or conferences and 

addressed the first lack of knowledge mentioned in Section 1.1 by providing an 

integrative and conceptual managerial decision framework. The framework has 

thirteen decisions stemming from the literature to support implementation 

decisions of MRS in warehouses which are then categorised as strategic, tactical, 

and operational. Strategic level decisions involve comprehensive, long-term (+1-

year time horizon) business decisions such as the warehouse layout and the type 

of MRS. These decisions are generally taken before the installation of the mobile 

robot systems because they are rather hard to alter during the implementation. 

Based on strategic decisions, tactical decisions need to be made. These 

decisions are comparably easier to adjust during the implementation such as 

storage assignment plan and quantity of robots. Still, these decisions should not, 

and generally cannot, be changed in the short term. Operational level decisions 

could be altered even within the same day, and their effect on warehouse 

operations could be observed within the same day or week. Thus, they can easily 

be adjusted experientially to optimise operational performance. 

The managerial decision framework formed from these decisions aims to help 

decision-makers to implement an MRS step-by-step in their warehouses. Yet, it 

is a conceptual framework that potentially requires elaboration, and therefore, 

acts as a foundation for Paper 3. In this way, Paper 1 contributes to third 

objective. 
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Paper 1 also proposes a research agenda relevant to MRS adoption in 

warehouses. It concludes that further study is necessary with the participation of 

experts and practitioners to explain the MRS adoption process elaborating on the 

conceptual framework with more focus areas and/or decision questions.   

1.3.2 Paper 2: MRS selection strategies – quantitative piece 

How should we choose a mobile robot system? 

Paper 2 begins with a continuation of the SLR undertaken in Paper 1 to identify 

and categorise MRS from the extant literature. It takes the ten MRS identified in 

Paper 1 and categorises them under four navigation types: linear route, guided, 

freeway, and hybrid. Therefore, it creates a pool of available MRS for decision-

makers. 

Before implementing a particular MRS, the motivation towards such solutions and 

expectations should carefully be identified and discussed. This paper defines a 

ranking system involving five criteria (mobile robot cost, flexibility of the 

infrastructure, flexibility in material handling, scalability, and time to implement) 

to support the selection of potential MRS. It, then, assesses each MRS by rating 

its characteristics according to the ranking system. From that point, it offers two 

multi-criteria decision-making (MCDM) approaches for system selection: 1) the 

equal weight approach, and 2) the full consistency method (FUCOM) (Pamučar 

et al., 2018). 

The ‘Equal Weight’ approach pays equal importance to each criterion and uses 

a decision tree. To be able to use a decision tree, we require a specific order of 

decisions to eliminate underperforming MRS. Therefore, this paper creates a 

realistic scenario to choose an MRS fitting to that scenario. Its results are subject 

to change following the scenario of the company that is willing to adopt such 

solutions. For this paper, this approach is selected mainly due to having a 

benchmark for FUCOM. 

While the ‘Equal Weight’ approach is simple to use, the importance of each 

criterion may not be equal and may depend on the context in which the 

automation will take place. Therefore, through a survey, supply chain experts 
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were asked to rate the importance of each criterion for a generic warehouse, 

respectively. Then, FUCOM is applied to select the best MRS for that particular 

importance distribution. 

There are two reasons this paper offers the novel FUCOM as a selection 

approach. Firstly, FUCOM can provide better results in terms of result 

consistency than the other subjective methods such as the ‘Best Worst Method’ 

and the ‘Analytic Hierarchy Process’ with the ability to validate the results 

(Durmić, 2019; Pamučar et al., 2018). Secondly, it has proved its validity in supply 

chain research (Durmić, 2019; Erceg and Mularifović, 2019; Fazlollahtabar et al., 

2019; Sharma et al., 2021; Zavadskas et al., 2018).  

As a result, these two approaches can be used by the supply chain managers 

either directly or to create a benchmark result to aid their MRS selection decision. 

In addition to showing a way for decision-makers to choose an MRS, this paper 

discusses additional criteria stemming from the insights of supply chain experts 

that might become useful for different scenarios. 

1.3.3 Paper 3: MRS adoption journey – qualitative piece 

How should we implement a mobile robot system? 

Paper 3 takes a more comprehensive approach to finally shed light on the entire 

MRS adoption journey. It uses the conceptual managerial decision framework of 

Paper 1 and emphasises the decision to adopt and implementation phases of 

MRS adoption while also covering the focus of Paper 2 which is the potential 

motivations/criteria of MRS adoption. 

Theory selection was quite significant for Paper 3 to initially develop the 

conceptual foundation of the study although it is not directly addressed in the 

previous papers. It uses innovation diffusion theory (IDT) (Rogers, 2003) as the 

theoretical lens and tries to elaborate it in the context of MRS adoption with 

abductive reasoning. 

This paper conducts a multiple-case study involving four companies (each 

located in a different country – United Kingdom, Norway, Denmark, and Turkey) 
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and eight warehouses to observe and collect data about their MRS adoption 

journey. It forms an adoption framework through three interconnected elements: 

adoption phases, decision focus areas, and contextual factors.  

Adoption phases were initially taken from the IDT and fitted into the MRS context. 

In addition to IDT, the ‘decision to adopt’ phase is elaborated as it also includes 

the technology access decision which is how a company accesses the solution 

(buy, make, or ally). Further, a new phase is included named ‘assimilation and 

learning’ which is a critical phase for the current and future implementations. 

Decision focus areas are the decisions that are gathered in Paper 1. Of course, 

the list of decisions is further developed, and new sub-decisions are also included 

in this study. The perspective of Tornatzky and Fleischer (1990) is adopted for 

contextual factors and all the factors were categorised into technological, 

organisational, and environmental (TOE framework) factors. 

By combining these three interconnected elements, Paper 3 fulfils the third 

research objective. It also contributes to the first research objective by elaborating 

on the conceptual managerial decision framework devised in Paper 1. 

1.4 Research Philosophy 

This thesis is built on the pragmatism philosophy. Pragmatism does not focus on 

methods but on the research problem and uses every method and approach 

available to attack the problem (Rossman and Wilson, 1985; Kaushik and Walsh, 

2019). Creswell (2017) sets out two significant characteristics about pragmatism 

that would relate to the aim of this thesis: 1) individual researchers have the 

freedom to choose the methods and techniques that best serve their needs and 

purposes, and 2) pragmatist researchers do not see the world as an absolute 

unity and similarly they seek different approaches for collecting and analysing 

data rather than signing up to only one way (e.g., quantitative or qualitative). 

As this thesis aims explain the entire MRS adoption journey, it tries to benefit 

from every approach available whether it is qualitative or quantitative. This 

approach of the thesis also favours the mixed-method approach undertaken. 

While using pragmatism as the philosophical stance, this study seeks balance 
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among the key extreme characteristics of qualitative and quantitative research. 

According to Morgan (2007), there are three main dualities in the qualitative and 

quantitative approach that can somehow be balanced by the pragmatic approach. 

Table 1-3 mentions these dualities and addresses how the pragmatic approach 

balances these distinctions to benefit from both extreme (qualitative and 

quantitative) approaches.  

Table 1-3 A Pragmatic alternative to the key issues in social science research 

methodology. Source: Morgan, 2007 

 Qualitative 

Approach 

Quantitative 

Approach 

Pragmatic 

Approach 

Connection of theory and 

data 

Induction Deduction Abduction 

Relationship to the 

research process 

Subjectivity Objectivity Intersubjectivity 

Inference from data Context Generality Transferability 

1.4.1 Connection of theory and data 

In social science, the connection between theory and data is rarely in one 

direction (Morgan, 2007). Further to this thought, this paper considers the 

dominance of deductive, and therefore, quantitative approach in logistics and 

supply chain management (Kovács and Spens, 2005). Although the survey in 

Paper 2 takes deductive reasoning to evaluate MRS, this study takes abductive 

reasoning with an inductive Paper 3 to connect the theory and data. It tests and 

modifies the logic of the innovation diffusion theory in order to reconcile it with 

contextual idiosyncrasies (cases) (Ketokivi and Choi, 2014). Going in between 

induction & deduction and data & theory is the essence of abduction in the 

pragmatic approach (Morgan, 2007). 

1.4.2 Relationship to the research process 

The dichotomy between entire subjectivity and objectivity is also a matter of 

consideration in the pragmatic approach. Rather than trying to be completely 

objective or subjective, this study goes back and forth between these two 
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concepts to capture the duality and achieve intersubjectivity (Maarouf, 2019). 

Intersubjectivity is the degree of communication and shared meaning (both to the 

audience and participants) the study carries with itself (Morgan, 2007). 

This work includes objectivity, such as applying the pre-defined methodologies 

(case study, survey) or ranking of evaluation criteria in Paper 2, but it also 

includes subjectivity, such as comments of interviewees in Paper 3 and its 

inductive analysis by the researcher. This duality is particularly helpful to explain 

the MRS adoption phenomenon in warehouses. It helps this work to achieve an 

understanding with both the participants of the study and the academics who are 

curious about the outputs of this study (Morgan, 2007). 

1.4.3 Inference from data 

The qualitative approach is generally context-bound, whereas the quantitative 

approach aims to generalise the findings it develops (Morgan, 2007). The 

pragmatic approach avoids travelling to these two extremes and tries also to 

investigate the factors that might make the study transferable to other settings. 

For instance, Paper 3 aims: (i) to validate the analysis through within-method 

triangulation in the context of the study for each case (Jick, 1979), (ii) to obtain 

analytically generalisable outcomes from the multiple cases in hand, and (iii) to 

discuss the outcomes to make it transferrable to similar studies or other 

innovation adoption contexts (see 4.5.2). Similar to this logic, Paper 2 is aiming 

to transfer multi-criteria decision-making methods to the mobile robot context to 

offer an MRS selection logic through a set of evaluation criteria for mobile robots. 

It does not stop there and mentions different warehousing-related criteria to 

create a transferable output and method for similar automation studies. 

1.5 Research Outputs 

This thesis by papers is formed of three independent but interconnected papers. 

The first paper, which is a systematic literature review, serves as the conceptual 

foundation for the MRS adoption framework with a managerial decision 

framework and establishes a research agenda for the thesis. The second paper 

identifies available MRS in the literature and offers an evaluation framework for 
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managers to select the best system through a novel multi-criteria decision-making 

method. Finally, the third paper uses the outcome of the first two papers to offer 

a mobile robot system adoption framework that covers the entire implementation 

journey. It sets out the phases of the MRS adoption journey, adding the 

consideration of assimilation and learning to MRS adoption, with managerial 

decision focus areas and relevant contextual factors. 

In all publishing opportunities, the researcher was the lead author as he was the 

researcher conducting the study. The researcher’s supervisors supported him to 

refine the research processes as well as the manuscripts. As each paper is 

independent of the others with different research objectives, the initial intention 

was to publish these papers in separate instances (Table 1-4). However, the 

researcher faced many opportunities to disseminate his work (as a book or 

through conferences) and sometimes combined these papers on these 

occasions. 

Palgrave Series: Studies in Logistics and Supply Chain Management 

Paper 1 and Paper 2 were combined to publish a monograph book (Yildirim et 

al., 2023) with minor extensions (written by the researcher’s supervisors as a 

separate chapter in the book) who are also co-authors of the book. 

Advances in Production Management Systems (APMS) Conference 2021 

Paper 1 and Paper 3 were combined to submit a proposal to APMS 2021, Marco 

Garetti Doctoral Workshop. The proposal was received well by the jury and 

awarded as the Best Research Proposal in the workshop. 

Logistics Research Network (LRN) Conference 2021  

Paper 2 was submitted to LRN 2021 initially as a conference paper. It was 

acknowledged as one of the best papers and received an invitation to a Special 

Issue (SI) of the International Journal of Logistics: Research & Applications. 

European Operational Research Societies (EURO) 2022 ESPOO Conference  
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Paper 3 was submitted to EURO 2022 ESPOO to receive feedback over a 

presentation. The feedback helped a lot in terms of methodology and new 

contribution perspectives. 

Table 1-4 Papers and targeted journals 

Paper Title Type Targeted Journal 

1 Systematic Review of Mobile Robots in 

Warehouses: Decision Framework and 

Research Agenda 

Conceptual International Journal of 

Computer Integrated 

Manufacturing 

2 Mobile Robots in Warehouses: 

Evaluation Criteria for System Selection 

Empirical Supply Chain Analytics 

3 Mobile Robot System Implementation in 

Warehouses: an Adoption Framework 

Empirical International Journal of 

Operations & Production 

Management 

Finally, as the topic is quite practical, the researcher was also involved outside 

the academia and published short articles relevant to his study in ‘SHD Logistics’ 

magazine and ‘AGV Network’ website to increase his presence (Burman, 2017; 

Yildirim, n.d.).   
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2 Systematic Review of Mobile Robots in Warehouses: 

Decision Framework and Research Agenda 

Abstract 

Mobile robot systems are an automation solution in warehouses that make order 

fulfilment agile, flexible, and scalable to cope with the increasing volumes and 

complexities of customer orders. As the practical use of mobile robot systems is 

increasing, decision-makers are confronted with a plethora of decisions. 

Currently, the lack of a structured decision framework tailored for mobile robot 

system applications in warehouses increases the probability of problems when 

choosing automation systems.  

A systematic literature review of mobile robot systems in warehouses is 

conducted including 107 peer-reviewed papers from 2000 onwards. This review 

illustrates the characteristics of ten mobile robot systems used in warehouse 

operations through a set of evaluation criteria. Inductive theory building leads to 

a theoretical framework for strategic, tactical, and operational decisions 

connected to system selection and implementation. Further, it provides a 

research agenda identifying and structuring future research avenues. 

Keywords Mobile robot automation, Warehousing, Managerial decision 

framework, Automated guided vehicles, Autonomous mobile robots, Systematic 

literature review 
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2.1 Introduction 

Fulfilling customers’ orders swiftly and efficiently whilst managing the increasing 

complexity and variability is an ongoing challenge in warehouses. The growing 

tendency of customers to buy online leads to thousands of small daily orders, 

making the warehouse environment complex and complicating operations such 

as receiving, picking, sorting, and packing.  

Picking may account for 50-55% of the total operating costs of manually operated 

warehouses (Rushton et al., 2014). This high percentage is primarily due to the 

travelling activity that takes around 55% of the picker’s total time spent (Bartholdi 

and Hackman, 2019). Mobile robot automation systems were developed from the 

1950s onwards to eliminate the unproductive travelling time of human workers. 

An early version of mobile robots is automated guided vehicles (AGVs). Since 

2006, autonomous mobile robots (AMRs) have become an alternative to AGVs, 

offering more flexible and scalable solutions (Wurman et al., 2008). These robots 

have onboard intelligence helping them decide whether to slow down or stop and 

where to go next (Kattepur et al., 2018). They can map the environment, plan 

their paths, dynamically respond to their surroundings, and bypass an obstacle 

without being remotely controlled (Horňáková et al., 2019). These functions make 

AMRs more flexible and suitable than AGVs for chaotic and complicated 

warehouse settings such as e-commerce. 

Owing to the automation successes of early adopters such as Amazon, Alibaba, 

and Ocado, mobile robot adoption in warehouses had a spectacular boost. Grey 

Orange, Geek+, IAM Robotics, 6 River Systems, Magazino, and many other start-

up companies are developing autonomous mobile robots for warehouses. 

Industry forecasts estimate that more than 50,000 warehouses, up from 4,000 

warehouses in 2018, will be using over 4 million mobile robots globally by 2025 

(ABI Research, 2019). 

Based on these developments and forecasts, applicable mobile robot systems 

should be identified. Moreover, such highly productive systems require a 

rationale, alongside a set of evaluation criteria, for system selection to justify the 

capital investment associated with automation (Azadeh et al., 2019). Finally, the 
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selected system needs a feasible, efficient, and comprehensive application 

strategy that covers the decisions involved in the implementation and operation 

of mobile robot systems. 

The literature on mobile robots, mobile robot systems, and managerial decision 

areas in the warehouse context is fragmented (Table 2-1). Since other reviews 

only partially identify applicable mobile robot systems and fail to deliver a holistic 

managerial decision framework for their warehouse implementations, reviewing 

these aspects is well justified. In addressing the aforementioned gaps, this review 

builds and offers a contextualised theory by integrating the literature on mobile 

robots in warehouses (Durach et al., 2021). The review questions are as follows: 

RQ1. How are mobile robot systems applied in warehouse operations? 

RQ2. How can managerial decisions be structured when adopting mobile robot 

systems in warehouses
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Table 2-1 Literature on mobile robots 

Review 
Paper 

Review 
Focus 

Review 
Outcome 

Analysed Mobile Robot Managerial Decisions 

Criteria for 
System 

Evaluation 

Identifying 
KPIs 

Type and 
Coordination 

of Robots 

Facility 
Layout 

Human-
Robot 

Interaction  

Storage 
Assignment 

Order 
Management 

Quantity 
of 

Robots 

Maintenance 
and Failure 
Handling 

Energy 
Management 

Task 
Allocation 

Path 
Planning 

Conflict 
Management 

Vis, 2006 
Planning and 
control of 
AGV systems 

Focus areas to 
plan and 
control large 
AGV systems 

   ✓    ✓  ✓ ✓ ✓ ✓ 

Le-Ahn et 
al., 2006 

Planning and 
control of 
AGV systems 

A framework 
for the design 
and control of 
AGV systems 

 ✓ ✓ ✓    ✓  ✓ ✓  ✓ 

Vivaldini et 
al., 2015 

AGV and 
AMR systems 
path planning 
and task 
allocation 
algorithms 

Algorithm and 
approach 
review for path 
planning and 
task allocation 
of mobile 
robots 

          ✓ ✓ ✓ 

Bechtsis et 
al., 2017 

Role AGVs 
and AMRs in 
smart 
distribution 
and 
manufacturing 
systems 

A framework 
covering key 
decisions with 
a sustainability 
perspective 

 ✓ ✓  ✓      ✓   

Azadeh et 
al., 2018 

Modelling, 
designing, 
and control of 
automated 
order picking 

System 
analysis, 
design 
optimisation, 
and operations 
planning and 

 ✓    ✓     ✓   
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systems in 
warehouses 

control for 
robotic 
systems 

Wior et al., 
2018 

Automated 
transportation 
system types 
and 
influences of 
their 
interruptions 

Advantages 
and 
disadvantages 
of 
transportation 
systems in 
various 
domains 

✓ ✓       ✓    ✓ 

Boysen et 
al., 2019 

Automated 
order picking 
systems in 
warehouses 
with an e-
commerce 
focus 

Analysis of 
automated 
order picking 
systems that 
suits B2C e-
commerce 

✓     ✓ ✓       

Fragapane 
et al., 2021 

Planning and 
control of 
AMRs 

Technological 
developments 
and decision 
areas for the 
planning and 
control of 
AMRs 

  ✓ ✓   ✓ ✓   ✓ ✓ ✓ 

This paper 

Planning and 
control of 
automated 
and 
autonomous 
systems in 
warehouses 
that include 
mobile robots 

A managerial 
decision 
framework 
tailored for 
mobile robot 
implementation 
in warehouses 

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
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2.2 Methodology 

The rationale behind the SLR is to have a clear view of the decisions to be made 

and the complications faced while applying mobile robot systems to warehouses. 

Compared to a traditional literature review, an SLR is robust, scientific, and 

transparent and summarises existing information in a thorough and unbiased 

manner (Tranfield et al., 2003).  

The research protocol followed in this review was adapted from Tranfield et al. 

(2003) and started with a scoping study that informed the research questions in 

two primary and broad contexts: ‘Warehouse’ and ‘Mobile Robots’. Keyword 

groups were formed (S1 for warehouse and S2 for mobile robots), and keyword 

strings were gathered and combined with the ‘AND’ operator (Figure 2-1) to 

search Scopus, Web of Science, ABI Inform, and EBSCO. This study intended to 

capture as many mobile robot solutions and decision topics as possible by being 

flexible with only two search strings and hence refrained from narrowing the 

search results further through the use of additional primary context. Only articles 

from 2000 and conference papers from 2015 to 2020 were considered relevant 

owing to the recency of the technology (Table A-1). Only peer-reviewed papers 

in English on warehouses and mobile robots were considered. 

Quality criteria (Table A-2) were adopted from Pittaway et al. (2004) to select and 

evaluate publications, including theory robustness, contribution to knowledge, 

methodology and arguments, and implications for practice. Papers were rated on 

a scale of zero to three in each of the four criteria, and papers scoring 8 out of 12 

qualified for review, which resulted in a total of 107 papers. 
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Figure 2-1 The systematic literature review process 
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2.3 Managerial Decision Framework 

Implementing mobile robot systems in warehouses is a complex decision problem 

with multiple dimensions, affecting the current and future capabilities of the 

warehouse. Thus, along with identifying the correct system, many decisions need 

to be made at strategic, tactical, and operational levels, in order of precedence 

(Bechtsis et al., 2017; Fragapane et al., 2021; Le-Anh and De Koster, 2006). 

Each decision level is divided into managerial focus areas, as shown in Figure 2-

2. A detailed analysis of all the papers involved exists in Table A-3. 

 

Figure 2-2 Overview of managerial decision framework 
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2.3.1 Strategic Level 

Strategic level decisions involve comprehensive, long-term business decisions 

such as warehouse layout plans and the type of mobile robot systems. These 

decisions are taken before the installation stage of mobile robot systems and are 

rather hard to alter during the implementation. The effects of these decisions 

occur in the long run, which might be years. 

2.3.1.1 Evaluation Criteria and Mobile Robot System Selection 

Analysing and choosing mobile robot systems should be the first step towards 

mobile robot automation. This paper classifies mobile robot systems according to 

their type of navigation Wior et al. (2018) into four categories: Linear route, 

guided, freeway mobile robots, and hybrid systems. To evaluate these systems, 

Schmidt and Schulze (2009) highlight four criteria: cost, service-level, flexibility, 

and scalability. Apart from the service-level criterion, the other three criteria are 

also mentioned in many other studies (Huang et al., 2015; Roy et al., 2019; Zou 

et al., 2018).  

Firstly, to prevent the cost criterion from becoming too broad, this review only 

considers mobile robot costs through the presence of onboard intelligence and 

gripping arms. Moreover, flexibility is considered as ‘Flexibility of the 

Infrastructure’ and ‘Flexibility in Material Handling’. If the warehouse layout and 

environment change frequently during operations, infrastructural flexibility 

becomes crucial. On the other hand, if the company is in a sector that has 

different-sized products, a system with high material handling flexibility is 

recommended. Scalability is the ability of mobile robot systems to cope with 

demand fluctuations and is a necessity particularly if a company has a growth 

expectation. According to DHL, 80% of the warehouses are manually operated 

with no automation (Benady, 2016). Once they want to change their operational 

model, they will need to consider the required implementation time of the mobile 

robot systems. For this reason, ‘Time to Implement’ is another evaluation criterion 

(see Llopis-Albert et al., 2019) that offers managers an indication of system 

implementation times which is especially valuable in agile sectors such as e-

commerce. Mobile robot systems are reviewed under these criteria in Table 2-2. 
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In case of information deficiency in the reviewed literature, the researcher 

benefited from the grey literature. 

Lastly, operation or warehouse-specific strengths and weaknesses help 

determine the correct system. For example, barcode-guided mobile robot 

systems require a large and dedicated operation area, laser-guided mobile robot 

systems hardly operate with small and medium-sized products, and mobile 

picking robots cannot operate in a palletised-products-only environment. 

2.3.1.2 Identifying Key Performance Indicators 

Key Performance Indicators (KPIs) help decision-makers assess the 

performance of the warehouse through tangible measures (Rushton et al., 2014). 

This review divides KPIs into warehouse-specific and mobile robot system-

specific in order to evaluate the performance of warehouse and automation 

systems separately. 

Warehouse-specific KPIs are financial (costs, return on investment, capital), 

customer-related (on-time delivery, quality), process-related (productivity, 

inventory levels, order picking error, utilisation), and worker-related (labour 

turnover, training, safety) (Bartholdi and Hackman, 2019; Llopis-Albert et al., 

2019; Rushton et al., 2014). 

Mobile robot system-specific KPIs refer to the performance of the chosen system 

and should be identified to develop the system and keep track of the potential 

improvement areas. In the chosen mobile robot system context, a decision-maker 

should determine the KPIs from the list provided in Table 2-3 to monitor the 

performance and effectiveness of the system at the macro level.
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Table 2-2 Mobile robot systems 

System 

Name 

Brief System 

Definition 

Material 

Handling 

Context 

Robot 

Type & 

Cost 

Flexibility of 

Infrastructure 

Flexibility in 

Material 

Handling 

Scalability 
Time to 

Implement 
References 

Rail Using 

Robots 

Robots follow a linear 

route made of rails 

Person-

to-Goods 
AGVs  

Fixed 

infrastructure - 

hard to adjust 

Pallets and 

small items 

(with tote bins 

add-on) 

Scales within a 

few weeks: extra 

robots and low-

level construction 

Mid-level 

construction: 

railways 

Füßler et al., 

2019; Wior et al., 

2018; “SSI 

Schaefer”, n.d. 

Wire Using 

Robots 

Robots follow a linear 

route with wires 

underneath 

Person-

to-Goods 
AGVs 

Fixed 

infrastructure - 

hard to adjust 

Pallets and 

small items 

(with tote bins 

add-on) 

Scales within a 

few weeks: extra 

robots and low-

level construction 

Mid-level 

construction: 

wires 

Wior et al., 2018; 

Vis, 2006; “SSI 

Schaefer”, n.d. 

Barcode 

Guided 

Robots 

Robots travel on grid-

based and barcoded 

floor layouts 

Goods-

to-

Person 

Mostly 

AMRs 

Flexible with 

barcode and 

shelf relocations 

but requires a 

dedicated area 

Shelves or 

bins 

Scales within a 

few days: extra 

robots and minor 

installations 

Low-level 

construction: 

barcode and 

shelf 

installation 

Wurman et al., 

2008; Boysen et 

al., 2019; 

“Geek+”, n.d. 

Laser 

Guided 

Robots 

Big vehicles travel 

with laser beams and 

mirrors in strategic 

locations for mapping 

and free navigation 

Robot-to-

Goods 

Mostly 

AGVs 

with 

forks 

Flexible with 

mirror setups or 

removals but 

requires a 

dedicated area 

Pallets 

Scales within a 

few days: extra 

robots and minor 

installations 

Low-level 

construction: 

mirror 

installation 

Hornakova et al., 

2019; Raineri et 

al., 2019; Ferrara 

et al., 2014 
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Autonomous 

Forklifts and 

Pallet 

Trucks 

Autonomous big 

vehicles with free 

navigation capability 

Robot-to-

Goods 

AMRs 

with 

forks 

High flexibility - 

no fixed 

infrastructure 

Pallets 

Scales within a 

few days: extra 

robots 

No 

installation 

or 

construction 

Draganjac et al., 

2016; Polten and 

Emde, 2020; 

“Geek+”, n.d. 

Human 

Collaborated 

Robots 

(Cobots) 

Autonomous robots 

with bins attached 

navigating either with 

or to a human picker 

to carry materials 

Person-

to-Goods 
AMRs 

High flexibility - 

no fixed 

infrastructure 

Small items, 

boxes, or bins 

Scales within a 

few days: extra 

robots and 

human workforce 

No 

installation 

or 

construction 

Zou et al., 2019; 

Boysen et al., 

2019; Azadeh et 

al., 2019; 

“Locus”, n.d. 

