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Abstract. Warehouses are increasingly exploring collaborative mobile robots 
(CMRs) to automate intralogistics processes as part of broader digital transforma-
tion initiatives. However, making strategic decisions to implement collaborative 
mobile robots is complex and multifaceted. This paper proposes a methodological 
framework for strategic decision-making in deploying collaborative mobile robots 
for warehouse automation and provides insights on its validation. The framework 
integrates economic evaluation assessment (including return on investment ROI, 
cost-benefit CBA, and sensitivity analysis), environmental sustainability assess-
ment, and human-centric considerations. Through a structured literature review 
and theoretical grounding, the author identifies critical factors influencing the suc-
cessful adoption of collaborative mobile robots, from technological and process 
factors to human factors. The paper outlines a research design to validate the 
framework via empirical data and causal analysis (i.e., VAR-LiNGAM method) 
to analyze the impact of implementation factors over time. The expected outcome 
is a decision-support methodology that helps logistics managers systematically 
evaluate and plan CMRs implementations. The paper offers insights into aligning 
advanced automation with strategic goals in the era of Industry 5.0. 
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1 Introduction 

In the era of industry 5.0, warehousing has become a critical strategic function rather 
than a backroom cost center. This transformation introduces smart warehouse concepts 
(IoT-connected devices, real-time data analytics, AI, digital twins, etc.) to optimize 
operations. A systematic review of literature shows exploding research interest, as com-
panies seek to leverage digital technologies for automation. Researchers observe in the 
literature that companies face many constraints in the digital transition: system com-
plexity, high financial investment, lack of skills and knowledge, and even pressure to
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meet environmental sustainability. In short, the warehouse of the future must be both 
highly automated and digitally integrated, yet firms struggle with how to get there. These 
challenges highlight the need for a more holistic and strategic approach to warehouse 
automation that goes beyond rushing to adopt new technologies and instead integrates 
strategic decisions on technology implementation with business strategy, comprehen-
sive evaluation, and implementation management. While for warehouse automation, 
CMRs are widely adopted to address business needs, but frameworks are required to 
support business with strategic alignment, employees’ readiness for automation, and 
holistic evaluation of the expected and achieved results. The literature focuses heavily 
on technological capabilities and operational metrics, but neglects the broader focus 
on strategic decision-making frameworks under uncertainty, and the application of eco-
nomic/environmental assessment models. Moreover, little attention has been paid to the 
organizational change, training, and employee acceptance aspects necessary for success-
ful CMRs integration. This signals a critical gap - the need for an integrated strategic 
decision-making leading to warehouse automation, incorporating human-centered and 
environmental sustainability-oriented approaches. 

Despite increasing investments in warehouse automation, organizations seeks to 
realize expected business value using comprehensive decision-making framework that 
integrates digital transformation strategy, economic feasibility, and human-centered con-
siderations. There is insufficient academic guidance on how business leaders should 
assess, select, and implement CMRs technologies within the broader context of strategic 
planning and organizational readiness. 

The article is structured as follows from the Introduction (Sect. 1) to Conclu-
sions. Section 2 reviews the relevant literature on strategic decisions towards warehouse 
automation. Section 3 outlines the research methodology, which combines methods 
applied to the data collected during the case study in the Lab with established CMRs. 
Finally, paper presents theoretical framework and concludes the research, highlighting 
key insights and future directions. 

2 Literature Review 

Digital transformation of warehouse operations through robotics is thus a strategic prior-
ity for firms seeking competitive advantage. Yet, deciding whether and how to implement 
CMRs is a strategic decision-making challenge involving high stakes and uncertainties. 
CMRs deployment promises gains in productivity and safety, solving some issues of 
labor shortages and reduce worker fatigue [1, 2]. Their adoption exemplifies the dig-
ital transformation of intralogistics, but requires careful strategic planning to address 
costs, workforce integration, and environmental sustainability concerns. Recent research 
has even proposed frameworks to quantify the greenhouse gas emissions attributable to 
warehouse automation technologies [3], reflecting a growing emphasis on environmental 
evaluation alongside traditional cost-benefit analysis. 

Another critical dimension is the human factor. Introducing CMRs into a warehouse 
workforce raises questions of organizational readiness and employee acceptance. Studies 
have highlighted that human factors such as employee morale, skills, and fear of technol-
ogy greatly influence the successful adoption [4]. Multiple studies report that employee
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training significantly moderates and improves technology implementation outcomes [5, 
6]. Therefore, any strategic decision framework for CMRs must incorporate workforce 
preparedness and change management, and possibly use technology acceptance models 
to assess and foster user acceptance. 