Mobile 

Picking 

Robots 

Autonomous robots 

with bins, free 

navigation, and 

gripping function to 

pick from shelves 

Robot-to-

Goods 

AMRs 

with 

gripping 

function 

High flexibility - 

no fixed 

infrastructure 

Small items, 

boxes, or bins 

with shape and 

weight 

restrictions 

Scales within a 

few days: extra 

robots 

No 

installation 

or 

construction 

Bogue 2016; 

Huang et al., 

2015; Kimura et 

al. 2015; 

“Magazino”, n.d. 

AS/RS, 

Conveyors, 

and Linear 

Route 

Robots 

Required material 

handling unit is 

retrieved by the 

AS/RS, taken by 

mobile robots, and 

put on a conveyor for 

transportation 

Robot-to-

Goods 
AGVs 

Fixed and bulky 

infrastructure - 

hard to adjust 

Pallets 

Scales within 

several weeks: 

high-level 

construction 

High-level 

construction 

Azadeh et al., 

2019; Wurman et 

al., 2008 

Picker & 

Transport 

Robots 

Picker robots (mobile 

picking robots) and 

transport robots with 

bins travel together 

Robot-to-

Goods 

AMRs 

with 

gripping 

function 

High flexibility - 

no fixed 

infrastructure 

Small items, 

boxes, or bins 

with shape and 

weight 

restrictions 

Scales within a 

few days: extra 

robots 

No 

installation 

or 

construction 

Bogue 2016; 

Azadeh et al., 

2019 
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Laser 

Guided 

Robots & 

Pallet 

Shuttles 

Pallet shuttles move 

pallets from the face 

to the interior for laser 

guided robots to pick 

them 

Robot-to-

Goods 

AMRs 

with 

forks 

Pallet shuttles 

stand on fixed 

infrastructure - 

hard to adjust 

Pallets 

Scales within 

several weeks: 

high-level 

construction 

High-level 

construction 

Ferrara et al., 

2014 
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Table 2-3 Mobile robot system KPIs 

KPIs Explanation Considered By 

System 
throughput 

Orders or order lines 
picked per hour 

Yuan and Gong, 2017; Tai et al., 2018; Lamballais et al., 2017, 2020 

Robot travel 
distance 

Single robot travel 
distance on the 
average in a time 
interval or cumulative 
distances 

Dou et al., 2015; Weidinger et al., 2018; Merschformann et al., 2019 

Robot utilisation / 
idleness 

Robot allocation or 
idleness percentages 

Azadeh et al., 2019; Dou et al., 2015; Qi et al., 2018; Merschformann et al., 
2019  

Robot travel time 
Cumulative time of 
robot travelling 

Dou et al., 2015; Qi et al., 2018; Le-Anh and De Koster, 2006 

Avg. task 
completion time / 
deadline miss 

The average time 
required to fulfil a task 

Xue and Dong, 2018; Singhal et al., 2018; Qi et al., 2018; Dou et al., 2015 

Task 
delay/response 
time  

The time it takes to 
find a robot for a task 

Azadeh et al., 2019; Le-Anh and De Koster, 2006; Wior et al., 2018 

Computation / 
negotiation time 

The time it takes to 
calculate/negotiate a 
solution for a specific 
task group 

Weidinger et al., 2018; Tai et al., 2019; Sarkar et al., 2019 

# of deadlocks / 
conflicts / routing 
failures 

Deadlocks, conflicts, and 
routing failures 
encountered in a time 
interval 

Dou et al., 2015; Fan et al., 2018; Wior et al., 2018; Zou et al., 2017 

Workstation 
utilisation / 
idleness 

For instance, the 
utilisation of picking 
workstations 

Bauters et al., 2016; Merschformann et al., 2019; Tai et al., 2019; Yuan and 
Gong, 2017 

Task density 
In a zone or other 
specific area 

Qi et al., 2018; 

Robot-Human 
ratio 

The number of human 
workers required to 
operate with a certain 
number of robots or vice 
versa 

Yuan and Gong, 2017 

Number of active 
robots 

The number of robots 
required in the field 

Fan et al., 2018 
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2.3.1.3 Type of Mobile Robots and Their Coordination 

If the chosen system requires extensive onboard intelligence, such as the ability 

of dynamic path planning according to the environment and the obstacles, AMRs 

should be preferred. Otherwise, AGVs would be a satisfactory and cheaper 

solution. Horňáková et al. (2019) and Zavadskas et al. (2018) define several 

criteria and use multi-criteria decision-making methods to choose the best 

alternative. 

After choosing the type of mobile robots, their coordination method should be 

determined. The literature focuses on three coordination methods: centralised, 

mixed, and decentralised. In centralised coordination, a single decision-making 

software gathers all the information and manages the robots accordingly. It 

theoretically guarantees an optimal solution (Tai et al., 2018), as it solves the 

system as a whole but requires extensive computational power (Fan et al., 2018). 

In distributed coordination, robots communicate with other robots and make their 

own decisions as decision-makers. Even though distributed coordination is more 

scalable and flexible than centralised coordination (Claes et al., 2017), the 

solution can be sub-optimal (Fan et al., 2018) or even non-existent due to 

deadlocks (Draganjac et al., 2016). Mixed coordination aims to benefit from the 

advantages of both approaches. They are faster than centralised coordination 

and have a higher potential to find a solution closer to the optimal when compared 

to distributed coordination (Singhal et al., 2018). Note that only AMRs could have 

distributed or mixed coordination thanks to their onboard intelligence. 

Many operational decisions depend on the method of coordination. For instance, 

in mixed coordination, robots could plan their path while a central mechanism 

assigns tasks to them (Dou et al., 2015). However, in the presence of a solely 

centralised architecture, it might not be economical to use AMRs as their 

autonomy would not make a difference. 

2.3.1.4 Facility Layout 

Integration of many mobile robot systems requires a major change in the layout 

when deployed in manually operated warehouses. In addition to the general flow 

of the warehouse, decisions need to be made about the following subjects. 
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Number of floors. Modern warehouses are 8.5 to 11 meters high (Bartholdi and 

Hackman, 2019). However, many mobile robot systems, especially the ones for 

picking small products off shelving, do not utilise that height. Thus, single-floored 

warehouses now have the potential to double their storage area and throughput 

by installing a second floor (Lienert et al., 2019). This could be achieved through 

a mezzanine floor where mobile robots are operable (Wurman et al., 2008). 

Number, size, and location of pick-up and delivery points. Most research on 

warehouse layout subjects related to mobile robot automation focuses on the 

aisle, cross-aisle, shelf, picking workstation and replenishment workstation 

quantities and sizes, and where to locate them. However, the literature is mainly 

concentrated on barcode-guided mobile robots, influenced by research focused 

on Kiva (Lamballais et al., 2020; Weidinger et al., 2018). 

Queueing network models investigating the movement of tasks, such as from a 

shelf to a picking workstation, help design various layouts (Wang et al., 2020). 

The other option is to model the warehouse layout with variables and constraints 

and apply algorithms or heuristics to optimise the throughput (Zou et al., 2019). 

Flow-path layout of mobile robots. The robots could travel on unidirectional 

(simple but inefficient) or bidirectional (complex but efficient) paths together with 

the idea of having multiple lanes on one route (Le-Anh and De Koster, 2006; Vis, 

2006). Freeway robots do not require an infrastructure for routing, and alterations 

are much easier.  

Idle vehicle and robot charging locations. When mobile robots are not assigned 

a task, they become idle and require a parking area (Vis, 2006). A parking area 

should minimise the reaction time of mobile robots to new assignments and avoid 

potential congestion (Le-Anh and De Koster, 2006). The same idea applies to 

robot charging locations. Hamann et al. (2018) and Zou et al. (2018) include them 

in the operational area to guarantee a close charging location. However, in many 

papers, idle vehicle parking and charging locations are overlooked or omitted, 

which makes empirical works unrealistic. 
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2.3.1.5 Human-Robot Interaction 

Human-robot interaction and the role of human workers receive little attention 

with almost no research on the subject (Boysen et al., 2019). However, many 

automation systems involve human-robot interaction. Therefore, issues related 

to human-robot interaction should be considered before applying the chosen 

mobile robot system. Where possible, a change management team should be 

formed before introducing an automation system (Moeller et al., 2016). 

Human Tasks. Currently, humans grasp items more efficiently. Since humans 

perform maintenance of robots, picking, broken-case replenishment, and packing 

tasks, human-robot interaction remains unavoidable. The distribution of tasks 

should be done according to the capabilities of both sides to maximise joint 

performance and minimise errors (Azadeh et al., 2019; Bechtsis et al., 2017). 

Personnel Management. With the introduction of an automation solution, human 

workers feel a risk of job loss since some of the tasks are starting to be performed 

by robots (Bechtsis et al., 2017; Moeller et al., 2016). For this reason, human 

workers should be trained and incentivised to increase efficiency and throughput 

(Boysen et al., 2017, 2019). Moeller et al. (2016) illustrate an automation system 

implementation through a real-life case, propose ways of communicating with the 

workforce and outline a successful change management approach. 

Human Safety. On one hand, the introduction of mobile robots may improve 

human safety due to more unmanned operations. However, especially when 

freely moving robots are involved, human safety can also be endangered (Raineri 

et al., 2019). A risk assessment study is required to identify unsafe scenarios in 

the simulation stage of a mobile robot system implementation (Inam and Raizer, 

2018). Further, mobile robot multi-sensory systems could be used to increase 

awareness and decrease potential accidents (Bechtsis et al., 2017). Velocity 

planners (Raineri et al., 2019) and reinforcement learning applications (Sartoretti 

et al., 2019) are used to devise efficient trajectories while ensuring human safety. 

Petković et al. (2019) apply a Bayesian theory of mind approach for robots to 

estimate humans’ intentions and avoid entering areas which humans will occupy. 

Lastly, human vision could be enhanced through augmented reality showing 
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workers the planned path of mobile robots and allowing them to draw virtual walls 

to prevent mobile robots from entering those safe areas (Papcun et al., 2019). 

2.3.2 Tactical Level 

Based on strategic decisions, tactical decisions need to be made next which have 

a medium-term effect on warehouse operations. These decisions are comparably 

easier to adjust during the implementation and ongoing operation compared to 

strategic level decisions. Still, they should not and generally cannot be changed 

in the short term. 

2.3.2.1 Storage Assignment Plan 

Decisions regarding quantity and type of products in pick locations are aligned 

with facility layout decisions at the strategic level. Once storage locations are 

decided, products should be distributed in a way that maximises product 

availability and accessibility. Product distribution depends on the quantities, 

shapes, and sizes of stock keeping units (SKUs) (Lamballais et al., 2020). 

Traditionally, these decisions remained unchanged for several months in most 

warehouses, but they can now be altered at short notice as some robots 

(barcode-guided mobile robots) are able to carry and change shelf positions 

whilst others (i.e., autonomous forklifts, mobile picking robots) can change 

product locations overnight without human assistance (Füßler et al., 2019). 

ABC (class-based) storage divides products based on their turnover rate (De 

Koster, 2018). According to Weidinger et al. (2018), it performs best in the 

presence of mobile robots among five different storage policies, i.e., random 

storage, closest open location storage, dedicated storage, full-turnover storage, 

and ABC storage. However, better results could be achieved with hybrid 

approaches such as first dividing the warehouse into zones according to the ABC 

storage and then applying the closest open location storage within these zones 

(Ly, 2019).  

Simulated annealing, a probabilistic optimisation algorithm could be used to 

assign one pick location to one SKU (Merschformann et al., 2019). However, 

having only one pick location for one SKU may impede efficient access, and it is 
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common to distribute the same SKUs to more than one shelf (mixed-shelves 

storage) (Roy et al., 2019). Placing SKUs on different shelves increases 

availability and accessibility, which would deliver the same throughput with fewer 

mobile robots (Boysen et al., 2017; Lamballais et al., 2020).  

Increasing product availability and accessibility improves warehouse efficiency. 

Related studies on storage assignment with robots are limited, and further 

research is needed to evaluate different storage policies for the various mobile 

robot systems. 

2.3.2.2 Order Management Plan 

The order management plan governs how to process incoming customer orders. 

This paper divides order management for mobile robots into static (offline) and 

dynamic (online) strategies. 

Static order management. Customer orders are collected by the system and then 

divided into batches or waves with a cut-off point (Boysen et al., 2019). For 

batches, the cut-off point could be a certain quantity of orders, while for waves, it 

could be a time of the day (Rushton et al., 2014).  

As order batching is computationally complex and time-consuming, heuristics 

might be used to obtain feasible but sub-optimal solutions (Li et al., 2017). Boysen 

et al. (2017) apply simulated annealing to batch orders and assert that 

sequencing orders present better solutions than sequencing shelves. Few papers 

use waves of orders as a static order management strategy (Sarkar et al., 2018; 

Xue and Dong, 2018). However, they do not analyse or compare the performance 

of wave picking to batching strategies, indicating a potential gap for future 

research. 

Dynamic order management. Customer orders placed through the warehouse 

management system are directly added at the end of a picklist or get prioritised if 

they are urgent (Boysen et al., 2019). This way, urgent orders could quickly be 

dealt with, making the order fulfilment system agile and responsive. Even though 

many papers such as Lamballais et al. (2017) and Tai et al. (2018) use dynamic 
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order management, none of them presents a performance comparison with static 

order management strategies.  

Storage assignment and order management strategies should be jointly and 

dynamically determined to increase the throughput (He et al., 2018). Distributing 

the workload fairly among mobile robots or workstations would ensure all partial 

orders are finished nearly at the same time, which would decrease the sortation 

and packing challenges or robot conflicts and deadlocks (Boysen et al., 2019). 

2.3.2.3 Quantity of Robots 

The variable cost of mobile robot systems is based on the number of robots 

(Wang et al., 2020). For this reason, fleet sizing is a decision that should be made 

carefully as underestimating the fleet size would delay fulfilling orders and 

overestimating it would increase traffic, leading to conflicts and deadlocks. 

There are two types of robot fleet behaviours. A ‘dedicated’ robot fleet can divide 

and dedicate themselves to workstations or human workers, whilst a ‘pooled’ 

robot fleet can act homogeneously to maximise the throughput (Yuan and Gong, 

2017). Deciding on fleet behaviour helps the decision-maker to evaluate the fleet 

size more systematically. Roy et al. (2019) and Yuan and Gong (2017) studied 

pooled and dedicated mobile robots. Roy et al. (2019) suggest that using pooled 

robots instead of dedicated robots reduces the throughput time for order picking 

by up to one-third. Considering robot congestion and operable area, Yuan and 

Gong (2017) provide the optimal ratio for human pickers and robots for both 

alternatives. 

Some of the papers minimised or optimised their fleet sizes while keeping the 

throughput the same using various models and algorithms (Ferrara et al., 2014; 

Liu, Ji, et al., 2019; Sarkar et al., 2018). Boysen et al. (2017) relate the optimum 

number of robots to SKU diversity and calculate the fleet size accordingly. For 

big vehicles such as autonomous forklifts, Polten and Emde (2020) advise 

decision-makers to have fewer mobile robots than the number of aisles to avoid 

congestion. Finally, as fleet size could be affected by task allocation strategies 
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and traffic congestion, simulations could test different fleet sizes before or during 

real-life implementation (Le-Anh and De Koster, 2006). 

Empirical papers that mention fleet sizing concentrate on proving their algorithms 

on various fleet sizes and most of them do not go beyond fleet comparisons on 

throughput performances. However, fleet size should also be optimised as an 

outcome of the algorithm as it is the biggest portion of the variable cost of mobile 

robot systems. 

2.3.2.4 Maintenance and Failure Handling 

Unmanned mobile robots can work continuously yet have lower maintenance 

costs compared to manned vehicles (Bechtsis et al., 2017). Maintenance costs 

could be lowered further if tasks are distributed evenly (Weidinger et al. 2018). 

Still, maintenance of mobile robots should be planned, including backup 

strategies for their downtime.  

Mobile robots fail the most at ‘travelling to storage area’ and ‘travelling to 

workstation’ tasks (Yan, Zhang, et al., 2017). Corrective maintenance appears as 

a more expensive choice than preventive maintenance, but it provides long-term 

high efficiency (Yan et al., 2018). 

To include robot failure in simulations, Witczak et al. (2020) apply a predictive 

fault-tolerant control algorithm and guarantee that all tasks would be completed 

irrespective of the faults of the robots. Another way to ensure task completion 

without system interruptions is a migration strategy that governs the transfer of 

tasks to another robot in case of a failure (Draganjac et al., 2016; Kattepur et al., 

2018). 

When a robot fails, four strategies may be followed: 1) ignore the broken robot, 

2) pause the whole system, 3) restart the system and replan tasks, 4) reroute 

tasks from the broken robot to other robots (Lienert et al., 2019). Rerouting (Liu, 

Zhou, et al., 2019) only the robots affected by the malfunctioning robot’s tasks 

can maximise the throughput the most as it does not stop the whole system. 



 

46 

2.3.2.5 Robot Energy Management 

Although one of the main advantages of mobile robots is the ability to work 

continuously through battery charging, energy management is one of the least 

attended subjects at tactical and operational levels. Besides, efficient energy 

management would affect the fleet size of mobile robots as well as the throughput 

of the warehouse by increasing robot availability (Vis, 2006).  

Three energy management strategies are compared through queueing network. 

Taking into account that not all robot types can be inductively charged, it stands 

out as the best alternative in terms of throughput maximisation compared to plug-

in charging and battery swapping (Zou et al. 2018). Even though battery 

swapping outperforms plug-in charging, it is a more expensive strategy. 

Robots can create a charging task request based on their battery levels (Kattepur 

et al. 2018), or their battery levels could be calculated in time windows or task 

sequences to create a charging task for them (Xu et al., 2019). Amazon charges 

its Kiva robots for five minutes every 55 minutes (Hamann et al., 2018). Many 

studies charge mobile robots based on their energy levels using thresholds such 

as 20%, 40%, or 50% (Lee et al., 2019; Yoshitake et al., 2019; Zhang et al., 

2018). An alternative approach is to create charging tasks according to the power 

consumed by active time and speed (Liu, Ji, et al., 2019). 

The technology behind the energy capacity of robots is always developing to 

either power a stronger robot or increase the active time of a robot. An efficient 

charging type should be case-specific, and a charging threshold should be set to 

avoid energy-based failures during the operation. 

2.3.3 Operational Level 

Operational level decisions could be altered in the short term, and their effect on 

warehouse operations could be observed within the same month, week or day. 

Thus, warehouse managers can experiment with day-to-day decisions to 

optimise operational performance. 
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2.3.3.1 Mobile Robot Task Allocation 

Allocation of tasks to a mobile robot could differ according to the chosen mobile 

robot system. For instance, for barcode-guided mobile robot systems, a picking 

task could be the transportation of a shelf, while it could mean picking a box from 

a shelf for mobile picking robots. In either application, robots should divide these 

tasks into subtasks such as navigating to the correct location, performing the 

lifting or the picking operation, and then carrying the material to where it is 

supposed to go (Wurman et al., 2008). As a solution approach, few papers apply 

the queueing theory to sort tasks and observe their performance outputs 

(Lamballais et al., 2017; Wang et al., 2020). Task allocation can be static/fixed or 

dynamic/online (Vivaldini et al., 2015).  

Static/Fixed Task Allocation. Tasks are grouped with a cut-off point, a globally 

optimal plan is generated, and tasks are distributed to mobile robots (Singhal et 

al., 2018). However, the solution could be disrupted through unforeseen events 

such as breakdowns of robots, cancellation of tasks, or alterations in navigation 

times due to conflicts or deadlocks (Le-Anh and De Koster, 2006; Vivaldini et al., 

2015). Furthermore, a globally optimised solution might not be scalable to 

hundreds of robots as it requires high computation time (Claes et al., 2017). 

Dynamic/Online Task Allocation. With the help of this strategy, the system 

becomes more robust and scalable by prioritising tasks (Vivaldini et al., 2015). 

Task allocation requests are triggered through system status changes such as 

the completion of a task or the arrival of a new task, and the allocation is re-

planned each time there is a trigger (Claes et al., 2017; Vivaldini et al., 2015). As 

these systems distribute the responsibility to intelligent robots with imperfect 

information and could only compute sub-optimal solutions (Claes et al., 2017), 

studies focus on having the best performance on optimality/computation 

efficiency ratio. Dynamic task allocation approaches need to be adapted and 

verified when hundreds of robots operate in the same warehouse, increasing the 

occurrences of unforeseen events. 
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2.3.3.2 Path Planning of Mobile Robots 

Path planning determines the route mobile robots follow from the initial position 

to the desired position to start or finish a task in the shortest time. Generating the 

shortest path with numerous static and dynamic obstacles, including other mobile 

robots, make path planning a significant concern.  

The performance of path planning algorithms can be assessed through four 

criteria: completeness (the ability to find the complete path), optimality (finding 

the path with the lowest time), time complexity (computational time to find the 

path), and space complexity (total computer memory absorbed to obtain the path) 

(Ng et al., 2020). Path planning algorithms are classified as coupled, decoupled, 

and dynamically coupled (Sartoretti et al., 2019).  

Coupled algorithms such as Dijkstra’s and A* consider the system as a whole 

and theoretically guarantee optimality and completeness, but they suffer from 

time and space complexities (Draganjac et al., 2016). Further, coupled algorithms 

do not possess the ability to replan the paths in time as the environment changes 

(Ng et al., 2020).  

Decoupled algorithms break path planning into instantaneous route planning and 

robot motion coordination forward through time to avoid collisions/conflicts. They 

are faster than coupled algorithms, but they suffer from completeness and 

optimality (Draganjac et al., 2016).  

Dynamically coupled algorithms, a mixture of coupled and decoupled algorithms, 

plan routes and coordinate movement in the robot’s local area to decrease time 

complexity while still possessing the ability to find optimal or near-optimal 

solutions (Sartoretti et al., 2019). Dynamically coupled algorithms could be further 

studied and combined with task allocation and conflict avoidance strategies to 

obtain resilient and sustainable systems. 

2.3.3.3 Deadlock Resolution and Conflict Avoidance Plans 

Simply calculating a feasible route is not sufficient for multi-robot systems to 

operate. The operational structure should avoid or resolve any conflicts and 
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deadlocks that may occur between mobile robots. This subject is often 

considered with path planning as ‘Multi-agent pathfinding’ (Sartoretti et al., 2019).   

Robots have a variety of actions to overcome conflicts. After a negotiation or 

using a prioritisation strategy, a robot may wait, reroute, or step aside (Lee et al., 

2019). Routes of robots may also be converted to time windows, and the same 

actions can be taken according to detected overlaps (Tai et al., 2018). 

Deadlocks can cause more time loss than conflicts if they cannot be immediately 

identified. Vis (2006) defines deadlocks as the inability of multiple robots to move 

further because each robot aims to occupy the location currently occupied by 

another robot in the same group. Many papers follow cycles to identify deadlocks 

and pause mobile robots, change a robot’s task time to infinity, turn robots off for 

several seconds, or show neighbour robots as obstacles to force the robots to 

reroute (Qi et al., 2018; Sabattini et al., 2017). 

Most of the research is focused on reactive approaches to conflict and deadlock 

avoidance. Instead, companies like Alibaba are adopting proactive approaches 

to finding an alternative route before a conflict occurs in order to maintain the flow 

of robots (Lee et al., 2019). 

2.4 Discussion and Research Agenda 

2.4.1 Mobile robot systems and selection criteria 

This review mentions a variety of criteria to evaluate and choose mobile robot 

systems. The criteria outlined are derived from the literature to support decision-

makers in warehouses. The research directions below could further support this 

logic and eliminate information deficiencies about mobile robot systems. 

• A list of criteria to select the correct mobile robot system (i.e., cost, 

flexibility in infrastructure, flexibility in material handling, scalability, time-

to-implement) could be developed and refined through practical 

applications with empirical evidence to aid decision-makers to choose the 

best solution. 
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• Even though picking is the most time-consuming and costliest activity in 

the warehouse, other operations such as sortation, put-away, and 

loading/unloading should also be evaluated when considering mobile 

robot system implementation. 

• The performance (e.g., throughput, labour productivity) of mobile robot 

systems other than barcode-guided mobile robots have not been 

systematically evaluated due to a lack of simulations and real-life 

applications. Theory and practice should work together to analyse the 

performance of these other types under different scenarios. 

2.4.2 Managerial decision framework 

The hierarchical decision framework (Figure 2-2) is targeted at the design, 

planning and management of warehouses adopting mobile robot technologies in 

the digitalisation era. It synthesises decision areas identified through the 

systematic literature review and organises these across managerial decisions. It 

considers various choices put forward by the reviewed papers to capture a wide 

array of decision areas and criteria. Research areas stemming from the 

framework are as follows. 

• To test and improve this conceptual framework’s structure and robustness 

with more focus areas and decision questions, further investigations could 

be carried out with the participation of experts and practitioners familiar 

with mobile robot implementation. 

• The framework should be implemented with various mobile robot systems 

to illuminate the differences within the focus areas in distinct systems. 

The following sub-sections provide research directions aimed at enhancing the 

applicability and generalisability of the managerial decision framework. 

2.4.2.1 Strategic level focus areas 

This review limits the strategic level to pre-implementation decisions, which would 

require considerable time and investment to implement selected technologies. 

For instance, Bechtsis et al. (2017) consider the number of robots (fleet sizing) 

as a strategic decision, whereas Wang et al. (2020) and Le-Anh and De Koster 
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(2006) suggest that it is tactical. Although the initial number of robots is decided 

before implementing a solution, the total number may be altered at the medium-

term or tactical level. Keeping in mind this logic, the following pre-implementation 

research areas are identified. 

• More than half of the studies do not mention how robots would be 

coordinated in the warehouse, yet future empirical research must explicitly 

consider it. 

• Most papers assume a fixed layout which does not adequately reflect the 

flexible use of mobile robots and decreases the generalisability of the 

results. Thus, researchers should incorporate alternative layouts into the 

implementation of mobile robot automation. 

• Human-robot interaction is not mentioned adequately and studying a 

mobile robot-only warehouse lacks practicality. Subjects such as ‘change 

management’ and ‘human safety’ require researchers’ attention to support 

system implementations and raise managers’ awareness of and sensibility 

to issues in human-robot interaction. 

2.4.2.2 Tactical level focus areas 

Tactical level decisions have impacts across time horizons and decision levels. 

For example, storage assignment is considered at the strategic and operational 

levels in separate studies (Füßler et al., 2019). Further, the order management 

plan is a common subject, but none of the papers reviewed allocates it to a 

particular level. It is considered tactical since it does not need to be decided 

before the system is implemented, and its effect on the system would be 

observed in the medium term. In support of managerial decisions at the tactical 

level, the following research avenues are put forward. 

• Storage assignment decision is one of the least attended subjects, 

possibly because it is perceived as an inventory management decision 

rather than a mobile robot-related decision. However, how SKUs should 

be distributed in a warehouse can decrease the number of robots required 

and increase warehouse throughput. 



 

52 

• Fleet sizing is a significant barrier to implementing mobile robot systems. 

Yet, many papers leave fleet size optimisation unattended as their main 

aim is to prove the feasibility of algorithms. Optimum fleet size 

considerations should be included in empirical scenarios and simulations.  

• Maintenance strategies should be evaluated and compared considering 

cost trade-offs, frequency, time requirements, and prevention 

effectiveness. Predictive maintenance for robot fleets is a promising 

research direction that could be coupled with actions in case of robot 

failures to maintain the continuity of operations.  

• Robot energy management is understudied despite its impact on 

warehouse throughput, traffic congestion, fleet size, and space 

requirements for charging stations. Empirical studies need to optimise 

energy management strategies under trade-offs. 

2.4.2.3 Operational level focus areas 

Even though task allocation is mentioned as a tactical decision by Le-Anh and 

De Koster (2006), most authors consider it operational because it can be altered 

daily.  

• Dynamic task allocation approaches need to be adapted to mobile robot 

systems as they hold the potential to improve managing chaotic 

warehouse environments. 

• In path planning, instead of focusing on algorithms such as Dijkstra’s and 

A* that provide optimal solutions, computationally scalable sub-optimal 

approaches should be studied for large warehouses. 

• Studies should concentrate on proactive conflict and deadlock 

management instead of reactive approaches (Lee et al., 2019). Proactive 

approaches are scarce in the literature, although they eliminate the time 

loss of two robots coming across each other. 

• Many warehouses require large fleets of mobile robots in practice, but 

academic studies often simplify the scale of problems. Thus, suggested 

algorithms tend to be developed for unrealistic scenarios and should be 

tested for larger-scale applications. Additionally, traffic management 
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should be studied as the required sophistication and flexibility of a solution 

may increase at scale. 

2.4.3 Research Agenda Summary 

Figure 2-3 presents the research agenda of key topics for warehouse mobile 

robot systems. Each topic highlights an information deficiency or a necessity for 

elaboration on a decision-level-related subject. These subjects are a synthesis of 

the researcher’s observations and the research suggestions gathered from the 

reviewed papers. 

 

Figure 2-3 Key topics for the research agenda 

2.5 Conclusion 

This paper identified ten mobile robot systems in warehouses through a 

systematic literature review of 107 papers from four databases. A conceptual 

managerial decision framework was developed with thirteen strategic, tactical, 

and operational focus areas for the selection, implementation, and operations of 

mobile robot systems in warehouses. The framework will aid decision-makers to 

implement a suitable mobile robot solution, whilst the research avenues will help 

academics illuminate unattended areas, forming a balanced and complete guide 

to practice. Academia needs similar studies to explain the mobile robot system 

adoption process. 
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As with any study, there are limitations to this analysis. Firstly, the research 

reviewed is based on applicable academic databases only, focussing on studies 

from 2000 onwards. Thus, its outcomes might not completely reflect available 

mobile robot systems and all potential managerial focus areas of mobile robot 

applications in warehouses. Secondly, the managerial decision framework is 

conceptual, and its building blocks are exclusively derived from the identified 

papers. Hence, opportunities will be explored to test and develop the framework, 

incorporating implementation practices in future studies. 
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3 Mobile Robots in Warehouses: Evaluation Criteria for 

System Selection  

Abstract 

Mobile robot systems are warehouse automation solutions that make order 

fulfilment scalable, agile, and flexible to cope with the increasing complexity of 

customer orders. A wide array of potential options exists in the market today. This 

study proposes a multiple-criteria decision framework based on a systematic 

literature review of 107 peer-reviewed papers to reduce the probability of a 

mismatch between the warehouse mobile robot system and the operational 

requirements. It also uses five supply chain experts’ opinions on pre-defined 

criteria to address mobile robot system selection. 

This paper illustrates the characteristics of ten mobile robot systems used in 

warehouse operations. Further, it defines a rating system consisting of evaluation 

criteria to support the selection of potential automation systems. Finally, it 

demonstrates how the ‘Equal Weight’ approach and the Full Consistency Method 

(FUCOM) can assist in the selection of the most appropriate mobile robot system. 

Managerial implications discuss how flexibility, scalability, cost, and adaptability 

could be incorporated into the strategic decision of mobile robot system selection.  
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3.1 Introduction 

Warehouses face the challenge of meeting customers’ orders swiftly and 

efficiently whilst managing the increasing complexity and variability in order 

fulfilment. Driven by e-commerce, customer orders in retail sectors such as 

consumer electronics, groceries, clothing, pharmaceuticals, and footwear have 

become complex with large assortments of small products. Tens of thousands of 

daily orders for thousands of different products make the warehouse environment 

chaotic and complicate operations, especially the picking.  

An order fulfilment system should be capable of handling fluctuating customer 

demand. On retail days such as Cyber Monday, the daily revenue of even a small-

sized retailer could increase by up to threefold (ABI Research, 2019), which puts 

extreme pressure on all warehouse operations. Further, many customers expect 

their orders to be fulfilled on the same day or the next day, making scalability and 

flexibility vital for warehouse operations.  

Order picking, which is the process of removing items from storage to shipping to 

meet a specific demand, is generally the most expensive operation, which may 

account for 50-55% of the total operating costs in manually operated warehouses 

(Bartholdi and Hackman, 2019). This high percentage is primarily due to the 

amount of time lost by pickers travelling, accounting for around 55% of the 

picker’s total time spent (Boysen et al., 2019).  

By acquiring Kiva Systems, Amazon automated fulfilling e-commerce orders with 

autonomous mobile robots (AMRs) in their warehouses. Alibaba, Ocado, and 

JD.com are among the first companies that followed the warehouse automation 

move. With this technology adoption in order picking operations, Amazon has cut 

its operational warehouse costs by 20% and saved $22 million per annum in 

picking costs for each of its fulfilment centres (Bogue, 2016). They achieved this 

saving through AMRs in a goods-to-picker (G2P) setting (Wurman et al., 2008).  

Automated Guided Vehicles (AGVs) were the only type of mobile robots without 

human drivers in warehouses until the early 2000s. These robots move materials 

by moving pallets, shelves, totes, boxes, or the material itself. They have little or 
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no onboard intelligence and rely on orders coming from a centralised mechanism. 

They follow fixed and pre-programmed routes and stop when their sensors face 

an obstacle (Horňáková et al., 2019; Kattepur et al., 2018).  

In the 2000s, AMRs were introduced to warehouses. These robots have high 

onboard intelligence, which helps them make decisions on their own (Kattepur et 

al., 2018). They can map the environment, plan their paths, dynamically respond 

to their surroundings, and bypass an obstacle by themselves, i.e., without being 

remotely controlled (Horňáková et al., 2019; Kattepur et al., 2018). These 

characteristics make AMRs more flexible and suitable for chaotic and complex 

warehouse environments such as those operated by e-commerce retailers. 

G2P is an order picking method where goods are brought to the human picker by 

an automated system. Pickers stay stationary to do the picking and other related 

tasks while retrieved products are restored to their positions automatically 

(Azadeh et al., 2019). The second type of order picking method is the picker-to-

goods (P2G) method, where human pickers travel to the goods generally with a 

material handling unit (De Koster, 2018). Human collaborative robot (co-bot) 

solutions are examples of this method. Recently there is a third type of order 

picking method named the robots-to-goods (R2G) method. In this more 

automated method, mobile picking robots travel to the shelves alone and do the 

picking on their own (Huang et al., 2015) (Figure 3-1). 

 

Figure 3-1 Order picking methods 
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A number of studies focus on warehouse design and order picking systems in an 

agile context (e.g., Azadeh et al., 2019; Baker, 2006; Boysen et al., 2019; 

Jaghbeer et al., 2020; Marchet et al., 2015; Wior et al., 2018). However, mobile 

robot automation and their evaluation and selection process through a set of 

evaluation criteria topics not covered or briefly mentioned. The research 

questions of this study are as follows. 

RQ1. Which mobile robot systems are utilised in warehouses to support picking 

operations? 

RQ2. Which decision criteria can facilitate mobile robot system evaluation and 

selection? 

RQ3. How can warehouse decision-makers evaluate mobile robot systems 

before adoption? 

This paper contributes to knowledge by developing a typology of mobile robots 

and associated systems that are adopted in picking operations. Further, this study 

evaluates mobile robot system alternatives through multiple-criteria decision-

making approaches. It first aims to select the mobile robot system in a realistic 

scenario through an ‘Equal Weight’ approach for each criterion with a step-by-

step decision tree. The ‘Equal Weight’ approach is used as a starting point to 

show when the decision changes depending on the criterion and how much each 

mobile robot system fulfils it. However, the weights of criteria influence the 

outcome of the decision-making process, and the importance of a criterion may 

depend on the context in which the warehouse automation will take place. Hence, 

the ‘Full Consistency Method’ (FUCOM) (Pamučar et al., 2018) is executed to 

show how the decisions vary depending on criteria weights inferred from expert 

opinions. FUCOM has already become quite popular and proved its validity in 

supply chain research (Durmić, 2019; Erceg and Mularifović, 2019; Sharma et 

al., 2021), for example, in forklift (Fazlollahtabar et al., 2019) and AGV 

(Zavadskas et al., 2018) selection. After implementing FUCOM, this study 

discusses additional criteria using the insights of five supply chain experts. In 

different scenarios, these additional criteria could be included with the primary 
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evaluation and selection criteria defined in this study in the future to make more 

specific assessments. 

The paper is organised as follows. Section 2 describes the methodology, which 

combines a systematic literature review with the multiple criteria decision-making 

approach demonstrated to select a mobile robot system. Section 3 presents the 

findings of the systematic literature review and an assessment of the mobile robot 

systems under five main criteria identified from the literature. Section 4 

demonstrates the application of the equal-weight and the full consistency method 

with criteria importance data collected from supply chain experts. Section 5 

discusses the results and areas to consider in the future. Finally, Section 6 

concludes the paper. 

3.2 Methodology 

3.2.1 Identification of evaluation criteria through a systematic 

literature review 

This paper builds on key insights from a large systematic literature review, 

including 107 peer-reviewed articles from 2000 to 2020. The rationale behind the 

systematic literature review (SLR) is to have a clear and comprehensive view of 

mobile robot systems being adopted in warehouses and the decisions that need 

to be made to integrate them with the operation. The research protocol followed 

in this review was adapted from Tranfield et al. (2003) and started with a scoping 

study that informed the research questions in two primary contexts: ‘Warehouse’ 

and ‘Mobile Robots’. Keyword groups were formed (S1 for warehouse and S2 for 

mobile robots), and keyword strings were gathered and combined with the ‘AND’ 

operator to search Scopus, Web of Science, ABI Inform, and EBSCO. Only 

articles from 2000 and conference papers from 2015 to 2020 were considered 

relevant owing to the recency of the technology. Only peer-reviewed papers in 

English on warehouses and mobile robots were considered (Figure 2-1). 

Quality criteria were adopted from Pittaway et al. (2004) to select and evaluate 

publications, including theory robustness, contribution to knowledge, 

methodology and arguments, and implications for practice. Papers were rated on 
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a scale of zero to three in each of the four criteria, and articles scoring 8 out of 12 

qualified for review, resulting in 107 papers. 

3.2.2 The ‘Equal Weight’ Approach 

Using the insights of the SLR, a list of evaluation criteria was derived to aid 

decision-makers in choosing the most suitable mobile robot system. Giving equal 

weight to each criterion, a realistic but hypothetical scenario is created to 

demonstrate the execution of mobile robot system selection through multiple 

evaluation criteria. The scenario is further elaborated by a step-by-step decision 

tree to choose the appropriate mobile robot system for that specific scenario. 

3.2.3 The Full Consistency Method (FUCOM) 

While the ‘Equal Weight’ approach is simple to use and can be compared with 

other multi-criteria decision-making (MCDM) methods as a benchmark to the 

case where managers accommodate different weights to criteria. FUCOM is 

selected to demonstrate the decision approach, a recent MCDM method 

introduced by Pamučar et al., (2018). It can provide better results in terms of 

result consistency than the other subjective methods such as the ‘Best Worst 

Method’ and the ‘Analytic Hierarchy Process’ with the ability to validate the results 

by defining the deviation from maximum consistency (Durmić, 2019; Pamučar et 

al., 2018). It also requires a smaller number of pairwise criteria comparisons that 

are even fewer than the number of criteria (number of comparisons = number of 

criteria - 1) (Đorđević et al., 2019). 

As FUCOM uses expert evaluations, before FUCOM steps, the researcher 

approached five supply chain experts to act as decision-makers in this study. 

Data are collected through a questionnaire with informed consent (5.5B.1). 

Experts are identified from the researcher’s and his supervisors’ networks as they 

have 30+ years of expertise in the warehouse, supply chain management, and 

decision-making among themselves. All supply chain experts have been working 

at a large-sized company (headcount 250+) for more than ten years (Table 3-1). 
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Table 3-1 Information about experts 

Experts 
Years of 

Experience 
Role Company Sector 

Company 

Headcount 

Expert 1 17 
Strategic Relationship 

Manager (Supply Chain) 
Aviation 680 

Expert 2 20 
Head of Logistics 

Engineering 
Automotive 4,160 

Expert 3 27 
Logistics Transformation 

Project Manager 

Food Products and 

Beverages 
270,000 

Expert 4 10 

Senior Lecturer in 

Logistics and Supply 

Chain 

University 3,000 

Expert 5 20 
Head of Accelerated 

Digitalisation 
Logistics Provider 500,000 

In the FUCOM method, a predefined set of evaluation criteria C = {C1, C2, …, 

Cn} are initially ranked by decision-makers individually. The ranking is performed 

according to the significance of the criteria, i.e., starting from the criterion, which 

is expected to have the highest significance to the criterion of the least 

significance. Thus, the criteria ranked according to the expected values of the 

weight coefficients are obtained: 

𝐶𝑗(1) > 𝐶𝑗(2) > ⋯ > 𝐶𝑗(𝑘) (3-1) Ranking of criteria according to 

their weight 

where ‘k’ represents the rank of the criterion. If two of the criteria are judged to 

have the same significance, the sign ‘>’ is replaced with the sign of equality in 

Expression (3-1). 

In the second step, a comparison of the ranking criteria is carried out and the 

comparative priority (𝜙𝑘/(𝑘+1), k = 1, 2, …, n, where k represents the rank of the 

criteria) of the evaluation criteria is determined. The comparative priority (𝜙𝑘/(𝑘+1)) 

represents the significance or the priority that the criterion 𝐶𝑗(𝑘)of 𝐶𝑗(𝑘) rank over 
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the criterion of 𝐶𝑗(𝑘+1) rank. For instance, if the criterion of C_(j(k)) rank has the 

same significance as the criterion of 𝐶𝑗(𝑘+1) rank, then the comparative priority is 

𝜙𝑘/(𝑘+1) = 1. The comparison scale is [1,9], where ‘1’ means equal importance 

and ‘9’ means nine times more important compared to the next most important 

criterion (Pamučar et al., 2018). 

𝜙 = (𝜙1
2

, 𝜙2
3

,
… , 𝜙 𝑘

𝑘+1
) (3-2) Comparative priority vector 

In the third step, the final values of the weight coefficients of the evaluation criteria 

(w1, w2, …, wn)T are calculated. The final values of the weight coefficients should 

satisfy the following two conditions: 

(a) the ratio of the weight coefficients is equal to the comparative priority among 

the observed criteria (φk/(k+1)) defined in Step 2, i.e., the following condition is met: 

w𝑘

𝑤𝑘+1
=  𝜙𝑘/(𝑘+1) 

(3-3) Equation of ratio of the weight 

coefficients to comparative priority 

(b) In addition to the previous condition, the final values of the weight coefficients 

should satisfy the condition of mathematical transitivity, i.e., 

𝜙𝑘/(𝑘+1)  ⨂ 𝜙(𝑘+1)/(𝑘+2) =  𝜙𝑘/(𝑘+2). 

Since 𝜙𝑘/(𝑘+1) =
𝑤𝑘

𝑤𝑘+1
 and 𝜙(𝑘+1)/(𝑘+2) =

𝑤𝑘+1

𝑤𝑘+2
, 

𝑤𝑘

𝑤𝑘+1
 ⨂

𝑤𝑘+1

𝑤𝑘+2
=

𝑤𝑘

𝑤𝑘+2
 is obtained. 

Hence, another condition that the final values of the weight coefficients of the 

evaluation criteria need to meet is obtained: 

𝑤𝑘

𝑤𝑘+2
=  𝜙𝑘/(𝑘+1) ⨂ 𝜙(𝑘+1)/(𝑘+2) 

(3-4) Equation of mathematical 

transitivity condition 

Based on the defined settings, the model for determining the final values of the 

weight coefficients of the evaluation criteria can be defined. 

min 𝜒 

s.t. 

(3-5) Final model 
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|
𝑤𝑗(𝑘)

𝑤𝑗(𝑘+1)
− 𝜙𝑘/(𝑘+1)| ≤  𝜒, ∀𝑗 

|
𝑤𝑗(𝑘)

𝑤𝑗(𝑘+2)
− 𝜙𝑘/(𝑘+1)⨂ 𝜙(𝑘+1)/(𝑘+2)| ≤  𝜒, ∀𝑗

  

∑ 𝑤𝑗 = 1, ∀𝑗

𝑛

𝑗=1

 

𝑤𝑗  ≥ 0, ∀𝑗  

By solving the model (3-5), the final weights of the evaluation criteria (w1, w2, …, 

wn)T and the degree of deviation from full consistency, ‘𝜒’ are generated where 

the closer this value is to zero, the more reliable and consistent the result gets. 

The last step would be using the resulting criteria weights to select the suitable 

mobile robot system. 

3.3 Analysis of Mobile Robot Systems 

Systems involving these mobile robots can be categorised into three according 

to their types of navigation: rail-using, guided, and freeway (Wior et al., 2018). 

This paper adopts that categorisation strategy and introduces a fourth category: 

linear route robots, guided robots, freeway robots, and hybrid systems. Linear 

route robots cover rail using robots and add wire using robots. Since these 

systems might be used together with Automated Storage and Retrieval Systems 

(AS/RS) or other systems, hybrid systems are included as the fourth category. 

Cost, service level, flexibility, and scalability are the four main criteria to evaluate 

mobile robot systems (Schmidt and Schulze, 2009). Except for the service level 

criterion, the other three criteria are mentioned in many other studies (Azadeh et 

al., 2019; Bauters et al., 2016; Hanson et al., 2018; Huang et al., 2015; Roy et 

al., 2019; Zou et al., 2018). In these studies, flexibility is explained in two contexts: 

‘Flexibility of the Infrastructure’ and ‘Flexibility in Material Handling’. Further, to 

estimate the cost criterion, this paper considers cost as the fixed ‘Mobile Robot 
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Cost’. Costs associated with the decisions on fleet size, i.e., how many robots to 

deploy in a warehouse, are not included in the current demonstration. 

Many warehouses are still manually operated. Once these warehouses recognise 

the need to transform their operational model into an automated system, they 

should consider the mobile robot systems' required installation and 

implementation time. Hence, ‘Time to Implement’ is considered as a decision 

criterion in this paper to give the managers an idea of the time these systems 

require to implement. These criteria are rated by the researcher on a 3-point scale 

where the higher the score, the better the performance in the given criterion. 

Explanations of these criteria in terms of ratings are presented in Table 3-2. 

Considering these factors, an overview of mobile robot systems is made, and 

their use cases in picking operations are explained in the following sub-sections. 

To supplement the information available in the reviewed academic literature, the 

researcher also utilised additional selected sources. After the analysis, a 

synthesis table displays the ratings of mobile robot systems from each criterion. 

Table 3-2 Mobile robot system evaluation criteria and ratings 

Rating Mobile Robot 

Cost 

Flexibility of 

the 

Infrastructure 

Flexibility in 

Material 

Handling 

Scalability 
Time to 

Implement 

3 Has neither the 

onboard 

intelligence nor 

the gripping 

function 

Infrastructure is 

not fixed; it is 

easy to adapt to 

process/layout 

changes 

Capable of 

handling bulky 

products 

(palletised) or 

small products 

(bins/boxes) 

Responds to 

dynamic demand 

changes within 

days with extra 

robots only 

Needs weeks for 

the setup 

(software 

installation and 

training) 

2 Has either 

onboard 

intelligence or 

gripping function 

Infrastructure is 

not completely 

fixed; a new 

setup is 

necessary to 

adapt 

Capable of 

handling a 

variety of 

products, but 

might require 

adjustments 

Besides extra 

robots, needs 

low-level 

construction or 

human workforce 

Needs a few 

months for the 

setup (railways, 

barcodes, laser 

systems) 

1 Has both the 

gripping function 

and the onboard 

intelligence 

Infrastructure is 

fixed; it is hard to 

adapt to 

process/layout 

changes 

Can only handle 

either bulky 

products or small 

products 

Besides extra 

robots, it has 

high-level 

construction 

requirements 

Needs several 

months for the 

setup (high level 

of construction) 
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3.3.1 Linear Route Robots 

Mobile robots that follow a linear route, made of rails or wires, have been used in 

logistics to transport products within the warehouse since the 1950s (Wurman et 

al., 2008). The main difference between them is the structure they travel on (rail 

or wire). Recent P2G examples also adaptable to chaotic warehouse contexts 

are the trolley line picking system (Füßler et al., 2019) and the AGV Weasel 

system (AGV Weasel, n.d.). These systems can also be utilised in put-away (S. 

Liu, 2018) and sortation (Abbas et al., 2018) operations. As both types of linear 

route robots have similar outcomes in decision criteria evaluation, the researcher 

deems one evaluation for both systems sufficient.  

Mobile Robot Cost. Linear route robots can only move linearly in the environment 

and cannot bypass obstacles. Thus, instead of AMRs, AGVs are preferred for 

such systems that do not require extensive onboard intelligence (Wior et al., 

2018) (Rating: 3). 

Flexibility of the Infrastructure. They are not adaptable to process or layout 

changes since they stand on a fixed infrastructure (railways or wires) (Rating: 1).  

Flexibility in Material Handling. They are flexible from the material handling 

perspective as they can transport heavy products on pallets and small products 

in bins (Rating: 3).  

Scalability. They are not easily scalable because, along with mobile robots, these 

systems require new routes and a low-medium level of floor construction which 

may last for several weeks to increase the existing system capacity (Rating: 2). 

Time to Implement. SSI Schaefer mentions the implementation time of the system 

as five weeks since warehouse floors require construction (AGV Weasel, n.d.) 

(Rating: 2). 

3.3.2 Guided Robots 

Guided robots are more recent systems and, due to their ability to move non-

linearly, they have more flexibility in terms of navigation when compared to linear 
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route robots. There are two types of guided robots used in picking operations: 

barcode-guided robots and laser-guided robots. 

3.3.2.1 Barcode Guided Robots  

Barcode-guided robots became popular with Amazon’s acquisition of Kiva 

Systems, which increased Amazon’s worker productivity up to threefold (Enright 

and Wurman, 2011). Mobile robots travel on grid-based and restricted layouts in 

a G2P method. They are generally used in order picking operations (Wurman et 

al., 2008; Yoshitake et al., 2019), but they are also included in solutions to other 

warehouse operations such as sortation (Fan et al., 2018; Y. Liu et al., 2019). 

Mobile Robot Cost. Due to their ability to sense and bypass dynamic obstacles 

during their navigation, AMRs are preferred over AGVs. Overall, with the 

requirement of specialised shelves and barcode floor construction and AMRs, 

these systems are costlier than linear route robots in terms of mobile robot costs 

(Rating: 2). 

Flexibility of the Infrastructure. They require a dedicated area that might 

necessitate additional time to adapt to the potential process/layout changes 

(Wurman et al., 2008) (Rating: 2).  

Flexibility in Material Handling. They can carry shelves that have tote bins to 

pickers or boxes to sortation stations (Enright and Wurman, 2011; Y. Liu et al., 

2019). They can also transport palletised products with system adjustments as 

they can carry up to 1300 kgs of weight (Azadeh et al., 2019) (Rating: 3).  

Scalability. These systems could easily increase or decrease their capacity by 

adding or removing robots and shelves when the workload varies (Boysen et al., 

2019) (Rating: 2). 

Time to Implement. Barcode installation and special shelf placement in a 

dedicated area require a few months (Geek+, n.d.) (Rating: 2). 
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3.3.2.2 Laser-Guided Robots 

Laser-guided robots are generally used to carry pallets in warehouse operations 

and only require mirrors in strategic locations to help them map and navigate 

freely across that environment in an R2G setting (Ferrara et al., 2014; Ly, 2019). 

Mobile Robot Cost. As they navigate on predefined paths, AGVs with forks are 

generally preferred for laser-guided operations (Rating: 2).  

Flexibility of the Infrastructure. This system takes advantage of mirrors placed in 

an area, and they are only able to adapt to a new process/layout with a new setup 

(Ferrara et al., 2014) (Rating: 2).  

Flexibility in Material Handling. Laser-guided mobile robots can only carry pallets 

(Ferrara et al., 2014; Ly, 2019; Polten and Emde, 2020) (Rating: 1).  

Scalability. For similar reasons, they are adaptable to varying workloads just like 

barcode-guided robots. However, they are big vehicles and adding too many 

could decrease the warehouse space available for navigation (Polten and Emde, 

2020) (Rating: 2).  

Time to Implement. Installation of mirrors and the integration of the system could 

take several months even though it is a low-medium level construction (Banker, 

2018) (Rating: 2). 

3.3.3 Freeway Robots 

Freeway robots do not generally require construction, and they move in the 

warehouse autonomously, without limitations. Owing to their ability to map the 

warehouse with its onboard intelligence, AMRs are the only choice in these 

systems (Wior et al., 2018). There are three types of freeway robot systems: 

autonomous forklifts, human-collaborated robots, and mobile picking robots. 

3.3.3.1 Autonomous Forklifts 

Just like laser-guided robots, autonomous forklifts are generally used to carry 

pallets in warehouse operations in an R2G setting. 
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Mobile Robot Cost. Even though it is not as expensive as a gripping function, 

these robots have forks that lift pallets autonomously (Rating: 1).  

Flexibility of the Infrastructure. They do not need any fixed infrastructure, making 

them highly flexible to adapt to layout and process alterations (Rating: 3).  

Flexibility in Material Handling. Autonomous forklifts mainly carry pallets 

(Draganjac et al., 2016; Li et al., 2019) (Rating: 1).  

Scalability. Even though they are oversized vehicles like laser-guided robots, they 

are somewhat suitable for capacity adjustment since they can scale up or down 

with more or less mobile robots (Rating: 3).  

Time to Implement. They have a relatively short installation time as they require 

no construction, and they are ready to operate as soon as they are in the 

warehouse (“Forklift” 2021) (Rating: 3). 

3.3.3.2 Human Collaborated Robots 

Human-collaborated mobile robots operate with human pickers in a P2G context. 

Robots either travel with a human picker (fixed-assigned) or to human pickers 

who are waiting for them in the aisles of the warehouses (free-floating). The 

picker picks the products from the picklist and puts them onto the robot in the 

fixed-assigned scenario. Once the robot reaches the capacity or the order list is 

complete – whichever is earlier, it returns to the packing station and another robot 

is requested to meet the picker. In the free-floating scenario, human pickers stand 

in the aisles of the warehouse, and mobile robots travel in the warehouse 

according to their picking list. Once they request a product, they travel to the 

correct aisle and wait for the picker to load the product. When they reach their 

capacity, they return to the packing station and unload the products (Boysen et 

al., 2019). 

Mobile Robot Cost. Although closely following a human worker necessitates 

AMRs, gripping functionality is not required (Rating: 2) 

Flexibility of the Infrastructure. These robots do not have any fixed infrastructure, 

so they are adaptable to layout or process adjustments (Rating: 3).  
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Flexibility in Material Handling. They can collect small products or boxes, but they 

cannot operate with bulky palletised-products as human workers cannot lift them 

(Rating: 2).  