This paper contributes by developing a structured framework that combines strategic 
management insights, evaluation techniques, and theoretical models to support decision-
making on CMRs implementation in warehouses. The author integrates (1) strategic anal-
ysis tools, (2) quantitative evaluation methods for economic and environmental impacts, 
and (3) organizational and human factor assessments. 

Additionally, while qualitative frameworks exist (for assessing factors or readiness), 
few works incorporate data-driven causal analysis to understand how different factors 
dynamically interact once CMRs are deployed. This is where the proposed approach, 
which integrates causal analysis aims to advance the literature and practice. 

CMRs implementation is aligned with the broader goals of Industry 5.0 and digital 
transformation in supply chains, where connectivity and automation drive smarter, more 
responsive operations [7]. For example, [8] identified installation costs are important for 
decision-makers to understand the conditions under which a CMR deployment remains 
beneficial. 

Studies show that organizational and human factors heavily influence the success 
of automation in warehouses. A systematic literature review by [9] identified ten key 
antecedents to successful logistics automation: technological readiness, data/information 
systems maturity, organizational culture, and employee skills/training. Interestingly, 
they found that the impact of technological factors is moderated by organizational 
and knowledge-related factors (such as management support, change culture, and staff 
expertise) [10]. Employee acceptance is a particularly vital element of organizational 
readiness. In warehousing contexts, where robots directly interact or coexist with work-
ers (often described as human–robot collaboration in intralogistics), workers’ attitudes 
can make or break the implementation. Research applying technology acceptance mod-
els in warehouses indicates that perceived usefulness, ease of use, and shape workers’ 
acceptance of robotics. Many workers ultimately report positive effects such as reduced 
physical strain and more engaging job content in one survey, overall sentiment among 
warehouse workers was about 60% positive toward automation, with hopes that robots 
would take the drudgery out of their jobs (though 40% still expressed concerns) [11]. 
Human-centric factors are key to successful CMRs deployment. 

Finally, warehouse automation’s environmental sustainability aspects are an emerg-
ing theme in the literature. As companies pursue corporate environmental sustainability 
goals, they are evaluating how technologies like CMRs impact energy usage and car-
bon emissions in the warehouse. Automated systems can influence energy profiles. For 
instance, CMRs are typically battery-powered electric vehicles with charging needs, and 
their optimized routing could either increase efficiency [12]. 

The literature is moving toward an integrated view of automation investments’ triple 
bottom line (economic feasibility, environmental effect assessment, and human fac-
tors). Existing research provides a foundation on the benefits and challenges of CMRs 
adoption in warehouses, identifying numerous human factors that influence outcomes.
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However, practitioners lack a unified decision-making framework that brings these dis-
parate considerations together. Most prior studies examine one dimension at a time, or an 
ROI calculation in isolation. There is a need for a methodological framework that helps 
decision-makers concurrently evaluate strategic fit, economic feasibility, environmental 
sustainability, and organizational readiness for CMRs. Additionally, while qualitative 
frameworks exist (for assessing factors), few works incorporate data-driven causal anal-
ysis to understand how different factors dynamically interact once CMRs are deployed. 
The next section outlines the research methodology. 

3 Methodology 

The research adopts a mixed-methods methodological approach to develop and vali-
date a strategic decision-making framework for CMRs implementation. The approach 
comprises three phases: (1) Framework development through literature and theory, (2) 
Empirical data collection and analysis, and (3) Framework evaluation and refinement. 
Below, the author describes each phase, highlighting the methods and tools to be used. 

In the initial phase, the author synthesizes insights from literature and relevant 
theories to construct a comprehensive framework guiding CMRs adoption decisions:

• Literature Synthesis. Research starts with a structured literature review conducted in 
academic journals (Web of Science-indexed) on warehouse automation, technology 
adoption, digital transformation strategy, and human-technology interaction. This lit-
erature review (summarized in Sect. 2) identified critical success factors and decision 
criteria that form the framework’s building blocks. The author also reviews existing 
decision frameworks in operations management to incorporate useful elements.

• Incorporation of Strategic Decision Tools. To manage the complexity and uncertainty 
inherent in CMRs projects, the paper incorporates the Stacey Matrix as a tool within 
the framework. In practical terms, this means first assessing where the CMR’s imple-
mentation decision lies on the certainty/agreement spectrum. This step ensures that 
the decision-making style is suited to the problem’s nature, a concept advocated by 
Stacey [14], who noted that as uncertainty and disagreement increase, leaders must 
shift from rigid plans to flexible, learning-oriented approaches [13].