Scalability. They are suitable for a chaotic warehouse setting since they can 

easily coordinate and scale with more mobile robots, but they also require an 

additional human workforce (Rating: 2).  

Time to Implement. They have a short implementation time ranging from days to 

a few weeks as they become operational immediately upon installation (Locus, 

n.d.). The human-collaborated mobile robot system is highly adaptive and does 

not require a re-layout while transforming manually operated order picking in 

conventional warehouses (De Koster, 2018; Wang et al., 2019). 

3.3.3.3 Mobile Picking Robots 

Mobile picking robots are relatively new and popular because they can do the 

picking on their own in the R2G setting. This feature removes human errors and 

human costs in the order picking operation. They have compartments or tote bins 

on them, and they put the products they pick into these spaces. Once they reach 

their capacity, they return to the packing area to unload (Bogue, 2016; Huang et 

al., 2015).  

Mobile Robot Cost. This system requires the robot to have gripping functionality 

and high-level onboard intelligence, which increases the costs of robots (Rating: 

1).  

Flexibility of the Infrastructure. Like human-collaborated robots, these robots do 

not have any fixed infrastructure, so they are adaptable to layout or process 

adjustments (Rating: 3).  

Flexibility of Material Handling. They have limited flexibility in terms of materials 

they can transport because of materials’ weight (a few kg) and shape (boxes or 

products that have edges) requirements (Kimura et al., 2015). Moreover, the 

picking areas of the robots should be structured for correct and efficient picking 
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(Huang et al., 2015). Yet, there are ongoing object detection studies to correctly 

identify products on an unstructured shelf (Bormann et al., 2019) (Rating: 1).  

Scalability. They are suitable for a chaotic warehouse setting since they can 

coordinate and scale quickly with more mobile robots without any additional 

needs (Huang et al., 2015) (Rating: 3). 

Time to Implement. They need weeks rather than months to implement as they 

become operational immediately upon installation (Zero to automated in weeks 

not months., n.d.) (Rating: 3). 

3.3.4 Hybrid Systems 

Hybrid systems combine at least one mobile robot system with other solutions. 

These solutions might be preferable to remove the disadvantage of a specific 

system or take advantage of a higher level of automation. The literature reveals 

three types of hybrid systems, all of which operate in the R2G method: 1) AS/RS, 

conveyors, and linear route robots; 2) picker and transport robots; 3) laser-guided 

robots and pallet shuttles. 

3.3.4.1 AS/RS, Conveyors, and Linear Mobile Robots 

These systems are generally helpful if the warehouse traffic consists mainly of 

pallets or similar handling units according to the capability of the AS/RS. In this 

system, when the AS/RS retrieves the required pallet, they are taken by mobile 

robots and put on a conveyor for further processing (S. Liu, 2018).  

Mobile Robot Cost. AGVs suffice to carry the products or pallets taken from the 

AS/RS or conveyors (Rating: 3).  

Flexibility of the Infrastructure. The system is fixed and is not adaptive to any 

process or layout changes due to its infrastructure (Rating: 1).  

Flexibility of Material Handling. Together with carrying different sizes of products, 

an AS/RS can only take one type of handling unit due to its physical build (Bauters 

et al., 2016) (Rating: 1).  
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Scalability. The system is not scalable as it would need new construction to 

increase the system capacity (Roy et al., 2019; Wurman et al., 2008) (Rating: 1).  

Time to Implement. It takes between six months and a year to construct the 

system to become operable (Cribley, 2014) (Rating: 1). 

3.3.4.2 Picker & Transport Robot  

These solutions are akin to the human-collaborated system. Picker robots with 

gripping functionality to fetch and lift small products replace human pickers, and 

transport robots carry products placed into tote bins or pallets on them to 

completely automate the picking operation in an R2G context (Bogue, 2016; 

Kimura et al., 2015; Lee and Murray, 2019). 

Mobile Robot Cost. For picking, AMRs with gripping functionality and for 

transportation, AMRs with material handling units are necessary. For this reason, 

mobile robot costs are relatively high (Rating: 1).  

Flexibility of the Infrastructure. Like mobile picking robots, these robots do not 

have any fixed infrastructure, so they are adaptable to layout or process 

adjustments (Rating: 3).  

Flexibility of Material Handling. This system is not flexible in terms of product 

types or product handling units that can be carried. For instance, the picking robot 

of Fetch Robotics could lift products that weigh up to 6 kg, and its arm has a reach 

of 2 m (Bogue, 2016) (Rating: 1).  

Scalability. These systems are scalable with more mobile robots, ensuring their 

robustness against malfunctions (Huang et al., 2015) (Rating: 3).  

Time to Implement. The system requires weeks to implement as robots could 

operate as soon as they are placed in the warehouse with a structured picking 

area and require no construction (Zero to automated in weeks not months., n.d.) 

(Rating: 3). 
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3.3.4.3 Laser-Guided Robots & Pallet Shuttles  

These systems differ from a laser-guided mobile robot system in automating 

pallet movements in shelves from the face to the interior with pallet shuttles in an 

R2G context. Pallets are stored on rails, narrow aisles are removed, and pallet 

storing is optimised with the help of these pallet shuttles (Ferrara et al., 2014).  

Mobile Robot Cost. AGVs are generally preferred for these systems, similar to 

the case with laser-guided robot solutions (Rating: 3).  

Flexibility of the Infrastructure. Shelving units are fixed infrastructures that are 

hardly adaptable to process or layout alterations (Rating: 1).  

Flexibility of Material Handling. This system only works with pallets or similar 

handling units, which decreases flexibility in material handling (Rating: 1).  

Scalability. There is high-level construction work for the shelves that hold pallet 

shuttles and light construction work due to the laser-guided robot system 

structure that prevents rapid capacity alteration (Rating: 1).  

Time to Implement. It may take several months to implement this solution due to 

the high-level construction work (Rating: 1). 

Based on the system evaluations above, Table 3-3 summarises the ratings of 

mobile robot systems concerning each criterion. As the ratings of mobile robot 

systems regarding the five main evaluation criteria are explained, decision-

makers can now select the appropriate solution for themselves using a decision-

making approach. The following section illustrates strategies for system selection 

using Table 3-3. 

Table 3-3 Rating table 

Mobile Robot Systems  

(System Method) 

Mobile 

Robot Cost 

Flexibility of 

Infrastructure 

Flexibility in 

Handling 
Scalability 

Time to 

Implement 

Rail or Wire -Using Robots 

(P2G) 
3 1 3 2 2 

Barcode-Guided Robots 

(G2P) 
2 2 3 2 2 
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Laser-Guided Robots 

(R2G) 
2 2 1 2 2 

Autonomous Forklifts 

(R2G) 
1 3 1 3 3 

Human-Collaborated 

Robots (P2G) 
2 3 2 2 3 

Mobile Picking Robots 

(R2G) 
1 3 1 3 3 

AS/RS, Conveyors, Linear 

Route Robots (R2G) 
3 1 1 1 1 

Picker & Transport Robots 

(R2G) 
1 3 1 3 3 

Laser-Guided Robots & 

Pallet Shuttles (R2G) 
3 1 1 1 1 
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3.4 Mobile Robot System Selection 

This section uses two independent mobile robot system assessment approaches 

using multiple decision criteria: the ‘Equal Weight’ approach and FUCOM. The 

‘Equal Weight Approach’ uses a scenario and demonstrates multiple evaluation 

criteria for targeted decision-making. This approach is considered for its ease of 

use and for establishing a benchmark for other decision methods. Then, FUCOM 

is applied to the same set of criteria using an alternative methodology. 

3.4.1 The ‘Equal Weight’ Approach 

As the first demonstration approach, all five criteria were assumed to have equal 

weight in the decision-making process. The rationale is further explained with a 

realistic scenario with a step-by-step decision tree to provide a guided example 

of the approach. The approach towards the scenario is not limited to mobile robot 

systems mentioned in this paper but can include any others as it is based on the 

evaluation criteria rather than being system-specific (Figure 3-2). 

3.4.1.1 Mobile Robot Selection Scenario: a Logistics Service Provider in E-

commerce Fulfilment  

The company is a logistics service provider in the e-commerce fulfilment market 

and serves several large e-commerce retailers. The upper management of the 

company is confident that e-commerce will continue to grow due to customers’ 

tendency to buy online, which has further increased during the Covid-19 

pandemic. Hence, they want to increase the throughput of their warehouse and 

are seeking a scalable automation solution. The current portfolio includes small- 

to medium- sized products handled through manual case picking and broken-

case picking. The company is not looking to expand their product portfolio through 

bulky products. The company might expand its operational area by purchasing 

the adjacent warehousing space in the logistics park if they see the targeted 

throughput growth. Thus, the upper management would like the system to adapt 

to potential layout alterations. Even though the upper management is motivated 

to implement a mobile robot system, considering the company's financial 

instability, they prefer an affordable solution. Finally, they want to implement the 

solution as soon as possible to recruit new customers.
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Figure 3-2 Decision tree of the scenario with explanation
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3.4.2 FUCOM Approach 

In case decision problems are characterised by criteria with differing degrees of 

importance, criteria should be allowed to have varying weights to reflect the 

decision-maker’s preferences while minimising subjectivity in the process. As an 

alternative and independent assessment of mobile robot systems based on 

expert evaluations, FUCOM determines values for the weight coefficients of all 

criteria by performing consistent comparisons. 

Initially, the list of evaluation criteria is prepared in alphabetical order as C1: 

Flexibility in infrastructure (max), C2: Flexibility in handling (max), C3: Mobile 

robot cost (min), C4: Scalability (max), C5: Time to implement (min). 

Then, as the FUCOM process suggests, the predefined set of criteria is ranked 

by a supply chain expert (Decision-Maker 1): 

 C2 > C1 > C3 > C5 > C4 

Once criteria are ranked, the decision-maker determines their importance 

coefficients with pairwise comparisons based on a scale [1,9]. The pairwise 

priority comparison is always made with respect to the 1st-ranked C2 criterion 

(Table 3-4). 

Table 3-4 Priorities of criteria for decision-maker 1 

Criterion C2 C1 C3 C5 C4 

𝝕𝑪𝒋(𝒌)
 1 2 3 5 7 

Based on obtained priorities, comparative priorities are determined: 

𝜙𝐶2/𝐶1
= 2/1 =  2;  𝜙𝐶1/𝐶3

= 3/2 =  1.5;  𝜙𝐶3/𝐶5
= 5/3 =  1. 6̅;  𝜙𝐶5/𝐶4

= 7/5 =  1.4 

The final values of the weight coefficients should meet: 

w2

𝑤1
= 2;  

w1

𝑤3
= 1.5;  

w3

𝑤5
= 1. 6̅;  

w5

𝑤4
= 1.4  

In addition to the previous condition, the final values of the weight coefficients 

should meet the mathematical transitivity condition: 
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𝑤2

𝑤3
=  2 ∗ 1.5 = 3;  

𝑤1

𝑤5
= 1.5 ∗1. 6̅ = 2.4;  

𝑤3

𝑤4
= 1. 6̅ ∗ 1.4 = 2. 3̅ 

Using Expression (5), our final model to determine the weight coefficients of the 

Decision-Maker 1 is as follows: 

min 𝜒 

s.t. 

|
𝑤2

𝑤1
− 2| ≤  𝜒, |

𝑤1

𝑤3
− 1.5| ≤  𝜒, |

𝑤3

𝑤5
− 1. 6̅| ≤  𝜒, |

𝑤5

𝑤4
− 1.4| ≤  𝜒, 

|
𝑤2

𝑤3
− 2 ∗ 1.5| ≤  𝜒, |

𝑤1

𝑤5
− 1.5 ∗ 1. 6̅| ≤  𝜒, |

𝑤3

𝑤4
− 1. 6̅ ∗ 1.4| ≤  𝜒, 

∑ 𝑤𝑗 = 1, ∀𝑗

5

𝑗=1

 

𝑤𝑗  ≥ 0, ∀𝑗  

By solving this nonlinear model, we obtain the final values of weight coefficients 

for flexibility in infrastructure, flexibility in handling, mobile robot cost, scalability, 

and time to implement as (0.23, 0.46, 0.15, 0.07, 0.09)T and the deviation from a 

full consistency, 𝜒 = 0.00. 

These steps were repeated with the other supply chain experts (Decision-Maker 

2,3,4,5) (Table 3-5). It is assumed that the experts have comparable expertise 

and knowledge of the warehouse operations; hence, the average of individual 

weights was used to find the final weights of the criteria. The average resulting 

weights from the five decision-makers are Flexibility in infrastructure: 0.16; 

Flexibility in material handling: 0.2; Mobile robot cost: 0.3; Scalability: 0.2; and 

Time to implement: 0.14. 
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Table 3-5 Decision-makers and the FUCOM details 

 
Decision-Maker 

1 
Decision-Maker 

2 
Decision-Maker 

3 
Decision-Maker 

4 
Decision-Maker 

5 

Criterion 
Ranking 

C2 > C1 > C3 > C5 
> C4 

C3 > C5 = C1 = C2 
= C4 

C4 > C1 > C3 > C2 
= C5 

C3 > C4 > C2 > C1 
> C5 

C3 > C2 = C4 = C5 
> C1 

Priorities of 
Criteria 

1 – 2 – 3 – 5 – 7 1 – 2 – 4 – 4 – 4 1 – 2 – 3 – 5 – 5 1 – 2 – 3 – 3.5 – 4 1 – 2 – 2 – 2 – 3 

Weight 
Coefficients 

0.23 – 0.46 – 0.15 
– 0.07 – 0.09 

0.44 – 0.22 – 0.11 
– 0.11 – 0.11 

0.45 – 0.22 – 0.15 
– 0.09 – 0.09 

0.42 – 0.21 – 0.14 
– 0.12 – 0.10 

0.35 – 0.18 – 0.18 
– 0.18 – 0.12 

Deviation 
from 

Consistency 
0.00 0.00 0.00 0.00 0.00 

Average 
Weight 

Coefficients 

C1 – C2 – C3 – C4 – C5 

0.16 – 0.20 – 0.30 – 0.20 – 0.14 

As we multiply the average resulting weights of these criteria with the ratings for 

the mobile robot systems (Table 3-3) and sum the scores obtained from each 

criterion, a ranking of the mobile robot systems is produced. After the calculation 

(Appendix B.2), linear route mobile robots appear to be the best alternative for a 

generic warehouse, followed by human-collaborated robots and barcode-guided 

robots (Table 3-6). Compared to the outcome of the benchmark method, the 

Equal Weight’ approach, the two runner-up systems (human-collaborated robots 

and barcode-guided robots) are the final candidates to choose from (Figure 3-2) 

in the ‘Equal Weight’ approach. 

Table 3-6 Mobile robot systems and their rankings with weighted criteria 

Mobile Robot Systems Results 

Rail or Wire -Using Robots 2.34 

Human-Collaborated Robots 2.30 

Barcode-Guided Robots 2.20 

Autonomous Forklifts 2.00 

Mobile Picking Robots 2.00 
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Picker & Transport Robots 2.00 

Laser-Guided Robots 1.80 

AS/RS, Conveyors, Linear Route Robots 1.61 

Laser-Guided Robots & Pallet Shuttles 1.61 

3.5 Discussion 

3.5.1 Discussion of Evaluation Criteria Weights 

Experts rated mobile robot cost the highest (0.3) among evaluation criteria which 

align with the findings of Horňáková et al., (2019) but conflicting with the findings 

of Zavadskas et al., (2018). Rating the ‘mobile robot cost’ criterion the highest is 

not surprising considering the high robot costs (especially AMRs) and uncertainty 

of the return on investment in warehouse automation. After mobile robot cost, 

scalability and flexibility in material handling share the highest importance (0.2 

each). This decision reflects the massive increase in e-commerce orders and the 

growth potential it offers. Time to implement mobile robot systems receives the 

lowest priority (0.14) which also aligns with the findings of Horňáková et al., 

(2019). Even though it is surprising in the fast-paced and agile supply chain 

environment that the warehouses should adapt to, time to implement might be 

interpreted as a minor detail in a strategic decision compared to other criteria. 

Yet, the weights of the criteria are for a generic warehouse and could change in 

the presence of a scenario, similar to the one in the ‘Equal Weight’ approach, and 

specific expectations. For instance, if the warehouse is operating with small-sized 

products, forklift-containing solutions would directly be eliminated from picking 

operations. 

3.5.2 Discussion of Mobile Robot System Ranking Through FUCOM  

The application presented in this paper is a demonstration and the proof of 

concept of a mobile robot system selection strategy. As it can be further 

customised with additional criteria and/or sensitivity analyses, it offers needed 

guidance for decision-makers.  
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Considering deviation consistency values being ‘0’ or a negligible positive value, 

it can be concluded that the results are reliable with high validity in terms of 

methodology. Hence, FUCOM is applicable to demonstrate an evaluation of 

mobile robot systems regarding the predefined set of evaluation criteria.  

Since rail or wire-guided robots operate with AGVs and can handle various types 

of material, it appears as the best alternative in line with allocated criteria weights. 

It is not surprising that human-collaborated robots and barcode-guided robots are 

first and second runner-up. They are the only two solutions without having ‘1’ as 

a rating in any criterion. Hybrid solutions are not performing well in the ranking 

which might be because they are suffering from the weaknesses of every sub-

system in the solution. 

As an alternative to this paper’s FUCOM approach, decision-makers could also 

rate the potential mobile robot solutions using the set of criteria in Table 3-3 

(Erceg and Mularifović, 2019; Zavadskas et al., 2018). This paper’s findings can 

provide a starting evaluation for managers considering deploying mobile robots 

in warehouses. The assessment of the alternative solutions is robust as it is 

based on their functionality and additional information obtained from the literature 

review. However, the researcher believes mobile robot systems are complex and 

difficult to assess without detailed preliminary research. FUCOM is also used in 

group decision-making processes in the supply chain to form a consensus among 

decision-makers (Fazlollahtabar et al., 2019). Nevertheless, there is a threat of 

manipulation (opinion leaders influencing others) in that approach that directed 

this study towards individual evaluation processes. 

3.5.3 Discussion of Further Evaluation Criteria 

The list of evaluation criteria enables companies to assess and select mobile 

robot solutions concerning their specific targets and expectations. Yet, there are 

many other criteria that a decision-maker or decision-making unit might consider 

while making large financial investments. Below are further criteria that the 

decision-makers could consider in their decision-making process supported by 

the ideas from the reviewed papers: 
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Downtime/reliability/cost of maintenance: Even though a mobile robot system 

does not get interrupted by a robot's failure, the overall warehouse throughput 

could decrease by up to 10% with such failures (Lienert et al., 2019). Hence, a 

potential robot and mission failure map with routine maintenance should be 

developed with action strategies (Yan et al., 2017). In this way, preventive 

maintenance would be preserved, and the cost would be minimised. 

Ergonomics: Human workers are now travelling less in the warehouse 

environment due to mobile robot presence for non-value-adding tasks, making it 

easier to recruit pickers (Hanson et al., 2018). Yet, the design of workplaces and 

actions against large-sized and weighty products in picking operations remain 

significant in terms of ergonomics (Boysen et al., 2019; Moeller et al., 2016). 

Supplier existence/capability/financial strength: By withdrawing Kiva robots 

from the market, Amazon unintentionally triggered an intense warehouse robot 

development effort, which created many start-ups competing for the market share 

(Bogue, 2016). Because most companies access such technologies through 

purchasing, supplier availability and choice become one of the most crucial 

decision points before implementation. If the technology supplier is not technically 

and financially capable enough to handle logistics customers, the whole 

automation attempt might collapse. 

Human safety: Even though mobile robots significantly decrease the threat 

towards human life by reducing manual labour (Bechtsis et al., 2017), the 

probability of a robot-human collision raises concerns as they begin to operate in 

the same environment together with AMRs (Raineri et al., 2019). Thus, a risk 

assessment study should take place, and precautions against identified risks 

should be taken (Inam and Raizer, 2018). 

Pick rate/throughput: This key performance index could be the most helpful 

metric for a warehouse (Boysen et al., 2019). However, it is not easy to calculate 

a specific throughput rate for a mobile robot solution. There are many variables 

such as functional layout, number of workstations or pick stations, fleet size, shelf 

size, product sizes, path planning and task allocation algorithms, conflict 

avoidance strategies etc. Hence, simulations should be run for various scenarios 
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to provide throughput or pick rates as outputs for easier decision-making 

(Tsolakis et al., 2019). 

Pick accuracy: Following the pick rate, pick accuracy is another significant 

metric to avoid interruptions in operations and decrease returns. To accelerate 

robot picking speed and accuracy research, Amazon initiated Amazon Picking 

Challenge in 2015. In systems where robots perform the picking, advanced 

computer vision techniques and artificial intelligence (Wen et al., 2018) is used, 

whereas, in scenarios where human workers carry out the picking, pick-to-light 

systems are applied to increase pick accuracy (Bauters et al., 2016; Hanson et 

al., 2018).  

Future-proof solution: Future-proof solution could be explained through the 

criteria offered in this paper. For instance, having flexibility in infrastructure makes 

the system future-proof against potential process or layout alterations. AMRs, 

rather than AGVs, make the solution more flexible in terms of robot navigation 

and, thus, future-proof. From another point of view, flexibility in material handling 

makes the system ready to handle various types of materials or material handling 

units. However, it can be further extended to other criteria such as compatibility 

with other automation solutions or technologies. 

Personnel training: Even though the literature brings almost no research on this 

subject, supply chain experts raise the importance of operational worker and 

engineer training to utilise the system fully within the warehouse. Operational 

human worker training times for mobile robot systems are shorter than training 

times for manual warehouse operations (Hanson et al., 2018). Yet, they should 

be communicated, trained, and incentivised potentially via a change 

management team (Moeller et al., 2016) for increased efficiency and throughput 

(Azadeh et al., 2019; Boysen et al., 2019). 

Even though these additional criteria were not incorporated in the selection model 

with primary evaluation criteria defined in this paper, they can also be employed 

by different decision-makers if they become relevant in specific scenarios. Hence, 

these criteria are explained and supported through the SLR and the insights of 



 

98 

supply chain experts so that they can be included in the decision-making process 

with the correct focus. 

3.6 Conclusion 

This study contributes to knowledge with a clear typology of mobile robots in 

warehouse operations and evaluates the characteristics of ten mobile robot 

systems in this regard. Moreover, it rates these systems according to a list of 

criteria and a rating system and supports the practicality of the criteria through 

demonstrations and methods. In combination, these outcomes form this paper's 

key contribution, which could also aid warehouse decision-makers when they 

need to automate their warehouse. The approach this study develops is not only 

valid for mobile robot automation but could potentially become a way of assessing 

other types of warehouse equipment and automation alternatives. 

As with any study, there are limitations in this review and analysis. The research 

is formed using academic databases only and focused on studies from 2000 

onwards. Thus, its outcomes might not wholly reflect available mobile robot 

systems in the picking operation. Further, even though the reliability of FUCOM 

is maintained, it could involve more criteria, a range of operations scenarios 

expected to appear in the warehouse environment, and decision-makers for 

higher validity of the results. 

Mobile robots are key technologies for improving warehouse efficiency and for 

coping with the increasingly challenging demands from customers by being 

flexible, scalable, and sometimes adaptable to existing solutions. However, 

implementing mobile robots in warehouses involves a plethora of complex 

decisions, and failures such as the implementation of unsuitable mobile robot 

systems or overlooking key decision factors could lead to costly mistakes. Hence, 

warehouse managers require guidance and a tailored managerial decision 

framework that would inform, support, and prescriptively guide them in 

implementing mobile robots. In terms of future research, this study forms a basis 

for a more comprehensive managerial decision framework to integrate and apply 

mobile robot solutions at the strategic level in warehouses. 
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4 Mobile Robot System Implementation in Warehouses: 

an Adoption Framework 

Abstract 

Mobile robot systems (MRS) are automation solutions in warehouses that make 

order fulfilment agile, flexible, and scalable to cope with customer orders' 

increasing volumes and complexities. The purpose of this paper is to explore the 

MRS adoption journey using the innovation diffusion theory (IDT) and technology-

environment-organisation (TOE) framework as theoretical lenses. It also aims to 

examine the relationship between the managerial decisions taken in the journey 

and the TOE factors affecting those decisions. 

A theory elaborating case study involving eight warehouses of four organisations 

implementing or planning to implement mobile robot systems provides evidence 

on the application of these solutions in warehouse operations. Thirty-six semi-

structured interviews, relevant documents, and observations are triangulated to 

validate the results. 

Phases and stages of MRS adoption are identified along with an exhaustive list 

of managerial decisions and TOE factors affecting the adoption journey. It is 

found that MRS adoption is a cyclical process with the presence of continuous 

learning. It is also evident that managerial decisions shape the entire process, 

while TOE factors influence and sometimes dictate managerial decisions. 

This study has three key contributions. It elaborates on IDT and includes the 

‘assimilation & learning’ phase that affects the ongoing and future implementation 

planning. Secondly, it illustrates the interaction of managerial decisions and 

contextual factors and how they affect MRS implementation. Finally, it develops 

an empirically validated MRS adoption framework for warehouse managers. 

Keywords mobile robot automation, TOE framework, technology adoption, 

multiple case studies, innovation diffusion 
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4.1 Introduction 

Fulfilling customers’ orders swiftly and efficiently whilst managing the increasing 

complexity and variability of these orders is an ongoing challenge in supply 

chains. Retail sectors, such as consumer electronics, clothing and footwear, 

grocery, or pharmaceuticals, are characterised by large assortments of small 

products. The increasing tendency of customers to buy online leads to thousands 

of daily orders, which, coupled with thousands of different products, can make 

the warehouse environment chaotic and complicate operations such as receiving, 

picking, sorting, and packing.  

Due to intense competition and the complexity of orders, companies are 

constantly trying to adopt new technologies. Innovative technologies such as 

mobile robots promise more efficient and faster operations than manually 

operated warehouses and could be applied to most individual warehouse 

operations (Wurman et al., 2008).  

Owing to the successes of early adopters (i.e., Amazon, Alibaba, Ocado, and 

JD.com), mobile robot adoption in warehouses had a spectacular boost. Grey 

Orange, Hikvision, Geek+, IAM Robotics, 6 River Systems, Magazino, and many 

other start-up companies began developing various mobile robot systems for 

warehouses using automated guided vehicles (AGV) and autonomous mobile 

robots (AMR). Industry forecasts estimate that more than 50,000 warehouses, up 

from 4,000 in 2018, will use over 4 million mobile robots globally by 2025 (ABI 

Research, 2019). Paper 2 explains and evaluates mobile robot systems emerging 

from practice and academia. 

Mobile robot systems (MRS) seem promising for improving warehouse efficiency 

and coping with the increasingly challenging demand from customers. However, 

there is a lack of a tailored managerial decision framework that would aid 

decision-makers in the integration and implementation of warehouse mobile robot 

systems. Although lots of research (Fazlollahtabar and Saidi-Mehrabad, 2015; 

Lamballais et al., 2017; Merschformann et al., 2019; Roy et al., 2019; Vivaldini et 
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al., 2015) have been conducted, most of them fail to integrate managerial 

decisions and are mainly took an optimisation perspective (Benzidia et al., 2019; 

Boysen et al., 2019; Jaghbeer et al., 2020). Many review papers attempted to 

respond to this gap and offered decision frameworks (Bechtsis et al., 2017; 

Fragapane et al., 2021; Jaghbeer et al., 2020; Le-Anh and De Koster, 2006). 

Providing a fragmented list of managerial decisions, these reviews are not 

focused on the process of innovation diffusion at the organisational level. Paper 

1 addressed this lack of knowledge and provided a conceptual managerial 

decision framework with thirteen strategic, tactical, and operational focus areas 

stemming from the literature to support implementation decisions of mobile robot 

systems in warehouses. It also concluded that further study is necessary with the 

participation of experts and practitioners to explain the MRS adoption process 

elaborating on the conceptual framework with more focus areas and/or decision 

questions.  Shamout et al. (2022) concentrate on MRS adoption but only focus 

on the factors affecting the decision to adopt such technologies rather than the 

implementation journey as a whole.  

Since the current body of literature only partially identifies managerial decisions 

and fails to deliver a holistic approach to investigating the implementation process 

of MRS adoption, this paper aims to fill these gaps. The main objective of this 

empirical study is to understand the mobile robot system adoption journey in 

warehouses explaining the managerial decisions and factors affecting those 

decisions. The following research question and its sub-questions are formed: 

Research Question 1. How do managerial decisions affect the process of 

adopting MRS in warehouses? 

Research Question 2. How do technological, organisational, and environmental 

factors affect managerial decisions in adopting MRS in warehouses?  

The outline for the rest of the paper is as follows. The next chapter will focus on 

the theoretical background of innovation adoption in extant literature. It will 

present the theoretical framework of the study. The methodology chapter will 

explain the case study methodology adopted by this paper with the descriptive 

information of the data collected. The findings chapter will analyse the data 
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collected on the MRS adoption process. The discussion chapter will include an 

example from one sub-case to represent the proposed MRS adoption framework 

and discuss the significance of learning in innovation adoption. Finally, the 

conclusion chapter will mention the theoretical contribution of the study as well 

as the managerial implications and research limitations. 

4.2 Theoretical Background 

There are a lot of papers concentrating on innovation adoption in supply chain 

management (SCM). However, to the researcher’s knowledge, the main focus is 

on information systems (IS) technologies such as Blockchain (Hartley et al., 2022; 

Vu et al., 2022; Wong et al., 2020), big data analytics (Lai et al., 2018), e-SCM 

(I.-L. Wu and Chuang, 2010), information & communication technologies 

(Evangelista et al., 2013), and cloud computing (Y. Wu et al., 2013). Only two 

studies are based on the adoption of mobile robots; one in healthcare logistics 

(Benzidia et al., 2019) and the other in SCM (Shamout et al., 2022). Many of 

these papers approach innovation adoption using the innovation diffusion theory 

of (Rogers, 2003). Therefore, to observe and analyse organisations’ journey of 

integrating MRS into their warehouses, this paper adopts innovation diffusion 

theory (IDT) as a theoretical lens (Rogers, 2003).  

Other theoretical works such as the Technology Acceptance Model (TAM) (Davis, 

1989) and the Unified Theory of Acceptance and Use of Technology (UTAUT) 

(Venkatesh et al., 2003) could also be relevant. However, to respond to the call 

to conduct research focused on automation in SCM from an organisational 

perspective (P. Baker and Halim, 2007; Benzidia et al., 2019), this paper intends 

to observe MRS adoption from an organisational perspective. Yet, TAM and 

UTAUT are applied to research focused on the user-level. Therefore, IDT was 

evaluated as a better alternative in the scope of this paper. 

Innovation is “an idea, practice, or object perceived as new by an individual or 

other unit of adoption” (Rogers, 2003, p. 12) and the two broad phases of 

innovation are initiation and implementation (p. 420). In the initiation phase, 

sometimes perceived needs trigger the innovation adoption process in an 

organisation, and sometimes perceived benefits of the innovation create a need 
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for it (Rogers, 2003). The implementation phase has the stages of 

redefining/restructuring (preparing for the implementation), clarifying 

(understanding the innovation), and routinising (innovation becomes a regular 

activity for the organisation). 

The initiation and implementation phases are divided by the adoption decision. 

There are similar structures (initiation, adoption decision, implementation) in 

many papers adopting IDT in SCM (Mathauer and Hofmann, 2019; Sternberg et 

al., 2021; Vu et al., 2022; Zhu et al., 2006). Mathauer and Hofmann (2019) model 

the technology adoption of logistics companies and suggests that decision to 

adopt encompasses the technology access decision (TAD). Even though Rogers 

(2003) put more emphasis on the initiation and implementation phases, Mathauer 

and Hofmann (2019) state that the decision to adopt phase is the most significant 

stage due to its central position and interrelatedness with other phases.  

Three main options to access an innovation or a technology are Make, Buy, and 

Ally (Mathauer and Hofmann (2019). The ‘Make’ option is preferred if the 

company is keen to build the entire mobile robot solution (Capron and Mitchell, 

2010; White, 2000). This option also covers mergers and acquisitions to access 

the technology. Even though ‘Make’ companies have total flexibility and control 

over the MRS, they lose an outsider perspective (potentially the technology 

provider/supplier’s) on managerial decisions (Gnekpe and Coeurderoy, 2017). 

The ‘Ally’ option is reasonable if companies are knowledgeable and interested in 

the technology but prefer to outsource or co-develop the solution, at least initially 

(Borah and Tellis, 2013). ‘Ally’ companies are expected to ask for customisations 

on the technology or even invest in the supplier (Mudambi and Tallman, 2010). 

‘Buy’ companies, on the other hand, mainly rely on the knowledge of a supplier 

as they only want the solution off the shelf and benefit from its advantages 

(Capron and Mitchell, 2010) (Figure 4-1). 
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Figure 4-1 Technology access decision 

This study divides MRS adoption into initiation, the decision to adopt, and the 

implementation phases. As mentioned earlier, it also uses adoption decisions 

(make, buy, ally) and keeps the technology access decision as a stage in the 

‘decision to adopt’ phase. Further, it uses the managerial decision framework 

offered in Paper 1 to cover the managerial decisions (decision focus areas) being 

considered during the MRS adoption process. 

Finally, integrating Technology-Organization-Environment (TOE) framework 

(Tornatzky and Fleischer, 1990) to IDT to explain both the innovation adoption 

process in organisations and factors affecting the adoption process is a common 

approach both in the wider literature (Ahmed and Kassem, 2018; Low et al., 2011; 

Zhu et al., 2006) and more specifically in SCM (Mathauer and Hofmann, 2019; 

Shamout et al., 2022; Vu et al., 2022; Wei et al., 2015; I.-L. Wu and Chuang, 

2009; X. Wu and Subramaniam, 2011). The TOE framework has three contexts: 

technology, organisation, and environment. The technology context of the 

framework includes the characteristics of the technology/innovation planning to 

be adopted, such as relative advantage, complexity, and cost. Organisation 

context contains the characteristics of the organisation that is planning to adopt 

the technology, such as size, worker profile, and innovativeness of the 

organisation. Finally, the environmental context includes the characteristics of the 

external part of the organisation, such as government and its legislations, 

competitive pressure, and supplier relationships (J. Baker, 2012; Tornatzky and 
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Fleischer, 1990). These characteristics are also named factors and affect 

innovation’s adoption process through managerial decisions (J. Baker, 2012). 

This study builds on these ideas and proposes a theoretical framework to be 

elaborated, forming a theoretical basis for the case study (Figure 4-2). By 

integrating IDT, TAD, the managerial decision framework from Paper 1, and TOE 

at the organisational level this study seeks a comprehensive understanding of the 

MRS adoption process. The next chapter explains the case study. 
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Figure 4-2 Theoretical framework 
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4.3 Methodology 

4.3.1 Research Strategy 

The case study methodology is selected as it aims to explain a contemporary 

phenomenon by taking a comprehensive approach (Gerring, 2006, p. 17; Yin, 

2018, p. 3). To fulfil this aim, the study will be in-depth within its real-life context 

(cases from Norway, Denmark, the United Kingdom - UK, and Turkey), therefore, 

considering all the complexities in practice and not abstracting the phenomena. 

This way, it will provide findings which are highly relevant to practice. The 

research question and sub-questions also direct the study towards a case study 

as they are generally built on ‘why’ and ‘how’ questions (Yin, 2018).  

This theory-elaborating case research has an abductive approach that allows the 

researcher to (a) initiate data collection with a conceptual model as a theory base; 

(b) seek information that would potentially adjust or develop the initial theory 

(Ketokivi and Choi, 2014). To maintain the quality and rigour of the case study, a 

case study framework was constructed including four main criteria: construct 

validity, internal validity, external validity, and reliability (Figure 4-3).
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Figure 4-3 Case study framework. Adopted from: Yin, 2018
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Table 4-1 Descriptive information about cases 

  Organisation 1 Organisation 2 Organisation 3 Organisation 4 

General Info     

Country Turkey Denmark United Kingdom Norway 

Type 
Logistics Service 
Provider 

Grocery Retailer 
Logistics Service 
Provider 

Grocery Retailer 

# of Warehouses 1 1 2 4 

Implementation 
Status 

Implementation 
Preparation 

Implementation 
Preparation 

Fully 
Implemented 

Fully Implemented 
(One exception at 
prep.) 

Units of 
Analysis (TAD) 

    

Make 1 - - - 

Buy - - 1 3 

Ally - 1 1 1 

Data Collection     

Interviews 14 (P1-14) 6 (P15-20) 3 (P26-28) 
14 (P21-25 & 
P29-37) 

Documents 6 8 12 4 

Observations 3 - 1 - 

4.3.2 Data Collection 

A case study protocol is prepared to ensure the replicability and reliability of the 

case study (Yin, 2018). This protocol includes: (a) an overview of the case study 

(aim, research questions, theoretical framework); (b) data collection procedures 

(list of contact persons from each company, details of people to be interviewed, 

documents to be reviewed - Table C-3, observations); and (c) protocol questions 

(questions asked to the researcher to clarify which data to be collected - Table 

C-1). 

Multiple sources of evidence (interviews, documents, observations) were 

collected to ensure construct validity through method (sources of evidence) and 
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data (multiple informants and/or documents) triangulation (Jick, 1979; Given, 

2008; Saunders et al., 2012) (Table 4-1). Semi structured interviews (Table C-2) 

were conducted to provide flexibility to the respondent and allow new themes to 

emerge if they are missing from the theoretical framework (Eisenhardt, 1989; 

Given, 2008). Thirty-six interviews averaging 63 minutes/interview were 

conducted with 37 informants/interviewees between November 2021 and July 

2022 (Table 4-2). 66% of the informants are mid-senior level managers, including 

CEOs, technical managers, warehouse managers, and project managers, 

whereas 22% are blue-collar employees or operational leads, and 11% are from 

robotics teams. Only three interviews were conducted in case 3 as they were 

highly involved and knowledgeable. Further, there are many documents to collect 

evidence from, which were also helpful for validity in case 3.  

Documents collected were formed of implementation or MRS documents that 

organisations allowed researchers to access, articles about these 

implementations, and online sources as well as photos and videos (Table C-4). 

Online sources helped researchers triangulate the TAD. Implementation 

documents and articles helped triangulate the implementation status, phases, 

and decisions taken throughout the journey. Finally, in the instances the 

organisations and covid-19 allowed, the warehouses were visited to observe the 

implementation and how these systems are being controlled in a daily routine 

(Table C-5).
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Table 4-2 Overview of Interviews 

Person 

# 

Interviewee Role Years of 

Experience 

Case & 

Organisation # 

Warehouse 

Location 

Warehouse 

Industry 

TAD Length of 

Interview (min) 

P1 CEO 15+ 1 Turkey E-commerce Make 53 

P2 Ex Robotics Lead 15+ 1 Turkey E-commerce Make 102 

P3 Robotics Lead 10-15 1 Turkey E-commerce Make 87 

P4 Ex Robotics Lead 5-10 1 Turkey E-commerce Make 105 

P5 Ex CEO Office 5-10 1 Turkey E-commerce Make 21 

P6 Robotics Team 15+ 1 Turkey E-commerce Make 63 

P7 Robotics Team 5-10 1 Turkey E-commerce Make 25 

P8 IT Support Lead 10-15 1 Turkey E-commerce Make 44 

P9 Warehouse Manager 15+ 1 Turkey E-commerce Make 42 

P10 Robotics Team 5-10 1 Turkey E-commerce Make 65 

P11 Operational Lead 5-10 1 Turkey E-commerce Make 18 

P12 Operational Lead 5-10 1 Turkey E-commerce Make 15 
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P13 Blue-collar Employee 5-10 1 Turkey E-commerce Make 11 

P14 Customer Success Lead 5-10 1 Turkey E-commerce Make 49 

P15 Country Logistics 

Manager 

15+ 2 Denmark Grocery Retail Ally 57 

P16 Global Logistics Manager 15+ 2 Denmark Grocery Retail Ally 50 

P17 Project Manager 15+ 2 Denmark Grocery Retail Ally 72 

P18 Operational Lead 15+ 2 Denmark Grocery Retail Ally 25 

P19 Blue-collar Employee 10-15 2 Denmark Grocery Retail Ally 31 

P20 Blue-collar Employee 15+ 2 Denmark Grocery Retail Ally 42 

P21 Group Logistics Manager 15+ 4 Norway Grocery Retail Buy, Ally 62 

P22 Warehouse Manager 15+ 4 Norway Grocery Retail Ally 90 

P23 Supplier Robotics Team 0-5 4 Norway Grocery Retail Ally 61 

P24 Warehouse Logistics 

Coordinator 

15+ 4 Norway Grocery Retail Ally 76 

P25 Blue-collar Employee 10-15 4 Norway Grocery Retail Ally 37 



 

123 

P26 Lead of Digitalisation 15+ 3 United Kingdom Automotive, E-

commerce 

Buy, Ally 105 

P27 Project Manager 10-15 3 United Kingdom Automotive Buy 95 

P28 Operational Lead 15+ 3 United Kingdom Automotive Buy 90 

P29 Warehouse Manager 15+ 4 Norway Grocery Retail Buy 83 

P30 Project Manager 15+ 4 Norway Grocery Retail Buy 89 

P31 Technical Manager 15+ 4 Norway Grocery Retail Buy 89 

P32 Warehouse Manager 15+ 4 Norway Grocery Retail Buy 78 

P33 Projects Lead 15+ 4 Norway Grocery Retail Buy 100 

P34 Project Manager 15+ 4 Norway Grocery Retail Buy 80 

P35 Warehouse Logistics 

Coordinator 

15+ 4 Norway Grocery Retail Buy 43 

P36 Warehouse Manager 15+ 4 Norway Grocery Retail Buy 125 

P37 Warehouse Logistics 

Coordinator 

15+ 4 Norway Grocery Retail Buy 63 
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4.3.3 Data Analysis 

All the data collected from the interviews were transcribed and coded (Table 4-3) 

together with the documents and observation memos. As a general approach, 

the theoretical framework and data were visited multiple times to ensure the 

alterations and additions being made to the existing framework. 

A priori coding structure (Table C-6) was used as an existing theoretical 

framework (Figure 4-2). The first step was a within-case analysis (Figure C-1; 

Figure C-2) to better understand the case implications for the MRS adoption 

process. Then, a cross-case analysis was conducted to identify generalisable 

patterns among cases. Through theory elaboration (with codes emerging from 

the evidence), the theoretical framework was elaborated and finalised. 

Table 4-3 Example of coding 

Quotes Sub-code Code Category Theme 

We gradually increased it over about six or 

seven weeks. We went from two to ten 

aisles. Phase by phase, just doing a bit 

more each week. – P26, Lead of 

Digitalisation 

After 

implementation 

prep, before full 

implementation 

Testing 

(Gradual 

Implementation) 

Implementation Phases 

The next level now is to get the AGV to also 

handle the second wrap line. Also, next 

year, probably, will have a third line. We are 

moving slowly towards a point where all 

these three lines are being handled by 

AGVs. – P33, Projects Lead    

Maybe we can use it with one customer at 

first. We have a mezzanine floor at the 

second floor, and I think we can allocate that 

floor entirely to the robots. – P9, Warehouse 

Manager 

 

Most providers we see delivering hardware 

trucks or forklifts now also deliver AGVs. But 

they are not delivering at the nice enough 

level on IT safety. – P21, Group Logistics 

Manager   

IT Safety Supplier 

Selection and 

Management 

Strategic 

Decisions 

Decision 

Focus 

Areas 

It is very important that the supplier can 

ensure us with the people that have been 

working in similar projects before. – P36, 

Warehouse Manager 

Supplier 

Experience 
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They (the supplier) are not big enough and 

they do not have the power to run several 

projects at the same time, with a nice speed. 

– P21, Group Logistics Manager 

Supplier Size 

We have been looking at more complex 

solutions too. But I do not think they (AMRs) 

are good enough yet because with 

obstacles they use too much time or wave 

around looking for the other way. It is nice 

on paper but in the practical life it does not 

give that much yet. When this develops, it 

will probably be the solution to go for. – P21, 

Group Logistics Manager  

Affects to 

evaluation 

criteria and 

MRS selection 

(AGV vs AMR) 

Technology 

Maturity 

Technological 

Factors 

Factors 

I think we are entering into something that 

works in some cases, but it is not really 

mature yet. We had hard times finding (MRS 

solutions that work with) operations like ours 

within the conditions we work with, the 

temperature and all that is. – P15, Country 

Logistics Manager 

Affects to 

Supplier 

Selection and 

Management 

(TAD - buy to 

ally) 

It was a choice of different suppliers that 

could provide an automated forklift that 

could lift up to 11 meters high and could 

navigate accurately and safely through the 

warehouse. So, you are into really a choice 

of probably three or four different providers. 

– P26, Lead of Digitalisation 

Affects to 

Supplier 

Selection and 

Management 

4.4 Findings 

This chapter is divided into four sections. The first section elaborates on the 

existing managerial decision framework that was introduced in Paper 1, with new 

decisions and extensions of existing decisions. Then, the MRS adoption phases 

are introduced to cover the whole journey of MRS implementation. The next 

section introduces factors affecting the MRS adoption process and categorises 

them as technological, organisational, and environmental. Finally, the last section 

combines these outputs to create an MRS adoption framework that takes its 

foundation from the theoretical framework. 

4.4.1 Extensions on the Managerial Decision Framework (Decision 

Focus Areas) 

Using the insights of the case study, the managerial decision framework 

presented in Paper 1 was elaborated with new decisions or sub-focus areas in 

existing decisions. 
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4.4.1.1 Supplier/Technology Provider Selection and Management 

When accessing mobile robot systems (MRS), one of the fundamental decisions 

is selecting and building communication with the MRS supplier. Emerging from 

the interviewees' insights, this paper deduces several supplier characteristics 

decision-makers should consider during the supplier selection process (Table 

4-4).  

Table 4-4 Emergent MRS supplier characteristics and explanations 

Quotes 
Emergent 

Characteristic 
Explanation 

They (the supplier) are not big enough and they 

do not have the power to run several projects 

at the same time, with a nice speed. – P21, 

Group Logistics Manager 

Supplier Size 

The supplier's size 

determines the 

communication quality and 

responsiveness. 

It is very important that the supplier can ensure 

us with the people that have been working in 

similar projects before. – P36, Warehouse 

Manager 

Supplier 

Experience 

Decision-makers prefer 

experienced suppliers. 

We looked into this (MRS) because they are 

very interesting and exciting. But they are 

unavailable for us because they (suppliers) do 

not have a license to sell them in other 

countries. – P33, Projects Lead 

Country 

Presence – 

office, service, 

licensing 

A critical characteristic for a 

potential supplier is their 

country presence for the 

customer organisations. If 

they do not have a license to 

sell their technology in a 

country, there is no way to 

get that MRS. 

My feeling is that our supplier has many 

engineers but not enough people who 

understand logistics. A lot of ideas, but say half 

of those ideas, maybe not, worked for us. (…) 

Short meetings every third week because the 

supplier works on, I think they call Sprint. And 

every task they have is three weeks long. And 

then, they make a status check after three 

weeks but only for 10-15 minutes. – P24, 

Warehouse Logistics Coordinator 

Supplier 

Structure 

As there are many start-up 

MRS suppliers, they are 

generally focused on the 

technology aspect of the 

MRS. Yet, they sometimes 

miss to match the product 

with the actual operations or 

have communication issues 

with logistics companies that 

want to automate their 

warehouses. 

We are able to make changes to their 

(information technology - IT) system to meet 

our requirements both when it comes to 

Software 

Integrability 

Software integration with a 

warehouse management 

system (WMS) or similar 

organisation software can 



 

127 

security and integration. Very important issues. 

– P36, Warehouse Manager 

quickly become a pain point. 

Therefore, supply chain 

experts would like an easy-

to-adjust MRS management 

software. 

Most providers we see delivering hardware 

trucks or forklifts now also deliver AGVs. But 

they are not delivering at the nice enough level 

on IT safety. – P21, Group Logistics Manager   

IT Safety 

IT safety is a crucial point 

when it comes to preventing 

cyber-attacks. As it is not the 

primary concern of MRS 

developers, it can put the 

buyer organisation at risk. 

Finally, as the lead of digitalisation (P26) suggests, decision-makers should either 

align their support contract with their customer/operational contracts (if they have 

customers) or find a way to redeploy these mobile robots in another warehouse 

(if they have other warehouses).  

It should be noted that this decision has different content in ‘make’ TAD, which 

will be mentioned in the ‘Software & Hardware Development of Robots’ decision. 

4.4.1.2 Software & Hardware Development of Robots 

Integration of MRS into the organisation is a crucial decision, and the 

development the organisation needs to undertake can be divided into software 

and hardware.  

Regardless of TAD, software development is a crucial part of this decision. The 

organisation should be able to integrate its relevant IT structure (i.e., WMS, 

servers) into the MRS for robot coordination and communication purposes. P36 

mentioned the significance of software development capability in MRS 

implementations. 

It is an IT project more than a truck project. – P36, Warehouse Manager 

P21 talked about their intention (also a request from suppliers) to standardise the 

software side of MRS implementation. 

We have a quite big IT organisation and they have developed (something) 

called a standardised interface for automation but also for the AGV part. We 

will be more or less telling our (technology) providers to adjust to that interface. 

– P21, Group Logistics Manager 
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Software development gets more intense for ‘make’ organisations, and hardware 

development appears as a sub-focus area. P2 discussed the difficulties they 

faced in finding human resources for such projects.  

Human resource. To find the human resource, and then to keep their belief in 

the project and the company at a certain level. These were the biggest 

difficulties for me and the biggest problem with the managerial approach. – 

P2, Operational Excellence Lead (Ex-Robotics Lead) 

On top of the difficulties developing hardware within the organisation, P3 

mentioned the necessity of building a supply chain structure while developing 

such complex hardware. 

Our robot has more than five thousand components. This also raises the 

necessity of a critical supply chain management for these components. – P3, 

Robotics Lead 

Therefore, the supply chain structure building focus area reflects the ‘Supplier 

Selection and Management’ decision for ‘make’ organisations. 

4.4.1.3 Facility Layout 

As a minor extension of facility layout decisions, floor quality appeared to be a 

significant sub-focus area. The project manager (P17) stated they require a floor 

renovation before implementation. P28 mentioned their experience with floor 

quality for MRS. 

Have you got suitable flooring? If your flooring looks like it has been part of a 

minefield, then these AGVs are not going to operate to the best of their ability. 

– P28, Operational Lead 

4.4.1.4 Human-Robot Interaction 

This decision was extensively discussed in Paper 1. However, the worker training 

aspect of human-robot interaction appears to be a challenging part of this 

decision. Two primary purposes of human training are retaining human safety 

and ensuring smooth robot traffic.  

Even though we had some incidents with people walking up in front of AGVs, 

and we had a lot of issues with that, there were no major accidents. We had 

to train our operators working together with these AGVs and that was the 

major problem in the beginning. – P29, Warehouse Manager 
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Managers should also ensure that manual workers accurately place products that 

will be contacted with the mobile robots, as these robots are inflexible when 

handling a product placed inaccurately.  

If a person has played the pallet there and it is not 100% aligned, you will get 

stuck. We spend a lot of hours just moving pallets by, for instance, two 

centimetres. We are just teaching everybody that: Yes, you have to be 

accurate – P34, Project Manager 

The workforce might require extra training and supervision if managers introduce 

a complex operation. 

It was quite difficult to explain to colleagues that sometimes you stand still, 

sometimes you walk to the next one (order), and sometimes you follow the bot 

(mobile robot). You have got to train them and coach them. (...) I think there 

is a lot of learning about the way that we had to train our colleagues to work 

differently – P26, Lead of Digitalisation 

4.4.1.5 Maintenance and Failure Handling 

Spare parts should be a significant sub-focus area for maintenance and failure 

handling. Deciding on spare parts inventory indirectly increases robots’ uptime. 

In case of missing spare parts in a breakdown, the organisation must order and 

wait for those parts to fix the robot. Along with inventory preparation, spare part 

availability is another consideration point in spare part management. P35 

mentioned that they had to wait for the missing spare parts as they came from 

another country. 

Employees crashed with it (mobile robot), and then we had to change a part. 

We have waited to get some spare parts from Sweden, and it took a lot of time 

– P35, Warehouse Logistics Coordinator 

Having a spare part inventory is not sufficient. To prevent unnecessary spending, 

part quantities should be carefully decided through a learning experience and 

with the help of an MRS supplier.  

I think one of our learning points from the project was we have got too broad 

a catalogue of spare parts. We bought a massive variance of spare parts to 

store but we spent almost half our budget, for example, on cameras. We have 

got three or four of those expensive cameras spare. Actually, the cameras are 

probably never going to break down. We had a lot of the smaller parts like the 

springs on the fork tip and sensors. If they have caught on the pallet, they can 
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break off quite easily. We have not got enough of those – P28, Operational 

Lead 

4.4.1.6 Robot-Human Traffic Management 

This decision can be a significant obstacle to efficient MRS flow and reflects how 

well the human workforce is trained. The significance of this decision can 

sometimes be underestimated. 

The interface between manual traffic and those automated trucks is a big 

lesson learned for us. That is not something to be underestimated in such a 

project – P36, Warehouse Manager 

P29 said it took a lot of time before they solved robot-human traffic problems. 

It took half a year—no issue at all (now). No, there are no accidents, no 

incidents. But you have to spend a lot of time, maybe train people twice. – 

P29, Warehouse Manager 

It should be noted that this decision exists only if robots and human workers 

operate in the same environment. Even though this is very common in 

warehouses, many managers tend to separate human workers and mobile 

robots.  

They (decision-makers) need to limit the traffic of conventional forklifts in the 

same area as the AGVs as much as possible. Try to separate the routes as 

much as possible. – P29, Warehouse Manager 

4.4.1.7 Elaborated Managerial Decision Framework 

The elaborated managerial decision framework is shown below as decision focus 

areas, together with the existing (Paper 1) and new decisions, and their sub-focus 

areas (Figure 4-4). 
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Figure 4-4 Elaborated managerial decision framework with bold purples being new 

additions. Adopted from: Paper 1 

Supply chain experts’ insights were gathered to form a comprehensive overview 

of mobile robot innovation adoption in warehouses. Their processes are aligned 

with the three main phases: ' initiation’, ‘decision to adopt’, and ‘implementation’. 