• Identification of Decision Criteria and Metrics. The paper enumerates the criteria that 
should be evaluated in the decision based on literature and industry best practices 
[15]. These include Economic metrics (ROI, payback period, NPV, etc.), Operational 
metrics (throughput increase, error reduction, labor savings), Environmental metrics 
(energy consumption, CO2 emissions change), and Human-related metrics (employee 
satisfaction, change in injury rates, required training hours, etc.). For example, “orga-
nizational readiness” might be scored based on the presence of certain capabilities (IT 
integration skill, management support, etc.), and “training needs” might be estimated 
by the gap between current and required skill levels of staff.

• Framework Development. Based on the previous steps, the author creates a framework 
for the decision-making process. The framework likely consists of steps such as: (i) 
assess strategic alignment (does CMRs adoption align with company strategy and 
digital transformation roadmap?), (ii) assess complexity (using Stacey Matrix), (iii) 
evaluate economic feasibility (ROI, cost-benefit, sensitivity analysis), (iv) evaluate
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environmental effects, (v) evaluate organizational readiness (including infrastructure 
and human resources), (vi) plan implementation approach (e.g., pilot vs. full rollout, 
change management plan, training program), and (vii) decision gate (go/no-go or 
iteration needed). These steps will be detailed in the theoretical framework section. 

To validate and refine the framework, the author n Phase 2 will apply it in a real-world 
context (or multiple contexts) and collect empirical data:

• Case Studies (Qualitative). The author plans to conduct in-depth case studies of 
one or more warehouse operations considering or undergoing CMR implementation. 
Each case study will involve data collection through experts’ interviews, tests, and 
secondary data analysis. Key experts will be the CMR’s technology provider (i.e., 
Toyota). The research will use a semi-structured interview guide aligned with the 
framework components (e.g., questions about costs, benefits, expected ROI, imple-
mentation aspects, etc.). The case studies serve to test the framework’s completeness 
and practical usefulness. Notably, [16] employed a multiple-case study method to 
uncover factors moderating CMRs’ assimilation, finding clusters of factors across 
different domains.

• Pilot Implementation and VAR-LiNGAM Analysis (Quantitative). A distinguishing 
element of the methodology will be using the VAR-LiNGAM (Vector Autoregres-
sive Linear Non-Gaussian Acyclic Model) method for causal analysis. Should one of 
the case study sites proceed with a CMRs pilot implementation (or if historical data 
from a past implementation is available). Examples of such variables include: daily 
throughput, order processing time, labor hours used, error rates, energy consump-
tion, employee overtime, absenteeism, etc., and any gradual changes in employee 
acceptance. The goal is to use VAR-LiNGAM introduced by [17] to identify causal 
relationships and the direction of influence among these variables over time. It is 
important to note that to use VAR-LiNGAM reliably, the research will need suffi-
cient data points (time-series length) and variation in the data, which is why a pilot 
over several weeks or months with continuous monitoring is ideal. If direct implemen-
tation data is unavailable, the author may consider simulation to generate time-series 
data, and then apply VAR-LiNGAM on simulation outputs as a proxy analysis. 

In the final phase, the preliminary framework will be validated with experts (e.g., 
a focus group of 5–7 experts, including warehouse automation consultants, managers 
who have implemented robots, and perhaps academic experts in logistics). Based on 
empirical findings and expert inputs, the framework may add or remove steps, or adjust 
decision rules within the framework. The output will be finalized strategic decision-
making framework for CMRs implementation, ready to be presented step-by-step with 
guidelines and tools at each step. 

The mixed-method approach ensures a well-rounded methodology: the framework is 
grounded in theory (Phase 1), tested with evidence (Phase 2), and validated with experts 
(Phase 3). This approach contributes academically by bridging multiple domains and 
yields a practical tool for industry decision-makers.
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4 Theoretical Framework 

The theoretical framework draws on concepts from strategic management, innovation 
diffusion, and others to underpin the proposed decision-making approach:

• Complexity Theory and Stacey Matrix. Understanding the decision environment in 
complexity theory is applied to organizational strategy. Ralph Stacey’s agreement 
and certainty matrix (Stacey Matrix) is a central theoretical tool. It posits that deci-
sions range from simple to chaotic depending on how much certainty exists about 
outcomes and how much consensus exists among [13]. The Stacey Matrix guides the 
framework in recommending an adaptive management approach, encouraging pilot 
projects, iterative planning, when dealing with CMRs adoption. It also provides a 
theoretical justification for the framework’s heavy emphasis on consensus-building 
and flexibility; as Stacey noted, traditional linear planning is inadequate in complex 
scenarios, and managers should focus on learning and adaptation.