Yet, another phase emerged, named ‘assimilation & learning’, that supports the 

previous phases in ongoing and future MRS implementations. 

4.4.2 MRS Adoption Phases 

4.4.2.1 Initiation 

Similar to what is discussed in the literature, MRS adoption starts with identifying 

a pain point in a warehouse operation, creating a perceived need to adopt MRS. 

As an example, P16 said they had complaints about picking efficiency.  

You can implement automation to remove bottlenecks. This one is about 

picking efficiency. So how good are we at picking our customer orders? – P16, 

Global Logistics Manager 

In another case, P36 recalled non-value-added transport activities in their 

consolidation area as their pain points. 
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In the consolidation area, we put our pallets to be consolidated and prepared 

for the lorries. We have three different areas, and between those areas, there 

is a lot of internal transport. – P36, Warehouse Manager 

Naturally, operational costs can also be why an organisation wants to automate. 

In many cases, supply chain experts mentioned labour scarcity. Many wanted to 

automate their warehouses to eliminate manual operations and decrease their 

dependency on labour.  

We have got scarce labour, a real shortage in the market. (…) The impact of 

that is; whenever you have scarce something, then the price goes up. So, we 

are paying more and more, and wage inflation is outstripping normal inflation. 

(…) So, the long-term strategy has to be to do more of this kind of thing 

(automation). – P26, Lead of Digitalisation 

Choosing an MRS as a potential solution to overcome these pain points is a 

journey within itself and requires motivation from multiple angles. Managers start 

considering an automation solution which is then followed by considering mobile 

robots as automation.  

Automation is a natural step towards improving the work environment and 

health & safety of our employees. – P15, Country Logistics Manager 

 P26 said they wanted to automate their warehouse because of peaks in their e-

commerce business and labour scarcity in the market. 

E-commerce-type operations have a big peak as you get closer to Christmas, 

and we simply do not have enough labour to provide the service at times. By 

having an element of robotics or automation, we can increase our capacity. – 

P26, Lead of Digitalisation 

P15 mentioned their motivation towards mobile robots and said mobile robots 

could undertake all inbound transportation missions.  

I see mobile robots being able to take away all the transport from A to B within 

our operations. When I look at it, I cannot see why we should have less 

ambition than that. – P15, Country Logistics Manager 

Decision-makers finally select a specific MRS, such as laser-guided robots, as 

discussed in the ‘evaluation criteria and mobile robot system selection’ decision. 

The complexity of the MRS can be a reason for decision-makers, as explained 

below. 



 

133 

The laser-guided system is a basic system that functions well. It has been 

there for many years and there is no problem using it. – P21, Group Logistics 

Manager  

To explain their motivation towards barcode-guided robots, P2 mentioned their 

ideation process. They compared goods-to-person and person-to-goods types of 

MRS and ended up with a goods-to-person kind of solution. 

So how can you collect a product? You can direct the user inside the 

warehouse, which causes a non-value-added time. Or you constantly direct 

the user to do a value-added operation, but then you need to bring the product 

to him. – P2, Operational Excellence Lead (Ex-Robotics Lead) 

4.4.2.2 Decision to Adopt 

Once the MRS is decided, the decision to adopt phase starts. The main topic for 

the mobile robot adoption process in this phase is TAD. Most of the sub-cases 

chose to buy the solution off-the-shelf as their core business is not based on 

mobile robots. 

This (MRS) is something we have to buy, like a computer, like your laptop. We 

have to buy them as well. Not possible to produce in-house. – P29, 

Warehouse Manager 

Further, decision-makers believe it could take years to develop an MRS in-house. 

There is a huge risk you might have to wait four or five years until you have 

something that can run. – P34, Project Manager 

On the other hand, some decision-makers think organisations with warehouses 

should be capable of developing robotic solutions, an MRS in this case. They 

believe it will be an integral part of logistics functions and a key to becoming 

competitive. 

We can see in-house software teams even in conventional logistics 

companies. I think, as a founder, it will happen again with robotics. It will 

become a commodity very soon. When we fast-forward time and look at the 

future, buying a system will not be enough in terms of productivity and 

competitiveness. This is why we are doing it in-house as early-adopters. – P1, 

CEO 
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Alternatively, building alliances can be essential for customised products and 

solutions to operational requirements. Investing in a supplier and directing them 

towards a customised MRS could be a recipe for the pain points. 

I think we have ownership of probably 50% of them. (…) Now we are doing 

this together. We are a pilot for them. And we decided to go from picking 80% 

of the SKUs to picking only the heavy goods. We said we do not think this 

(80% of the SKUs target) will work, but if we go for heavy and mostly liquid 

goods, it will have a great outcome. So, they listened to us there. – P24, 

Warehouse Manager 

According to TAD, organisations face different steps. Suppose they decide to buy 

the solution or intend to ally with a supplier for a customised solution. In that case, 

they get into a supplier selection process which was also discussed in the 

‘supplier/technology provider selection and management’ decision.  

We had to start with this, and this was the company (supplier) could achieve 

things that other companies could not, such as the heights we needed to 

come. – P27, Project Manager 

A decision-maker mentioned the brainstorming process they had with the supplier 

before agreeing. Decision-makers start considering managerial decisions such 

as key performance indicators, type of robots, layout planning, the number of 

robots, and energy management at this stage. 

The AGVs can carry some pallets with a number of movements. (Considering 

that) We make a layout of the area. And then, we started to discuss this with 

the supplier for a possible solution. They calculated how many AGVs we need 

to manage this because they know their (AGVs) charging time, speed, and 

distances. – P29, Warehouse Manager 

If organisations decide to make the solution, they need to plan the MRS 

development, which appears to be a massive decision with multiple angles, along 

with building development and production facilities and creating engineering 

teams for sub-systems of the MRS. 

I started to include new friends in the organisation. Mechanical engineers, 

electronics engineers, harness designers. In addition, we have promoted our 

competence on the production side. We included production engineers. At the 

same time, we included computer-aided manufacturing operators, rented a 

place, and started operating our own production facility there. Afterwards, we 

included a quality person who would observe the need to set the standard and 
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take over quality management. Finally, technicians and system designers 

were included. So, a team was formed from scratch. – P2, Operational 

Excellence Lead (Ex-Robotics Lead) 

Simulations appear to be an essential stage of the decision to adopt phase, and 

it precedes the finalised TAD followed by the implementation phase. Indeed, 

remembering their past failure experiences, some organisations accept to pay 

money to the supplier for a simulation to make sure the solution works for them 

in theory. 

We spent a lot of time on the pre-study because we would like to fail fast. We 

do not want to start a full-blown project and find out it is not working. Many 

times, we spent a lot of time and a lot of energy on a huge project and then 

we got into a car crash. Then it goes backwards and never starts again. So, 

we actually tried to spend some energy on the pre-study, which will cost us a 

little bit, but it does not matter because the alternative is that we spent millions 

without getting anything from the money. – P16, Global Logistics Manager 

As simulation setups are generally the final step before adopting the MRS, many 

strategic, tactical, and operational level decisions are considered together at this 

stage. 

To be able to simulate, we had to set up the infrastructure first anyway. 

Because mechanical and electronics development is more costly, it costs 

more to replace it too. But in the software environment, we had to do this kind 

of (detailed) simulation to see the results by changing the properties of the 

agent (mobile robots), etc. – P2, Operational Excellence Lead (Ex-Robotics 

Lead) 

4.4.2.3 Implementation 

As soon as the organisation completes their technology access strategy, the 

implementation phase begins with the preparation. Process planning and 

redefining workforce roles are two of the critical parts of the implementation 

preparation. There was a way for the organisations to carry out their warehouse 

operations, but with MRS, there will be a change. 

I think the biggest thing is how you will operate differently. There is an existing 

way of working with manual trucks in this warehouse or picking people 

pushing trolleys in the other warehouse. And if there were an exception, they 

would press a certain button on the device, and that would trigger an 

exception. Those exceptions would be managed by a person who is their first-
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line manager. So, there is a defined process that the big thing is how do you 

redefine that process for the automation system? – P26, Lead of Digitalisation 

Of course, decision-makers should also communicate this innovation 

implementation decision with the workforce, as previously mentioned in the 

‘human-robot interaction’ decision. Continuous information sharing, using various 

sources of information, from day one to update the human workforce about the 

project's status would prevent them from alienating from new warehouse 

processes. Two management people from the same warehouse mentioned 

worker communication methods. 

There were rollups where you could scan a barcode to get a news feed about 

how the project was moving. It is important for us to let our co-workers be 

informed about what is going on because it would be easier for the project 

when people know about it all the time. – P33, Projects Lead 

We took one of the AGVs six months before and placed it in the area before 

it was operational. – P32, Warehouse Manager 

Along with status and information sharing, the human workforce should be trained 

for their new roles and the health & safety approach while working in the same 

environment as the mobile robots.  

We have a big health and safety engagement piece where we get groups of 

10 to 15 people into our main engagement room and run them through. The 

health and safety team put together quite an extensive awareness pack which 

ran through everything regarding the AGVs and their responsibilities as 

operators and working alongside the AGVs. – P28, Operational Lead 

Besides process planning, redefinition of workforce roles, and worker training, the 

layout should also be planned and organised before mobile robots arrive.  

We gave them the locations, and they mapped out all the different paths. – 

P34, Project Manager 

Connected with the planning, there needs to be some actual physical installation 

before putting the system into use. This process should always be followed and 

supervised by the organisation by having employees from different levels (i.e., 

project managers and blue-collar workers). 

You need to supervise the installation at all times. You need to have a project 

leader that is always in the field. Staff are following up with the supplier and 
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also the sub-suppliers. They need to be on-site and look at what they are 

doing. – P30, Project Manager 

Even though physical installations seem to be the frightening part of the route to 

implementation, IT integration can also be a complicated process.  

Through an (IT) testing process, we did find the hard way a few times that 

there were things we did not think of. We had to go back, reconfigure stuff, 

redesign it, and test it again. – P26, Lead of Digitalisation 

Many decision-makers preferred gradual implementation when it came to 

implementing the MRS. Some called the initial process ‘testing’. This stage 

appears to be one of the most intense, involving real-world challenges, equipment 

alterations, failures, and pressure. 

We have had projects that took some time to succeed, including this one. 

There are always real-world challenges when you come to implementing 

these things. – P26, Lead of Digitalisation 

P31 mentioned equipment alterations they had to make during the gradual 

implementation stage. Sometimes, decision-makers understand that certain 

types of racks or materials that interact with mobile robots can get damaged in 

time and, therefore, need to be replaced or repaired.  

We put the load carriers into tracks on the floor. And the steel (holding load 

carriers) was way too thin to handle our load carriers. They bent, and we 

needed to do something there. Also, gravity racks had to be adjusted. And 

there are always some software changes. – P31, Technical Manager 

Some minor issues, such as dust on barcode labels that have pallet addresses, 

can also interrupt the whole operation.  

If there is a piece of dust in the printer that prints out the labels, the barcode 

will not be good enough for the AGV to scan it. – P34, Project Manager 

As the process advances, these minor issues may result in minor failures in the 

implementation process. Due to that, the upper management and/or the 

employees can feel pressure and become desperate.  

We were about 6 to 8 weeks into our testing phase, and it was discovered that 

something was wrong with the system. I do not know the intricacies of it, but 

the decision was that we had to go back to the start. So, that was a little bit 

frustrating at the time because people had put a lot of work into doing that 



 

138 

testing. (…) At that point, I thought: Are we ever going to be able to do this? – 

P28, Operational Lead 

There also are failures that could have more catastrophic results as mobile robots 

sometimes lift or place heavy material handling units such as pallets. The 

example below also states the noticeable difference (in terms of health & safety) 

between an MRS adoption and IT-based innovation adoption. 

It was quite scary when a big pallet of apple juice came down from 7 metres. 

(…) You would have to go smooth, and the layout has to work on a millimetre 

basis. – P37, Warehouse Logistics Coordinator 

In some cases, it was not all about the MRS integration. Managers had to 

integrate this automation solution into other automation solutions, such as 

conveyors. That also requires input from both suppliers. 

It was not just the AGVs that were part of the solution. What we had to do as 

well was to integrate them with automatic conveyors. That was a separate 

company (supplier). They then had to communicate. – P27, Project Manager 

Full implementation of MRS can take months. Both in case 3 and case 4, it took 

at least a couple of months to routinise the MRS.  

We gradually increased it over about six or seven weeks. We went from those 

two to ten aisles about six or seven weeks later. So, phase by phase, just 

doing a bit more each week. – P26, Lead of Digitalisation 

Some of the challenges faced during gradual implementation, such as mobile 

robot deadlocks, take longer than anticipated and lasts even in full 

implementation.  

It took maybe three or four months before we solved all these deadlocks. – 

P29, Warehouse Manager 

 There are minor things. We are still finding new sources of errors but 

gradually getting them down. – P34, Project Manager 

Therefore, the solution needs continuous monitoring and supervision along with 

worker training. Supervision sometimes requires operational experience with the 

MRS. 

It (MRS) needs our ops managers to spend time on the shop floor doing the 

picks, seeing it, walking around with colleagues, and just understanding it for 
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themselves so that they can train and coach colleagues to do things faster. – 

P26, Lead of Digitalisation 

4.4.2.4 Assimilation and Learning 

Rogers (2003) and many other previous works of literature discuss that 

routinisation of the implementation is the last step of innovation diffusion. 

However, MRS implementation can occur in more than one warehouse operation 

and/or in other warehouses in various scenarios resulting in different 

experiences. We cannot conclude that successful implementations mean the 

innovation is routinised and learned completely to be re-implemented. For 

example, Case 4 had three (buy type of TAD) successful MRS implementations 

in different warehouses, but after over a year of testing the fourth implementation, 

an ‘ally’ type of TAD, they are getting hopeless.  

I must be honest with you; I am not quite as optimistic today as I was at the 

start. – P28, Warehouse Logistics Coordinator 

Therefore, the assimilation and learning phase is indispensable while looking into 

the diffusion of MRS innovation. This phase affects each previous phase through 

the decision focus areas and the factors affecting the MRS process. For instance, 

P37 talked about the ‘warehouse and warehouse operation selection’ decision in 

the Initiation phase and mentioned the importance of keeping it simple in the first 

implementations. 

The lesson learned is I would have bought (mobile robots) less than actually 

needed, made it work, and put more in after, just to ensure the investment. – 

P37, Warehouse Logistics Coordinator 

There are other comments aligned with P37. P28 also mentioned that they are 

already looking for different implementations for loading and unloading 

operations. 

I think we should have taken small steps. Because that lack of knowledge and 

experience was painful for those involved, but there is a good learning curve. 

In hindsight, we should have stuck to a simpler solution and got it in quicker. 

(…) You know we'll start with that (this MRS), but it will obviously expand to 

loading and unloading trailers. – P28, Operational Lead 
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In terms of the ‘robot type and their coordination’ decision, AGVs were chosen as 

AMRs were recent several years ago. However, we see decision-makers 

unhappy with AGVs and looking for AMR solutions for future implementations.  

There were no good solutions for that in 2015 and 16 when we started 

investigating this. Now you can have this camera technology to see obstacles, 

and they can choose among different paths. They know all about the flooring 

in the space and see personnel moving around. If I had done this project 

today, I would have selected that autonomous with the camera technology 

instead of a laser. – P29, Warehouse Manager 

When it comes to the effect of assimilation & learning on the ‘decision to adopt’ 

phase of ‘buy’ and ‘ally’ organisations, we see managers’ intention to stick to a 

successful supplier. They tend to plan multiple implementations and observe how 

they get along with the supplier in different scenarios and implementation cycles. 

We have three truck types: reach trucks, counterbalance, and cage movers. 

The challenge for us is that if I went down to a different supplier, they would 

have a different three. Then suddenly, that makes it difficult to transfer them 

(AGVs) between sites (warehouses). So that is where the partnership comes 

in, really. We had to choose early on who our partner was and at least for the 

foreseeable future, we will keep deploying those. But we will have to go 

through repeated procurement cycles to make sure we are still getting good 

value from them. – P26, Lead of Digitalisation 

In another case, the organisation of P21 decided to change their suppliers due to 

dissatisfaction with responsiveness and MRS investments. 

We basically chose them (the supplier) because they could deliver at that 

moment. Later on, we see that they are not big enough. They did not fulfil the 

projects as we wanted them to. They were slow to return to things we 

wondered about and when we needed things fixed. It took weeks before they 

came back to us. For instance, another supplier has been putting a lot of effort 

into being good at AGVs and is leaning forward to investing in AGVs. So, we 

have made a general deal with them this year. – P21, Group Logistics 

Manager 

For ‘make’ organisations, there are MRS development-related take-aways based 

on learning. P2 mentions how they approached MRS development following a 

management-related failure. 

We started to re-design the already existing product from scratch. (...) But it 

seems to me that there was a lack of product-management there (past ‘make’ 
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experience of the organisation). In other words, there were issues such as the 

business owner not being challenged enough, and the requirements not being 

detailed from different angles. In fact, after doing these things, we got closer 

to success. – P2, Operational Excellence Lead (Ex-Robotics Lead) 

Learning for the implementation phase is generally about a particular decision, 

such as ‘human-robot interaction management’.  

If I did this again, I would pay much more attention to training the people 

working in the area. (…) You also need to have separate walkways for 

personal traffic, mark them and separate them as much as possible. Do that 

up front. – P29, Warehouse Manager 

Another takeaway is about spare parts under the decision ‘maintenance and 

failure handling’ mentioned by P28. 

One of the biggest lessons learned is to get the right spare parts. Proper 

communication sessions with our engineers to say, what's what? What is likely 

to go wrong the most and making sure we have got those parts on hand. – 

P28, Operational Lead 

As learning at the macro-level, P26 expressed their intention to create a standard 

model (including the decision focus areas discussed in this paper) to simplify the 

MRS adoption process and told it takes multiple implementations before reaching 

that aspiration. 

What we aspire to do is to create a standard model, a template that we can 

apply to any environment. We are quite early in the process still. So, in terms 

of automated forklifts, we will hopefully have that standard template when we 

have done five projects. – P26, Lead of Digitalisation 

P21 supported these ideas adding that they want to be able to orchestrate 

multiple MRS on a higher level for simplified management purposes.  

You do not buy it, get it delivered, and just push the button, but we want to 

push it in that direction. (…) Having a layer there controls all these things. That 

has been considered. We have been thinking about how we can orchestrate 

this on a bit higher level in the coming years. – P21, Group Logistics Manager 

P16 also agrees with the intention to standardise, especially for an organisation 

with multiple warehouses, and added that they are looking for technologies that 

can be adopted in various warehouses simultaneously.  
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We do not want a solution that is only good for one location. We are trying to 

standardise as much as possible. It makes it much easier for the companies 

like ours. – P16, Global Logistics Manager 

Combining all phases creates the resulting figure below (Figure 4-5). 

4.4.3 Factors Affecting MRS Adoption Process 

Factors affecting MRS adoption can be grouped into technological (MRS-

related), organisational, and environmental. Some prior factors were found to be 

irrelevant according to the data collected. Further, new factors were deduced 

from the study (Figure 4-6). 

4.4.3.1 Technological 

Technology Maturity. The scarcity of desired MRS technology may inhibit 

adoption or affect TAD. P15 mentioned the difficulty they had in finding a quality 

solution for their scenario. Note that the organisation of P15 changed their mind 

from buying the MRS off-the-shelf to building an alliance for a tailored MRS. 

I think we are entering into something that works in some cases, but it is not 

really mature yet. We had hard times finding (MRS solutions that work with) 

operations like ours within the conditions we work with, the temperature and 

all that is. – P15, Country Logistics Manager 

Relative Advantage. Experts think MRS brings many advantages to the 

warehouse compared to manual solutions. Key benefits include standardising 

capacity and increasing service level, worker productivity, warehouse safety, and 

warehouse space efficiency. As an example, having undertaken a successful 

implementation, P29 summarised the relative advantages of MRS. 

We pick more than twice the speed over the manual warehouse. We are doing 

it more efficiently; we save space in the regional warehouses. We have one 

main warehouse where we pick fast, so we have fewer goods in stock and a 

higher turnover for the warehouse. We can sell more, and we do not have 

goods going out of date. – P29, Warehouse Lead 
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Figure 4-5 MRS adoption phases with yellows being new additions
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Figure 4-6 Factors affecting MRS adoption with oranges being new additions 

Complexity. One of the most critical factors in the integration of MRS is its 

complexity. System complexity has multiple angles and can affect many 

decisions at different levels, such as human-robot interaction management, 

software & hardware development of robots, or mobile robot task allocation plan. 

An example is the effect of software complexity of MRS as P31 from said. 

There were always some software changes during the installation. Then after 

the implementation, you always have to do a correction. We needed maybe 

three months of operation before we fixed all the software issues. – P31, 

Technical Manager 

Compatibility. Mobile robots are generally adopted in existing warehouses with 

prior processes, layouts, and equipment. Therefore, MRS should be compatible 

with these existing elements in use, as P15 discussed. 

I would say as a challenge; we were trying to find something that actually fits 

within our current environment. We are not making a Greenfield; creating it 

from scratch. We are trying to find solutions that can fit in our buildings, with 

some modifications. – P15, Country Logistics Manager 

Cost. Experts believe the cost is a critical factor towards MRS adoption. In their 

opinion, achieving lower operational costs through MRS adoption would help 

decrease prices and make them more competitive. P30 from talked about the 

effects of cost reduction in their operations. 
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One motivation is to be more efficient to lower the price in the stores. If we 

can reduce our costs while picking the products, we will be a better competitor 

in the market. – P30, Project Manager 

Trialability. Experimenting with the MRS is a factor that can affect the decisions 

taking place in the ‘decision to adopt’ (supplier selection stage) and 

‘implementation’ (testing stage) phases. For example, P16 explained that the 

organisation was leaning towards a ‘buy’ decision and had seen a proof of 

concept of a solution. Then, they thought the product needed some adjustments 

and allied with the supplier to co-develop a more tailored version of the existing 

MRS. 

We actually did a small proof of concept two years ago. Technology was not 

there 100%, so they went back home and developed a solution. (…) I think 

that will be beneficial for everyone because when you have some kind of 

timeline in front of you, you can also allow yourself to invest. So, I am definitely 

willing also to invest in the development of future solutions together with our 

supplier. – P16, Global Logistics Manager 

Replaceability. Mobile robots are flexible in terms of infrastructure. They can 

easily be installed at the beginning or replaced in an emergency. P33 states that 

these characteristics make them advantageous against solely human-dependant 

warehouses and other automation solutions. 

Risks are low because we always have a possibility to replace the solution 

with people. We are still able to maintain the operation compared to other 

warehouses that depend on the system being up. – P33, Project Lead 

4.4.3.2 Organisational 

Worker Profile. For many MRS, blue-collar workers will be collaborating with 

robots. Therefore, their involvement in know-how rather than physical capability 

can be significant for decision-makers. P30 emphasises worker involvement in 

MRS adoption. 

Keep personnel from the department that is supposed to handle these mobile 

robots in the meetings. Because they are the expert in the area, they know 

how the transport should be handled. They need to be in the meetings with 

the supplier to ask both dumb questions and technical questions. – P30, 

Project Manager 
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Further, when it comes to distributing roles and responsibilities for the solution. 

P26 mentioned how discussions involving blue-collar workers became decisive 

in human task decisions. 

Some colleagues are very negative about it just because it is change. There 

are undoubtedly some people who think this will take my job. And then you 

get hugely positive people who just see the changes happening, and they 

understand it. They understand the reasons we are doing it. They accept and 

support. P28 (ex-blue-collar worker) is an operations manager (of the MRS) 

on the site during the implementation and is absolutely fully supportive. He 

gets the opportunity for his career development: what if I get on the train early, 

then I will be in a good place going forward. – P26, Lead of Digitalisation 

Innovativeness of Organisation. The organisation’s perspective towards 

technology and innovation highly affects MRS adoption. According to P1, 

technology will disrupt conventional companies with logistics functions. 

The logistics sector is pretty conventional, there are no alternatives that can 

solve the problems with technology, or if there are, the number of these 

alternatives is few. Here, we see the opportunity. The world will be shaped as 

logistics means technology, and we believe in this. The mission is to disrupt 

all companies that do not believe in technology. Our faith is framed with 

technology. – P1, CEO 

The innovativeness of an organisation should not only be understood from 

management-level perspectives. Operational workers’ approach towards 

innovation is also a critical factor in shaping the organisation's innovativeness, as 

mentioned by P25. 

Absolutely I would (supervise the robot system). I think that is very exciting. I 

am very fascinated by technology. I drive a Tesla. I know it (technology) is the 

future, and I know it is good to show interest in the field as I am also thinking 

about my future. – P25, Blue-collar worker 

Organisation Size. If the organisation has multiple warehouses with similar 

operations, efforts to create a standard implementation model start from the 

decision to adopt phase. Organisations should consider all these layouts and 

different circumstances before implementing the MRS, as P16 recalled. 

We were doing the trial in a specific location in Denmark, but for that trial, we 

had five other managers from three sites in Denmark and two sites in Sweden 

participating in the trial. We should make sure that the solution we approve is 
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a solution which works at least in the sites where we see +80% similarity. – 

P16, Global Logistics Manager 

Top Management Support. Especially support from C-level managers affects the 

MRS adoption decision-making process and increases worker motivation. P9 

explained how the approach of their CEO facilitated the project as a whole. 

Actually, it all started with our CEO. He loves to look for new opportunities. As 

far as I remember, he also discussed this solution with several Professors who 

study such solutions in the USA. Our CEO is the architect of this project, who 

researched everything about it and gave us the support we needed. – P9, 

Warehouse Manager 

Warehouse Infrastructure. In some cases, the infrastructure of the warehouse 

can become an obstacle to MRS adoption. It can complicate the layout planning, 

which then reflects on the operations. P37 and P36 mentioned their warehouse 

infrastructure and the challenges it caused to MRS. 

We had a lot of challenges, but that was in the layouts, basically. Because of 

the many places they (mobile robots) have to go and different heights and 

widths. (…) We have the hardest place to do this because it is an old 

warehouse. Many corners. – P37, Warehouse Logistics Coordinator 

We are an old company; this building was built in 1968 and since then we are 

expanding the building mass to cope with the volumes that have been put on. 

So, the warehouse building is not optimal. – P36, Warehouse Manager 

4.4.3.3 Environmental 

Technology Development Ecosystem. Especially for the ‘make’ type of 

organisations, the ecosystem they reside in can create extra challenges 

regarding the specific products or sub-systems they want to outsource. P3 

summarised the difficulties they faced with the sub-systems they wanted to 

purchase: 

Mobile robots are new to Turkey. It was left unattended in here. Therefore, 

even though the companies that we demand some sub-systems or products 

work in that sub-system sector, they may require extra thinking, effort, and 

resources to cater for our needs. They get into a kind of R&D process together 

with us. – P3, Robotics Lead 

Accessibility of Technology. Even if there is a supplier and the product is available 

globally, or in the organisation, it might not be accessible to the country where 
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the warehouse resides. P26 recalled they could not use an MRS due to its 

absence in the UK: 

It was our advert; a bit of PR in the United States. Colleagues here saw it. And 

they were like: can I have this to do my container unloading? And the reality 

is that they will not be in the UK for another 18 months. So great that our 

organisation is doing it in the States and developing these solutions. But then 

it gets advertised and then there is this expectation that suddenly we can do 

the same. – P26, Lead of Digitalisation 

Supply Chain Disruptions. Supply chain experts state that supply chain 

disruptions (covid-19, war) cause considerable delays in MRS adoption. P30 

complained about the delays these disruptions caused. 

The supply of some materials is affected. We are starting up a new project in 

the receiving area now. But the delay... The delivery time is 32 weeks, so the 

suppliers are struggling. We are, in fact, affected in many ways. Both with the 

pandemic that we have and also now the war. – P30, Project Manager 

Product Type/Shape Changes. Some mobile robot solutions can only lift certain 

materials or material handling units such as pallets. In case of a product shape 

alteration (by the customer, manufacturer, or organisation), the robot may require 

extra maintenance, and some decisions might have to be reconsidered. P26 

theorised about this:  

I mentioned all these different types of products that we are taking over to the 

production line. Every time there is a change, then suddenly we need to 

change our system. (…) So, we have to maintain the system. And sometimes, 

that maintenance of the system means a change to the AGVs. We might have 

to configure it for a different type of stillage, for instance. – P26, Lead of 

Digitalisation 

Competitive Pressure. One of the drivers of MRS adoption is competition. As 

MRS adoption is strongly associated with efficient warehouse operations with 

higher throughput values, decision-makers adopt MRS to maintain their service 

in this era with higher customer expectations. P26 said: 

Our competitors are also doing this. We have to make sure we are providing 

the best service for our customers. Otherwise, our customers will not stay with 

us. So, they want to know that we are providing a leading-edge service, using 

the latest technology, and delivering value for them, keeping their costs low, 

providing more accurate and dependable service. – P26, Lead of Digitalisation 
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Government Legislation. Legislations sometimes become the driving factor for 

organisations to adopt MRS. Especially in warehousing, governments emphasise 

workers' health and safety and restrict how much weight a person can lift in a 

day. P22 talked about that: 

Yes, we are waiting for it (about the weightlifting restriction). I have heard that 

Denmark has done that. Countries around us do that. We will follow them 

shortly. If that happens, we have to find solutions to pick heavy goods, which 

is why we are trying this robot. – P22, Warehouse Manager 

Supply Chain’s MRS Perspective. It is not only competitors who are adopting 

MRS. The presence of MRS in the upstream or downstream of the supply chain 

the organisation belongs to can trigger an intention to adopt and enlighten the 

organisation about managerial decisions. P31 mentioned the upstream example, 

while P26 mentioned the downstream example.  

A company that stores the load carriers that are being used by us. They have 

had this supplier for some years. They are very familiar with those load carriers 

and moving them around. That meant that they could easily implement this 

system at our warehouse. – P31, Technical Manager  

Our customer works with this supplier on their sites as well. That gave us some 

actual data about AGVs that the supplier provides. They could do the job. – 

P26, Lead of Digitalisation 

4.4.4 Compilation of MRS adoption phases, managerial decisions, 

and factors 

It is salient that the decisions discussed in the managerial decision framework 

are embedded within the process of MRS adoption. Therefore, these decisions 

were considered indispensable to the MRS implementation. Further, 

technological, organisational, and environmental factors influence MRS adoption 

and implementation by affecting the managerial decision framework. Drawing 

from IDT, TOE, and the managerial decision framework discussed previously, an 

elaborated MRS adoption framework is now introduced in Figure 4-7.  

  



 

150 

 

Figure 4-7 MRS adoption framework 
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4.5 Discussion 

4.5.1 A case illustration 

An example process (a sub-case from case 3) will be explained in the discussion 

to show how TOE factors affect the managerial decision framework and influence 

the MRS adoption process. This sub-case is a warehouse for a production site 

next to it and aims to carry materials in material handling units to the production 

area. The warehouse employs laser-guided vehicles in put-away and 

replenishment operations of pallets and stillages. 

At the initiation phase, decision-makers were not satisfied with the scarcity and 

cost (compared to laser-guided robots, human workers were more expensive) of 

human labour and considered automating their warehouse operations. They also 

believed that automation is more advantageous than the existing manual solution 

to increase and standardise the warehouse throughput. The decision-makers 

visited another customer warehouse and saw the laser-guided robots carrying 

pallets. That visit was what motivated them towards laser-guided vehicles. 

Observing the solution ensured that this MRS would satisfy their operational 

requirements. As a result, they decided to buy laser-guided robots for their 

warehouse. We see ‘cost’, ‘relative advantage’, and ‘supply chain’s MRS 

perspective’ factors affecting the ‘evaluation criteria and MRS selection’ decision.  

They started looking for suppliers during the decision to adopt phase, as it was a 

‘buy’ TAD. However, due to supplier scarcity (an environmental factor), their 

supplier selection decision was only a choice among three or four suppliers that 

could do what they asked for (lift pallets up to 11 metres high). 

In the preparation stage of the implementation phase, as the technology was 

compatible (technological factor) with physical installation, there were no extra 

problems with the facility layout planning decision. During the gradual 

implementation stage, they got away with fewer complications in worker training. 

Their worker profile was already quite interested in learning to control and work 

with the MRS. However, during the full implementation stage, due to covid-19 

(supply chain disruptions), a chip shortage decreased their customer’s demand. 
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They had to recalculate how many active mobile robots they needed every week. 

Indeed, they could only use the full fleet for two weeks. This is how environmental 

factors affected their ‘quantity of robots’ decision. Further, in the same stage, their 

customer changed the product type they work with, which caused extra 

maintenance on mobile robots. 

They have learned that they should carefully manage spare parts inventory 

because they have faced delays bringing in stocked-out spare parts due to Brexit. 

Further, they discovered that complex solutions could delay the implementation 

due to IT integration issues, and therefore, they will be looking out for simpler 

MRS. Most importantly, they know they will have multiple implementations due to 

the organisation's size. Consequently, they aspire to create a template model 

similar to the MRS adoption framework this paper offers. It involves not only one 

decision point but the decision focus areas as a whole. 

Many other decision points and factors affected the organisation’s MRS adoption 

journey. Still, this section aimed briefly to explain how the proposed MRS 

adoption framework, containing decision focus areas and factors, functions in 

different phases, which is a key contribution of this paper (Figure 6). 

4.5.2 Significance of Learning in MRS Adoption 

MRS is a type of innovation that has a fast-paced development environment. As 

P29 (Warehouse Manager) stated, there were very few AMR-type MRS back in 

the 2016s, but now you see many in the market. Thus, it cannot be concluded 

that other implementations will be the same as the first one and succeed. Those 

implementations will be different, and a new solution is a potential for failure. This 

characteristic keeps MRS as an innovation even if the organisation is in their 

fourth implementation (case 4). 
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Figure 4-8 Case illustration
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Further, MRS does not only mainly involve software integration such as IS 

technologies mentioned in the theoretical background. MRS has a massive 

physical integration aspect which involves human workers. Therefore, the human 

safety side of these implementations is highly mentioned in the literature (Inam 

et al., 2018; Petković et al., 2019; Raineri et al., 2019) and in cases. The 

researcher listened to incidents in different cases, such as pallets falling from a 

rack or manual forklifts colliding with mobile robots. 

Moreover, human workers fear losing their jobs (Bechtsis et al., 2017) which also 

challenges decision-makers. Therefore, to efficiently manage the adoption of 

MRS and similar technologies, this paper suggests that the ‘assimilation & 

learning’ phase is an indispensable part of this journey. Some papers adopting 

IDT as their theory address learning partially as ‘assimilation’ (Hazen et al., 2012; 

Zhu et al., 2006) and some others relate learning to absorptive capacity (Knoppen 

et al., 2015) theory developed by Cohen and Levinthal (1990). However, 

academia, and especially SCM, requires more study on the learning part of 

technology/innovation adoption. 

From a more theoretical point of view, the findings overlap with single, double, 

and triple-loop learning (Argyris and Schön, 1997; Tosey et al., 2012). Single-

loop learning reflects changes in the organisation’s knowledge without adjusting 

processes (Snell and Chak, 1998) and considers the question: are we doing 

things right (Flood and Romm, 1996)? These ideas are relevant to the learning 

through the decision focus areas for existing implementation, such as adjusting 

a path planning algorithm while keeping the process the same. Double loop 

learning brings extra discussion by asking: are we doing the right things (Flood 

and Romm, 1996)? This question relates to the learning happening for future 

implementations. Decision-makers re-consider their motivation, including other 

MRS and TAD. Finally, triple-loop learning is on a deeper level that links together 

the chain of events about the diversity of issues, challenges faced, and decisions 

are taken to form a new structure or strategy (Georges L. Romme and van 

Witteloostuijn, 1999; Tosey et al., 2012). That reflects the template or model 

decision-makers aspire to create after multiple MRS implementations. The MRS 
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adoption framework offered in Section 4.4.4 could act as a starting point for pilot 

MRS implementation in smart warehouses. Then, with the help of single, double, 

and triple-loop learning cycles, it can be upgraded to its full use while the 

organisation scales with more mobile robots or new MRS. Eventually, the 

adoption framework, upgraded with the assimilation and learning, would support 

organisations to maintain and efficiently control mobile robot adoption to its full 

performance. 

Other than mobile robot technology, innovations that can be (re-)implemented (in 

a different process or using a new version of a similar technology) within the 

organisation can also use the insights this paper offers. Organisations can 

consciously add learning for their existing and future implementations as an extra 

phase to their innovation adoption journey. Further, the stages this study 

identifies within different phases could enlighten the adoption journey of similar 

technological innovations that comprise successive implementations. 

This paper also studied the technological, organisational, and environmental 

factors and how they can affect the process of innovation adoption through 

managerial decisions and lead to actions. These actions cause learning at 

different levels and loops and make factors enablers or barriers through the 

journey, as studied in Mathauer and Hofmann, (2019), Wei et al., (2015), X. Wu 

and Subramaniam, (2011). 

4.6 Conclusion 

4.6.1 Theoretical Contribution 

IDT (Rogers, 2003) and other articles using IDT (Mathauer and Hofmann, 2019; 

Sternberg et al., 2021; Vu et al., 2022; Zhu et al., 2006) consider innovation as a 

linear process generally formed of three phases (initiation, decision to adopt, 

implementation) and focus on gaining the anticipated benefit out of it at once. 

However, MRS adoption is a cyclical process, and assimilation & learning of that 

particular innovation is the most significant step towards creating a template (as 

high-level managers P16, P21, and P26 emphasize) or a model for similar future 

implementations.  
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Taking a step out of the MRS context, the structure of the ‘assimilation & learning’ 

phase in the framework can be related to the triple-loop learning model where: 1) 

single-loop learning is relevant to corrections through decision focus areas for 

existing implementations, 2) double-loop learning is relevant to the ‘assimilation 

and learning’ for future similar implementations, and 3) triple-loop learning is 

relevant to the learning informed by a chain of events and challenges to form a 

mobile robot adoption framework/model. This relevance might be generalised 

and become helpful in the adoption of similar innovations. 

IDT offers generalised stages/steps of an innovation adoption journey. Papers 

are adopting these stages and elaborating them to fit the particular innovation 

studied, such as Blockchain (Vu et al., 2022). This study uses the same logic to 

explain the MRS adoption journey, including phases and stages combining IDT 

and the data derived from the case study. It elaborates on pre-defined stages and 

identifies new stages in adopting MRS. This will help future research focusing on 

the challenges encountered in pre-defined stages and/or phases in not only MRS 

adoptions but also similar warehouse technology adoptions especially involving 

physical implementations.  

Moreover, IDT and studies using IDT do not focus on TAD other than Mathauer 

and Hofmann, (2019). Mathauer and Hofmann (2019) focus on the results of TAD 

while this paper provides a thick description, including motivations and rationale 

for a selected TAD for the entire decision to adopt phase in MRS adoption. This 

way, it aims to offer more generalisable results. 

Finally, technological, organisational, and environmental factors affecting MRS 

adoption were synthesised. Determining the significance of these factors might 

be a future research area for academia. More importantly, these factors helped 

form the elaborated MRS adoption framework using an integrative theoretical 

approach. From the theoretical perspective, this framework is expected to 

enlighten the question of how MRS innovation is adopted in warehouses.   
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4.6.2 Managerial Implications 

As the practical use of mobile robot systems increases, decision-makers are 

confronted with many decisions. This study aims to explain the MRS 

implementation journey by defining the steps and stages they will most likely 

encounter. It considers carefully synthesised decision focus areas, thereby 

supporting managers in avoiding costly mistakes such as implementing 

unsuitable mobile robot systems or overlooking key decision factors. Further, it 

points out technological, organisational, and environmental factors that managers 

have to consider, as these factors might become an enabler or a barrier according 

to the specific scenario. 

The mobile robot sector is rapidly evolving, and new technologies are constantly 

being developed. Therefore, decision-makers need to create a model or a 

template to assimilate the whole journey. For that reason, warehouse decision-

makers will benefit from the MRS adoption framework this study offers when they 

face the (inevitable) requirement to automate their warehouse processes. These 

findings will serve not only big logistics players but also help small and medium -

sized companies to adapt to the logistics market’s automation-based and 

competitive nature.  

Finally, it is observed that many organisations are leaning towards a ‘buy’ 

decision as making mobile robot solutions from scratch is not their core business. 

Considering this fact, a set of supplier selection criteria was discussed to help 

decision-makers in the supplier selection decision. 

4.6.3 Research Limitations 

In every research, there are limitations. The main limitation of this research was 

covid-19. Due to travel restrictions, researchers could not travel to do site 

observation in some cases. Further, they could not conduct face-to-face 

interviews and had to perform almost all the interviews online. Finally, another 

limitation was not having a fully implemented ‘make’ type of case which would 

potentially limit the external validity of this study for ‘make’ type of cases.  
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4.6.4 Further Research 

The adoption framework (Figure 4-7) offered by this paper could be generalisable 

for the innovation adoption of logistics functions, especially when the innovation 

involves both IT and physical aspects. Moreover, it is evident in this study that 

the ‘assimilation & learning’ phase affects every step of innovation adoption. 

Therefore, the feasibility of this framework and, more importantly, the effect of 

‘assimilation & learning’ in adopting other technologies can be investigated in 

future studies. 
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5 Conclusions 

5.1 Matching Research Objectives with Findings 

This section shows how the initial overall research objectives are fulfilled through 

chapters 2, 3, and 4. This thesis aimed to shed light on the entire MRS adoption 

journey in warehouses. It included the motivation of warehouse managers to 

adopt such systems and also examined the implementation journey of these 

automation solutions. There were three research objectives at the beginning: 

1) To systematically review and categorise the managerial decisions that 

warehouse managers need to consider from the extant literature. 

2) To identify, categorise, and evaluate MRS from the extant literature and 

investigate potential system selection approaches. 

3) To empirically investigate the MRS adoption journey and elaborate on the 

literature about the managerial decisions and factors affecting the MRS 

adoption journey. 

Table 5-1 expresses how initial research objectives are addressed and fulfilled in 

the thesis also mentioning relevant chapters. Even though it seems like there is 

a one-to-one relationship between research objectives and chapters, it is evident 

that chapter 2 acts as a foundational basis for other chapters. Also, chapter 4 

elaborates on and completes the conceptual managerial decision framework that 

was first developed in chapter 2. 

5.1.1 Mobile Robot Adoption Journey 

This section builds on Figure 1-2 to expand on the MRS adoption journey by 

explaining the artefacts of each chapter and how these artefacts can shape the 

journey (Figure 5-1).  

Phase 1: Initiation 

After spotting an unproductive or inefficient (i.e., no or less added value) 

warehouse operation, decision-makers will be seeking potential solutions to their 

pain points. At this point, they should be knowledgeable about the benefits of 

MRS to consider MRS as a potential technology to adopt so they can improve 
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their operations. Chapter 3 collects evidence from the literature and supply chain 

experts to list the potential benefits MRS could bring (3.5.3). Further, it creates 

an initiation point by developing a set of evaluation criteria out of these foreseen 

benefits which would then support the motivation to adopt such solutions (see 

Table 3-2). 

Phase 2: Decision to Adopt 

The next phase in a generic MRS adoption journey is the decision to adopt. In 

this phase, managers need to select a suitable MRS and also decide how to 

access the system (technology access decision). Chapter 3 develops an MRS 

rating table (Table 3-3) including ten systems ranked through five evaluation 

criteria. It also offers MCDMs involving decision trees (Figure 3-2) and/or 

mathematical models (Equation (3-5) which provide the flexibility of altering the 

weights of each criterion. Finally, once the MRS to be implemented is determined, 

Chapter 4 points out alternatives to technology access options (Figure 4-1). 

Phase 3: Implementation 

Generally, most of the managerial decision focus areas are evaluated and 

finalised at this phase. Chapter 2 presents a managerial decision framework 

artefact that is formed through the systematic literature review (Figure 2-2). 

Further, there are contextual factors that affect these managerial decisions and 

the pace of MRS adoption. Chapter 4 sets out more than ten contextual factors 

categorised as technological, organisational, and environmental (Figure 4-6). 

Phase 4: Assimilation & Learning 

This phase aims to create a template for the MRS adoption journey that consists 

of the phases, mobile robot systems, managerial decisions, and contextual 

factors. Chapter 4 combines all the outputs of Chapters 2, 3, and 4 in a single 

MRS adoption framework (Figure 4.7). This aggregated framework can act as an 

initial implementation template for the managers for their pilot implementations. 

In time, through learning cycles, it can be updated and tailored to better suit the 

specific needs of organisations and support successive implementation efforts.



 

167 

Table 5-1 Matching research objectives with findings 

Research Objectives Findings Chapters 

To systematically review and categorise 
the managerial decisions that warehouse 
managers need to consider from the 
extant literature. 

• Thirteen decisions are devised and analysed in detail using insights from 107 papers 
Chapter 2 

• Thirteen decisions were categorised through their characteristics and with a system 
implementation logic as 1) Strategic, 2) Tactical, and 3) Operational Chapter 2 

• Three new decisions and three new focus areas were included to make the managerial decision 
framework more comprehensive Chapter 4 

To identify, categorise, and evaluate 
MRS from the extant literature and 
investigate potential system selection 
approaches. 

• Ten mobile robot systems are identified through the literature 
Chapter 2 

• Ten mobile robot systems were divided with regard to their way of navigation in the warehouses 
as 1) Linear Route Robots, 2) Guided Robots, 3) Freeway Robots, and 4) Hybrid Systems Chapter 3 

• A ranking system was developed using the ideas from the extant literature and each system was 
evaluated through their characteristics Chapter 3 

• The ‘Equal Weight’ approach was offered as a system selection approach and demonstrated 
through a scenario and a decision tree. According to that scenario, linear route robots appear to 
be the best system with the highest grade 

Chapter 3 

• The second approach offered is the ‘Full Consistency Method’ that used the insights of five supply 
chain experts. According to this system selection approach, the best system is linear route robots 
for a generic warehouse. 

Chapter 3 

To empirically investigate the MRS 
adoption journey and elaborate on the 
literature about the managerial decisions 
and factors affecting the MRS adoption 
journey. 

• A conceptual managerial decision framework was formed from the literature 
Chapter 2 

• Also including the conceptual managerial decision framework, a theoretical framework was 
developed with potential innovation adoption phases and contextual factors (technological, 
organisational, and environmental) 

Chapter 4 

• A multiple case studies showed that: 1) the MRS adoption journey is cyclical with a continuous 
‘Assimilation and Learning’ phase and further implementation instances, 2) 19 contextual factors 
affect managerial decisions and the overall pace of MRS adoption, 3) 16 managerial decision 
focus areas should be addressed in MRS adoption and they affect each adoption phase 
differently, and 4) there are three different levels of learning in MRS adoption that can be 
explained by triple-loop learning theory 

Chapter 4 
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Figure 5-1 Shaping the MRS adoption journey
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5.2 Contributions of the Thesis 

This section is divided into three for each type of contribution: 1) theoretical 

contribution, 2) methodological contribution, and 3) practical contribution. 

5.2.1 Theoretical Contribution 

As the aim of this thesis is to explain the MRS adoption journey, it makes 

theoretical contributions to various parts of this journey (Table 5-2).  

There are recent literature reviews and explanatory papers on warehousing and 

automation solutions (Azadeh et al., 2019; Bechtsis et al., 2017; Boysen et al., 

2019; Custodio and Machado, 2020; Fragapane et al., 2021; Jaghbeer et al., 

2020; Wior et al., 2018). Yet, there is very little focus on mobile robots and papers 

offering research avenues are outdated (Le-Ahn et al., 2006; Vis, 2006). This 

thesis addresses this gap with an up-to-date research agenda in Chapter 2 that 

is further extended in 5.4. Moreover, the previous studies (Fragapane et al., 2021; 

Le-Ahn et al., 2006; Vis, 2006) that attempted to form a decision framework on 

MRS adoption is rather fragmented and have a technology focus. This thesis 

forms an integrated managerial decision framework that categorises a 

comprehensive list of managerial decisions for MRS selection and 

implementation. Moreover, this study concentrates on reviewing MRS 

alternatives and explains them one by one. It develops a ranking system 

consisting of significant (according to supply chain experts) MRS evaluation 

criteria and assesses MRS alternatives through these criteria. 

To respond to the call (Boysen et al., 2019) for empirical work regarding the 

automation system selection approach in warehouses, this thesis adopts FUCOM 

and explains how this novel multiple-criteria decision-making method could 

become a system selection approach. It also discusses the outcomes based on 

the importance of evaluation criteria with similar studies such as Fazlollahtabar 

et al., (2019) and Zavadskas et al., (2018). Building on the list of criteria used in 

the ranking system, this study explains what motivates decision-makers to adopt 

MRS in warehouses by listing the significant criteria that affect the MRS adoption 

decisions of supply chain managers. 
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Mostly supported by chapter 4, this thesis explains the entire journey of adopting 

MRS in warehouses through the theoretical lens of IDT (Rogers, 2003). It also 

elaborates on the IDT in the context of MRS. The development of IDT takes place 

from multiple angles. 

Firstly, it compiles an extensive MRS adoption framework consisting of phases 

of MRS adoption, managerial decisions to consider, and TOE factors affecting 

these decisions. Previous works adopting IDT (Mathauer and Hofmann, 2019; 

Sternberg et al., 2021; Vu et al., 2022; Zhu et al., 2006) consider innovation as a 

linear process generally formed of three phases (initiation, decision to adopt, and 

implementation). Yet, this study sets out a fourth phase as ‘Assimilation and 

Learning’ which is a continuous phase, making the MRS adoption a cyclical 

process. The ‘Assimilation and Learning’ phase is particularly important because, 

in a generic warehouse, multiple MRS implementations are expected rather than 

a single MRS implementation. This phase not only means learning from mistakes 

but also involves assimilating the technology to exploit its benefits. The phase is, 

therefore, helpful when it comes to creating an implementation template similar 

to the MRS adoption framework (Figure 4-7).  

Other than including the fourth phase, this thesis elaborates on pre-defined 

(Rogers, 2003) stages and identifies new stages in the context of MRS adoption. 

For instance, there is an extensive focus on the ‘Decision to Adopt’ phase building 

on the work of Mathauer and Hofmann, (2019) with the inclusion of ‘TAD’ and 

‘Simulations’ stages. Contributions to these phases and stages will help future 

research focusing on the challenges encountered in pre-defined stages and/or 

phases in not only MRS adoptions but also similar warehouse technology 

adoptions especially involving physical implementations. 

By integrating IDT and TOE framework, this study puts emphasis on the TOE 

factors and their effect on managerial decisions and the MRS adoption process. 

These factors can sometimes become enablers or barriers in different scenarios. 

Therefore, this study identifies 19 TOE factors in the context of MRS 

implementation and directs future research on defining the significance and type 

of these factors.
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Table 5-2 Overview of the contribution of the thesis 

Paper Title Theoretical Contribution Practical Contribution Methodological Contribution 

Systematic Review of Mobile 

Robots in Warehouses: 

Decision Framework and 

Research Agenda 

(Chapter 2) 

• Forming a conceptual and 

integrated managerial decision 

framework that categorises 

decisions for MRS selection and 

implementation. 

• Devising a research agenda that 

identifies and structures future 

research avenues. 

• Helping decision-makers to 

implement an MRS in a logical order 

and without overlooking a 

managerial decision. 

- 

Mobile Robots in 

Warehouses: Evaluation 

Criteria for System Selection 

(Chapter 3) 

• Defines a ranking system to support 

the selection of potential MRS. 

• Evaluates and assesses MRS 

alternatives through a decision tree 

and a novel multiple-criteria 

decision-making approach (the full 

consistency method). 

• Explains what motivates decision-

makers to adopt MRS in 

warehouses. 

• Develops a typology of mobile 

robots and associated systems. 

• Shows decision-makers a way to 

evaluate and select MRS. 

• Supports the practicality of 

evaluation criteria through 

demonstrations and a novel method.  

• Discusses additional criteria that can 

be useful for different scenarios 

(insights of SC experts). 

• Being one of the very few papers 

to perform the novel ‘Full 

Consistency Method’ in the 

context of warehousing and 

mobile robots. Also, the 

methodological approach this 

study develops is not only valid 

for mobile robot automation but 

could potentially become a way 

of assessing other types of 

warehouse equipment and 

automation alternatives. 
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Mobile Robot System 

Implementation in 

Warehouses: an Adoption 

Framework 

(Chapter 4) 

• Including ‘Assimilation & Learning’ 

as a phase in IDT and analysing 

other phases in detail for the MRS 

context. 

• Defining MRS adoption as a cyclical 

process and anticipating more than 

one implementation rather than 

focusing only on the implementation 

at hand. 

• Relating MRS adoption with single, 

double, and triple  -loop learning to 

make the findings more 

generalisable for a wider context of 

similar innovations. 

• Compiling an extensive managerial 

decision framework to consider in 

MRS adoption, and presenting 

technological, organisational, and 

environmental factors affecting 

these decisions. 

• Extending the ‘Decision to Adopt’ 

phase with TAD and linking both 

TAD and ‘Decision to Adopt’ phase 

to managerial decisions (many 

managerial decisions are first 

considered at this phase rather than 

the ‘Implementation’ phase). 

• Explaining the MRS implementation 

journey by defining phases and 

stages that decision-makers will 

most likely be encountering. 

• Considering decision focus areas, 

thereby supports managers in 

avoiding costly mistakes. 

• Devising technological, 

organisational, and environmental 

factors that managers have to 

consider. 

• Offering an MRS adoption 

framework for MRS integration and 

implementation which can act as an 

initial template for future MRS 

implementations.  

• Discussing a set of supplier 

selection criteria to help decision-

makers in the supplier selection 

decision. 

• The case study conducted in this 

paper is one of the very few for 

MRS in warehouses. It shows 

how differentiation in cases might 

be achieved which leads to 

analytical generalisation. 
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Finally, keeping the intention of achieving generalisable theoretical outcomes, the 

continuous learning cycles in the MRS adoption can be related to the single, 

double, and triple loop learning model (Argyris and Schön, 1997; Tosey et al., 

2012). This thesis relates its outcomes to these models through managerial 

decisions, the ‘Assimilation and Learning’ phase, and the MRS adoption 

framework (from specific to general concepts). 