• Innovation Diffusion and Assimilation Theories. To contextualize the adoption of 
CMRs, the paper will reference theories of innovation diffusion (Rogers, 1962) and 
IT/innovation assimilation (e.g., [18] framework). Specifically, the innovation assim-
ilation theory (IAT) was utilized by [16] to study CMRs’ assimilation. Assimilation 
refers to the extent to which a technology is adopted and absorbed into organizational 
processes. The theory often outlines stages and highlights influences at each stage 
(strategic decision taking to implement CMRs stage, implementation project stage, 
employees acceptance stage). The theoretical takeaway is that successful technology 
assimilation requires multi-domain approach (economic feasibility, environmental 
effect assessment, and human factors aligning). While the research does not explicitly 
model a lot of diffusion variables, this theory provides a backdrop that the framework 
must be flexible to different contexts and that adoption is a process rather than an 
event [19].

• Technology Acceptance and Human Factors Models. Given the importance of human 
acceptance, the theoretical framework borrows from the Technology Acceptance 
Model (TAM) and Unified Theory of Acceptance and Use of Technology (UTAUT). 
These technology acceptance models theorize that a user’s intention to use a new tech-
nology is determined primarily by perceived usefulness and ease of use [20]. While 
TAM/UTAUT are typically used at the individual level, they inform the consideration 
of employee acceptance in the aggregate.

• Cost-Benefit and Investment Appraisal Theory. The framework’s economic evalua-
tion aspect is grounded in standard financial theory of capital budgeting and CBA. 
It uses NPV and ROI calculations as theoretical measures of an investment’s worth, 
drawn from corporate finance theory. Suppose a decision is extremely sensitive (e.g., 
ROI only positive under optimistic assumptions). In that case, theory suggests a more 
cautious approach or seeking ways to mitigate those uncertainties (like negotiating 
different contract terms with the technology supplier, or running a pilot to gather real 
data).

• Causal Inference Theory (VAR-LiNGAM). VAR-LiNGAM is rooted in causal infer-
ence theory. LiNGAM is based on the assumption that if linear causal relations exist 
with non-Gaussian noise, one can statistically identify the causal structure [17]. By
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including this in the framework, the research explicitly embraces a data-driven, analyt-
ical learning cycle as part of implementation. The theory of continuous improvement 
(e.g., Deming’s PDCA cycle) could be cited here: after implementing and collecting 
data, analyzing causality allows the organization to adjust strategies. 

In summary, the theoretical framework of this study is multi-disciplinary, bridging 
strategic management (complexity theory), information systems (innovation and accep-
tance theories), operations research (evaluation and analysis techniques), and causal 
relationships identification (adjustment of strategies. The framework is expected to be 
refined through case applications, demonstrating its usefulness in guiding complex deci-
sions. The framework’s validation will lend confidence that it effectively balances eco-
nomic feasibility, environmental effect assessment and human factors considerations in 
one structure, something not readily available in existing literature. 

5 Conclusions 

Warehouse automation is no longer a novel concept, it has become a disruptive force 
reshaping modern logistics and supply chain dynamics. As a result, warehouses are 
evolving from labor-intensive facilities into dynamic, self-regulating environments 
driven by robotics. The literature focuses heavily on technological capabilities and oper-
ational metrics, but neglects the broader focus on organisation readiness and human 
aspects, and the application of economic/environmental assessment models which are 
important when taking strategic decisions on CMRs implementation. Moreover, little 
attention has been paid to the organizational change, training of employees and their 
acceptance aspects necessary CMRs integration and collaboration with humans. Fol-
lowing this critical gap, the paper suggest theoretical framework important for strategic 
decision-making leading to warehouse automation and incorporating human-centered 
and environmental sustainability-oriented approaches. 

The framework is ambitious and promising but also could have some unanswered 
questions, which could be related to some uncertainties could be met during the empirical 
research part. The framework focuses only on environmental sustainability, but later 
could be extended to cover over sustainability aspects. 

Future research should develop adaptive decision-making frameworks, thereby 
strengthening the competitiveness of companies focusing on successful CMR technology 
implementation. Also, in future the research could focus on contemporary sustainability 
areas, like suggests the application of circular economy principles, for example, battery 
recycling and robot end-of-life design, which would make the framework more aligned 
with EU sustainability directives. 
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