5.2.2 Methodological Contribution 

This thesis has two key methodological contributions: 1) the case study and 2) 

the FUCOM method. Firstly, the case study conducted in this paper is one of the 

very few involving MRS in warehouses. Other studies are Hmidach et al. (2020), 

Škerlič et al. (2017), and Zhang et al. (2021). In this study, cases were selected 

according to three underlying considerations: 1) TAD (make, buy, ally), 2) 

Company country (Turkey, UK, Denmark, Norway), and 3) Company type 

(grocery retailers, 3PLs). This case selection strategy shows how external validity 

in cases might be achieved which, then, leads to analytical generalisation 

(Ridder, 2017; Yin, 2018). 

Secondly, being one of the very few papers to perform the novel ‘Full Consistency 

Method’ in the context of warehousing and mobile robots, the application 

presented in this paper is a demonstration and the proof of concept of a mobile 

robot system selection strategy. It extends the scope of previous FUCOM studies 

(Fazlollahtabar et al., 2019; Zavadskas et al., 2018) in terms of included system 

types, and therefore, is richer in terms of findings of the applied method. 

Considering deviation consistency values being ‘0’ or a negligible positive value, 

the results are reliable with high validity in terms of methodology (Pamučar et al., 

2018). Hence, FUCOM is applicable to demonstrate an evaluation of mobile robot 

systems regarding the predefined set of evaluation criteria. Further, the 

methodological approach this study develops is not only valid for mobile robot 

automation but could potentially become a way of assessing other types of 

warehouse equipment and automation alternatives. 
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FUCOM is also used in group decision-making processes in the supply chain to 

form a consensus among decision-makers (Fazlollahtabar et al., 2019). 

Nevertheless, there is a threat of manipulation (opinion leaders influencing 

others) in that approach which led the researcher of this thesis to implement 

individual evaluation processes. 

Finally, as FUCOM can be further customised with additional criteria and/or 

sensitivity analyses, this study offers the necessary methodological guidance for 

both academia and practice.  

5.2.3 Practical Contribution 

The researcher believes that mobile robot automation is at an early stage. The 

sooner the firms consider implementing these solutions, the more benefit they will 

get by gathering experience. This thesis aims to provide insights for managers 

considering deploying mobile robots in their warehouses. It explains the MRS 

implementation journey by defining the steps and stages they will most likely 

encounter. 

When we think of MRS and similar innovation adoption journeys from a macro 

perspective, the first step would be the motivation for the solution which also 

includes the pain points of the current approach (Rogers, 2003). This thesis offers 

a range of significant potential motivations (some of which could also be named 

as evaluation criteria) deduced from the literature and the supply chain experts. 

Once the company is keen to adopt an MRS, they will be seeking out MRS types 

and assess them according to their operations and evaluation criteria. This thesis 

first lists the available MRS and then evaluates them through a set of criteria and 

a ranking system. To support the practicality of the evaluation criteria, this work 

demonstrates system selection approaches adopting multi-criteria decision-

making methods. Overall, it shows decision-makers a way to evaluate and select 

MRS. This step is typically followed by a TAD which is deeply investigated in this 

study through the ‘buy’, ‘make’, and ‘ally’ type of decisions including supplier 

characteristics and relationships.  
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As the practical use of mobile robot systems increases, decision-makers are 

confronted with many decisions in the implementation journey including MRS 

selection decisions and TAD. According to Llopis-Albert et al. (2019), managers 

pay more attention to management and financial issues rather than technical 

issues. In contrast, academic papers mainly focus on technical decisions rather 

than management decisions. This study provides a comprehensive managerial 

decision framework to have a balanced approach among management and 

financial (primarily strategic and tactical decisions), and technical (primarily 

operational decisions) issues. It, therefore, helps managers to avoid overlooking 

any decisions in the implementation which could become costly mistakes such 

as implementing unsuitable mobile robot systems or overlooking key decision 

factors. 

Together with the steps that managers will most likely encounter and decisions 

that require their attention, there are contextual factors that affect the entire 

journey, sometimes dramatically. These factors are identified and categorised as 

technical, organisational, and environmental, using the output of four countries’ 

MRS context. 

Finally, as mobile robot sector is rapidly evolving, and new technologies are 

constantly being developed supply chain managers need to create a model or a 

template to assimilate the whole journey. For that reason, warehouse decision-

makers will benefit from the final MRS adoption framework this study offers when 

they face the inevitable requirement to automate their warehouse processes. This 

research places learning at the heart of the adoption framework as it anticipates 

multiple MRS implementations for each warehouse. Learning affects every step 

of the journey and highly increases the efficiency of ongoing and future 

implementations. 

All in all, these findings will serve not only big logistics players but also help small 

and medium -sized companies to adapt to the logistics market’s automation-

based and competitive nature.  
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5.3 Research Limitations 

As with any study, this thesis also has several limitations. First and foremost, 

covid-19 was a significant limitation as it inhibited the researcher to travel to the 

warehouses. It also prevented face-to-face interviews. Because of that, the 

researcher could not communicate with some of the blue-collar personnel. 

Secondly, the case study itself has a couple of limitations due to the nature of the 

methodology. As the companies of the subject were multi-national and large 

companies, it was quite difficult, or sometimes not possible, to gather some of the 

documents that contain sensitive information about the companies. Further, even 

though the researcher aimed to achieve generalisable results by increasing the 

variety of company type, country, and technology access decisions; external 

validity might still be limited. The reason is that this study does not include 

companies from every country (there are not many candidate companies owing 

to the recency of the subject), and it was undertaken with a few types of mobile 

robot systems. 

Relevant to the recency of the subject, it was also tough to find supply chain 

experts who are also knowledgeable about mobile robots for Paper 2. It would be 

a more generalisable result to have a hundred experts filling the survey for 

FUCOM but given the time limitations and covid-19 restrictions, the researcher 

could only be able to collect data from five experts. 

Finally, with regard to MRS types covered in the systematic literature review, the 

list might not be exhaustive. There are many innovative MRS perspectives 

developed by the tens of start-ups in the market and it is almost impossible for 

academia to keep up with that pace. 

Other limitations are mentioned in the ‘Conclusion’ sections of each 

paper/chapter see (2.5, 3.6, and 4.6.3). 

5.4 Future Research Directions 

As a general approach, any study that addresses the limitations of empirical 

papers of this thesis would put forward further insights. Other than that, this study 
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creates several research avenues. Firstly, continuing with the mixed method 

logic, the importance of the contextual (technological, organisational, and 

environmental) factors can be determined through a quantitative method 

involving practitioners. 

Secondly, there can be a longitudinal study focusing on an organisation from the 

initiation/motivation phase until they fully implement a mobile robot system. In 

that case, we can capture further insights in relevant timelines to elaborate on the 

MRS adoption framework offered in this study. 

Thirdly, a study can focus on the enablers and barriers of adopting MRS in 

different countries and/or company types. The researcher believes that the 

contextual (TOE) factors offered in this study would be helpful for that type of 

research. 

This thesis contains laser-guided robots (carrying pallets), barcode-guided robots 

(carrying shelves), and human-collaborated robots (carrying small products). A 

different study can concentrate on other MRS alternatives. Comparing the 

outcome of this thesis and this study would result in increased analytical 

generalisation. 

This thesis focused on logistics service providers and grocery retailers. Other 

types of companies might be taken into consideration in future research such as 

manufacturing (automotive, electronic, apparel) or non-grocery retailing 

companies. 

Finally, as this thesis relates its outcomes to single, double, and triple loop 

learning models, further research can be conducted to highlight these details and 

how they match in different innovation contexts. 

Research agenda (2.4) in Paper 1 can also be helpful for MRS decision-specific 

research directions.  
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Appendix A Systematic Literature Review 

A.1 SLR Methodology Details 

Table A-1 Selection Criteria of SLR 

SELECTION 

CRITERIA 

INCLUSION EXPLANATION 

LANGUAGE Papers should be in English It is the language of this paper 

ACCESSIBILITY Full text of papers should be accessible Papers should be fully evaluated 

REVIEW Peer-reviewed papers Quality and validity of the papers should be ensured 

TYPE OF 

PUBLICATION 

Academic journals and conference 

papers/proceedings are included 

To keep the quality high and the number of papers manageable 

YEAR OF 

PUBLICATION 

Academic journals published later than 

2000 or conference 

papers/proceedings published later 

than 2015 

Mobile robot systems in warehousing drastically developed after the year 2000 so 

papers before 2000 would miss breakthroughs. Quality conference papers older than 5 

years are assumed to have become academic journals, thus they are excluded 

SCOPE AND 

CONTEXT 

Mobile robot systems in warehouses 

will be considered.  

Other contexts, such as manufacturing, are not in the scope of this research. Systems 

that do not involve mobile robots are not in the scope of this research 
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Table A-2 Quality Criteria of SLR 

QUALITY 

CRITERIA 
THEORY ROBUSTNESS 

CONTRIBUTION TO 

KNOWLEDGE 

METHODOLOGY AND 

ARGUMENTS 

IMPLICATION FOR 

PRACTICE 

1 

The literature review is weak or 

does not exist. Even though a 

theory exists, it is not supported 

effectively 

The contribution is either not 

advanced or clear 

The logic behind data is not 

supported or methodology is 

not strong 

The concepts and ideas 

presented are ambiguous or 

somewhat irrelevant, thus they 

are very difficult to implement 

2 

The theory is somewhat 

validated. A basic level of 

literature review supports the 

topic-theory match 

Contribution builds upon the 

existing ideas or studies 

The logic behind data is 

supported but it is limited, or 

methodology/research design 

could be improved 

There is a potential for 

implementing the proposed 

ideas with minor revisions or 

adjustments 

3 

The theory is nicely explained 

and supported by the presence 

of a relevant literature review. 

The theory fits the topic 

Expands the issue with an 

innovative approach and well-

explained solution 

Data is well supported by ideas; 

the research design is robust 

and analysis is rigorous 

A significant benefit may be 

obtained if the ideas being 

discussed are put into practice 

N/A This criterion is not applicable This criterion is not applicable This criterion is not applicable This criterion is not applicable 
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A.2 Analysis of Papers Reviewed in SLR 

Table A-3 Analysis of papers reviewed in the SLR 
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Appendix B Multi-Criteria Decision-Making 

B.1 The Questionnaire for the FUCOM 

 

(Ethics Approval Review Reference: CURES/14622/2021) 

Mobile Robot Automation in Warehouses 

Informed Consent 

You are invited to participate in a research study about mobile robot systems in 

warehouses. The goal of this research study is to understand the opinions of 

supply chain experts on a set of evaluation criteria to choose a mobile robot 

system over others.  

Participation in this study is voluntary. If you agree to participate in this study, 

please fill the form below. You may skip any questions you do not want to answer. 

The information you will share with us will be kept completely confidential to the 

full extent of the law and ethics policies, and the results will only be presented in 

aggregate form with full anonymity of companies and participants. 

 

General Questions 

Q1. How many years of supply chain experience do you have in total? 

Q2. What is the name of the organisation that you work for? 

Q3. What is the headcount of your organisation? 

Q4. What is your job title? 

Q5. Could you briefly describe your role in the organisation? 

Evaluation Criteria Questions 

Flexibility in infrastructure: The adaptability of the system to process and/or 

layout changes 

Flexibility in material handling: The capability of the system to handle products 

in different size and shape 

Mobile robot cost: Costs that are directly connected to onboard intelligence and 

gripping arms 
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Scalability: The ability of mobile robot systems to cope with the demand 

fluctuations 

Time to implement: Required time for system implementation in a warehouse 

Q6. From your point of view, please list aforementioned criteria from the most 

important to the least important. 

The most important criterion: 

Second most important criterion: 

Third most important criterion: 

Fourth most important criterion: 

Fifth most important criterion: 

Q7. From your point of view, please fill in the blanks below by inserting values 

between ‘1’ to ‘9’ as importance coefficients. Values can also be decimal numbers 

such as ‘2.5’. 

- The most important criterion is          times as important as the second most 

important criterion. 

- The most important criterion is          times as important as the third most 

important criterion. 

- The most important criterion is          times as important as the fourth most 

important criterion. 

- The most important criterion is          times as important as the fifth most 

important criterion. 

Q8. Are there any other criteria you would include for mobile robot system 

selection? Please describe. 

Q9. Please write below if you have any further comments and suggestions. 
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B.2 The FUCOM 

B.2.1 Decision-Maker 1 

 

 

Figure B-1 Details of decision-maker 1 
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B.2.2 Decision-Maker 2 

 

 

Figure B-2 Details of decision-maker 2 
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B.2.3 Decision-Maker 3 

 

 

Figure B-3 Details of decision-maker 3 
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B.2.4 Decision-Maker 4 

 

 

Figure B-4 Details of decision-maker 4 
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B.2.5 Decision-Maker 5 

 

 

Figure B-5 Details of decision-maker 5 
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B.2.6 Total Rating Calculations for Each MRS 

Table B-1 Accumulation of criteria weights 

  DM1 DM2 DM3 DM4 DM5 Weighted Average 

C1 0.11 0.23 0.22 0.12 0.12 0.16 

C2 0.11 0.46 0.09 0.14 0.18 0.20 

C3 0.44 0.15 0.15 0.42 0.35 0.30 

C4 0.11 0.07 0.45 0.21 0.18 0.20 

C5 0.22 0.09 0.09 0.11 0.18 0.14 

          Totals 1 
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Table B-2 Calculation of total ratings for systems 

Mobile Robot 
Systems 

Flexibility of 
Infrastructure 

(C1) 

Flexibility 
in Handling 

(C2) 

Mobile 
Robot Cost 

(C3) 

Scalability 
(C4) 

Time to 
Implement 

(C5) 

Rating * 
Weight C1 

Rating * 
Weight C2 

Rating * 
Weight C3 

Rating * 
Weight C4 

Rating * 
Weight C5 

Total 
Rating of 

the System 

Rail or Wire Using 
Robots 

1 3 3 2 2 0.16 0.59 0.91 0.40 0.27 2.34 

Barcode Guided 
Robots 

2 3 2 2 2 0.32 0.59 0.61 0.40 0.27 2.20 

Laser Guided 
Robots 

2 1 2 2 2 0.32 0.20 0.61 0.40 0.27 1.80 

Autonomous 
Forklifts 

3 1 1 3 3 0.48 0.20 0.30 0.61 0.41 2.00 

Human 
Collaborated 
Robots 

3 2 2 2 3 0.48 0.39 0.61 0.40 0.41 2.30 

Mobile Picking 
Robots 

3 1 1 3 3 0.48 0.20 0.30 0.61 0.41 2.00 

AS/RS, Conveyors, 
Linear Route 
Robots 

1 1 3 1 1 0.16 0.20 0.91 0.20 0.14 1.61 

Picker & Transport 
Robots 

3 1 1 3 3 0.48 0.20 0.30 0.61 0.41 2.00 

Laser Guided 
Robots & Pallet 
Shuttles 

1 1 3 1 1 0.16 0.20 0.91 0.20 0.14 1.61 
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Appendix C The Case Study 
(Ethics Approval Review Reference: CURES/14622/2021) 

C.1 Case Study Logic 

Case study was chosen as the methodology to investigate the phenomenon of 

mobile robot automation in warehouses because it provides opportunity to the 

researcher for novel theoretical development (Eisenhardt, 1989). Further, it 

provides an in-depth and detailed understanding of context (Yin, 2018). 

It seems making different technology access decision could bring contrasting 

outcomes. Therefore, selecting organisations with different technology access 

decisions would look like the researcher is seeking theoretical replication. 

However, the phases and stages encountered, the managerial decisions 

considered, and the learning process encountered is quite close to one another 

For instance, both ‘buy’ case and ‘make’ case considers ‘supplier selection and 

management’ decision but one buys MRS from it, the other one has multiple 

suppliers for raw material purchasing. The only main difference is the 

implementation time variations. Hence, this multiple-case study is built on a literal 

replication logic that predicts similar outcomes with minor alterations in each case 

(Yin, 2018).  
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C.2 Protocol Questions 

Protocol questions are prepared before the data collection content. Protocol 

questions are asked to the researcher to clarify which data to be collected (Yin, 

2018). These questions directed the researcher while preparing interview 

questions, documents that the researcher seeks, and what type of data to collect 

in observations. 

Table C-1 Protocol questions 

Data Type Data Details 

Interviewee 

Profile 

What is the experience of the interviewee in logistics and in this company? 

What is the responsibility of the interviewee in the company and in the 

warehouse? 

Warehouse 

Profile 

Which mobile robot systems are preferred for various type of products and 

warehouse operations?  

Motivation 

What motivated them for warehouse automation? 

What motivated them for the solution they selected? 

What have they considered as decision parameters? 

How did they compare their solution to other automation solutions? 

Who are the decision-makers in the process and how was the decision 

taken? What was the reaction of the workers in the warehouse 

operations? How did they manage the operational alteration process? 

Technology 

Access 

Decision 

Did they make, buy, or ally? Why? If they bought, did they ask for 

customisation? What are they? 

Implementation 

How did they plan the implementation? Did they get help from a 

technology provider or an integrator?  

Did the plan work? 

Have they formed a team/department for this solution? Who are the 

members of this team and what do they do? 

How did they manage the project? 

What are their decision/focus areas at strategic, tactical, and operational 

levels and how do they handle them? If they took help from a third party, 

how did it impact on the number/importance of resulting managerial 

decisions? 
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What has changed with the mobile robot system? 

How are their motivations matched with the outcomes? Are they met? How 

do they measure that? 

How did they benefit from the solution and how do they measure success? 

What are the challenges they faced in the installation/integration stage and 

what are their current problems? 

How do they cope with their problems? 
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C.3 Data Collection Details 

Table C-2 Generic interview questions 

Focus Areas Questions 
No of Data 

Objective 

   Details of the 

Interviewee 

How many years of experience do you have in logistics 

companies in total? 1 

How many years of experience do you have in this 

company? 1 

What are your responsibilities in the company? 1 

What are your responsibilities in the warehouse operations? 1 

Products and 

Warehouse 

Operation 

What type of products do you store in your warehouse and 

how do you pick them (individual, carton, pallet)? 2 

How many SKUs do you have in the warehouse? What is 

your pick rate? (Do you have documents, dashboards for me 

that might be of use?) 
2 

What type of products and warehouse operation/s are you 

implementing your mobile robot solution for? 2 

Before this solution, were you picking your products 

completely manually or did you have another automation 

solution in the process? 
2 

System Details 

and Motivation 

Why did you want to automate your warehouse? (Use 

motivations as probes such as: 'Does it have something to do 

with labour productivity? Why?') 
3 

Is this your first implementation attempt for a mobile robot 

system? Please describe your experience if any. 4 

Please describe the mobile robot automation solution that is 

being implemented in the warehouse. 4 

How many warehouses of yours use the same system? Are 

these implementations different in any ways? 4 

Why did you choose this solution for your warehouse? 4 
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Did you compare your solution to other automation 

solutions? How? 4 

Who played role in the system selection decision? Please 

describe the decision process. (executive directors, a 

department, a team) 
5 

How have you communicated your decision to workers? 5 

How were the reactions of the workers to the automation 

solution? How did their day-to-day tasks get effected? 5 

Buy, Make, Ally 

 

 

 

 

 

If 

Buy or Ally 

  

Have you bought the solution from a technology provider or 

built the entire system by yourself? 6 

Why did you choose to outsource the solution? / Why did you 

choose to build the solution in-house? What do you think 

about vendor/supplier availability? 
6 

Would you name it as 'a solution purchasing from a 

technology provider' or 'a strategic alliance with the 

technology provider'? Why? 
6 

Have you asked for customisations from the technology 

provider on the original solution? Were they accepted? Are 

these customisations specifically addressed to your needs? 

What was the role of the technology provider in the 

integration and in further decisions? 

6 

Were you involved in the installation/integration process or 

was the solution a type of plug & play solution? (If you were 

involved in the installation/integration process, how?)  
6 

Implementation How did the integration/installation process work? 7 

Was there a third party as an integrator or a consultant for 

the implementation process? If yes, what was their role? If 

no, why did the company choose not to work with a third 

party? 

7 

How did you plan the implementation? (Follow-up questions 

such as: 'Were there meetings?', 'Who attended those?', 

'Was there a team for implementation?', 'What were their 

roles?', 'Was there a pilot implementation?') 

7 

What did you consider as managerial decisions in the 

implementation of mobile robots? (According to the title of 

the interviewee, ask for other decision areas in our 

8 
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framework such as: 'What about energy management of the 

robots? How do you manage that?') 

Was there a guiding framework/document for the entire 

project including these managerial decisions? If yes, can you 

share the document? If no, would that have helped in the 

implementation? 

8 

Did the technology provider or the integrator help in forming 

these managerial decisions? 8 

How often do you review and update those decisions? For 

instance, do you reconsider these decisions daily, monthly, 

or yearly? Why? 
8 

What has changed with the mobile robot system? Please 

describe. 9 

How did the solution improve the warehouse operations? 9 

How do you measure these improvements? 9 

Do you think your initial motivations are met with the 

outcomes? Please describe how they are met or not. 9 

What was hard at the beginning of the implementation 

process? How did you overcome those difficulties? 10 

Are you still facing any challenges in the implementation of 

the system considering the decision we discussed? What are 

those challenges? 
10 

How do you deal with these challenges? 10 

Do you think there is room for improvement about the system 

in use? Why? 10 

What are your insights on mobile robot system selection as a 

user? 10 

What are your insights on lessons learned from the 

implementation? What do warehouses need to avoid? 10 
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Table C-3 Documents the researcher seeks 

Document Explanation 

A company profile 

No of people working for the company and 

warehouse/s. A brief financial to determine the 

size of the company. A customer profile. 

A warehouse profile 

A list of product categories, No and size of SKUs 

in each category and their order profiles. A 

dashboard with operational metrics, if possible, 

such as the productivity of workers, utility of 

robots. 

A warehouse sketch 
Warehouse layout with operational areas and 

flows 

Mobile robot system 
A document from the technology provider about 

the system details. 

Planning document/s 

Documents with timelines about the 

implementation plan either it is prepared by the 

technology provider or in-house. 

A document of considered decisions 

List of focus areas to be covered or important 

decisions to be made (could be in a framework 

format) 

A system performance document 
A performance analysis document or dashboard 

for the system in use 
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Table C-4 Overview of documents collected 

Case TAD Document 

Types 

Subject Total no of 

Documents 

Case 1 Make Presentation 

Excel file 

Web page 

Photo 

System 

introduction and 

specs 

Gantt chart 

Layout 

6 

Case 2 Ally Presentation 

Photo 

Image 

System analysis 

and specs 

Flowchart 

Layout 

8 

Case 3 Buy, Ally Article 

Web page 

Brochure 

Presentation 

Excel file 

Photo 

Video 

Press briefings 

System 

introduction and 

specs 

System analysis 

System footage 

Layout 

Gantt chart 

 

12 

Case 4 Buy, Ally Presentation 

Video 

Web page 

System 

introduction and 

specs 

Brief system 

analysis 

Layout 

System footage 

4 
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Table C-5 Overview of observations 

Case TAD Observation Activity Date 

Case 1 Make A three-hour visit to the hardware 

development and testing facility with full 

access 

13/08/21 

Case 1 Make A two-hour meeting observation on 

mobile robot implementation planning 

23/08/21 

Case 1 Make A four-hour visit to the warehouse that 

is planned to be partially automated by 

the shelf-carrying mobile robot system 

15/12/21 

Case 3 

(Warehouse 1) 

Buy A two-hour visit to the warehouse that 

is partially automated by the pallet-

carrying laser-guided mobile robots with 

a full tour 

21/03/22 
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C.4 Data Analysis Details 

C.4.1 Within Case Analysis, Cross Case Analysis 

For each case company, the first step was to write a comprehensive within case 

study report for the MRS adoption journey of that warehouse, which integrates 

the information from the analysis of all primary and secondary data sources 

relevant to subject of the study. 

For data analysis, template analysis was employed which is a strong thematic 

analysis technique used in qualitative analysis (King and Brooks, 2017). It can be 

initiated via a priori (i.e., a template) coding structure as of shown in Table C-6 to 

guide the researcher at early stages of coding. It also allows emerging codes and 

relevant alterations in the coding structure. Further to template analysis, pattern 

matching was used to consolidate the output of different data sources and 

compare it with the theoretical framework (Yin, 2018). 

The cross-case analysis seeks differences and similarities between the cases 

(Eisenhardt, 1989). This part of the analysis also benefits from pattern matching 

and elaborates on the coding structure to finalise the coding process. 
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Table C-6 Initial coding structure 

Theme Category Code 

Phases Initiation Need for innovation 

Motivation towards a specific 
MRS 

Decision to Adopt Technology access decision 

Implementation Implementation preparation 

Clarifying 

Full implementation 

Decision Focus Areas Strategic Evaluation criteria and MRS 
selection 

Identifying KPIs 

Type of robots and their 
coordination 

Facility layout 

Human-robot interaction 
management 

Tactical Storage assignment plan 

Order management plan 

Quantity of robots 

Maintenance and failure 
handling 

Robot energy management 

Operational Task allocation 

Path planning 

Deadlocks and conflict 
avoidance 

Factors Technological Technology maturity 

Relative advantage 

Observability 

Complexity 
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Compatibility 

Cost 

Trialability 

Organisational Worker profile 

Technological compatibility 

Innovativeness of 
organisation 

Organisation size 

Financial support 

Top management support 

IT infrastructure 

Managerial capability 

Environmental Supplier support 

Competitive pressure 

Government legislation 

Environmental uncertainty 

Supply chain’s MRS 
perspective 
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Figure C-1 Process and decisions for case 4, warehouse 1 
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Late 2017  

Warehouse operation selection & 

Initial motivation  

2019 

Found a supplier (Buy) 

2019 

Changed the supplier  

(IT Safety) 

2020 February 

Signed the contract 

2020 March 

Covid hit (Longer 

Implementation Prep.) 

2021 January 

Testing (Gradual 

implementation) 

Figure C-2 Timeline for case 4, warehouse 1 
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C.4.2 A Section of Within Case Analysis  

MRS adoption journey by steps (Case 3 – Warehouse 1) 

TAD: Buy 

MRS type: Pallet-carrying laser guided mobile robots 

Warehouse and Operation Selection 

Integrate with the existing automation solutions 

Ergonomic issues of the operation 

Motivation Towards Automation 

Remove the worry of labour scarcity (by automating repetitive tasks) as they have 

difficulty finding workers especially in demand peaks. 

Health and safety 

Motivation Towards Mobile Robots 

Learning 

Re-deployability 

Motivation Towards a Specific MRS 

Remove physical burden 

Safety around racking area 

Technology Access Decision 

Not their core business to make 

Supplier alliance aspirations 

Simulations (feasibility and fleet size estimation) 

Implementation Preparation (~2 months) 

Setup caused no disruptions to ongoing ops 
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Testing (~4 months) 

Started with one lane and increased up to ten - gradual implementation  

Lots of frustrations due to software issues 

Difficulties to control the testing together with ongoing ops 

Caused overtimes and pressure on implementation team 

Performance gap and real-world challenges 

Full Implementation 

Adjustments to increase the efficiency by up to 25% 

There still are deadlocks but being reduced dramatically 

Assimilation & Learning 

Jump into MRS but keep it simple in the first implementation (do not get caught 

to what you see in the videos) 

Go see the solution and ask what happens when things go wrong 

Get experience and do your learning before the technology gets advanced 

Workers will take their time to adapt to the solution 

Need smooth floor 

Better spare part management 

Looking for new warehouse operations to automate 

Need a template for future MRS 

Learning is important to retrofit the solution 

Less worries with the human workforce now (in case they quit their jobs)  
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