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Abstract

The increasing integration of social robots in critical environments such as healthcare, disaster
response, and public safety has heightened the need for robust resilience and risk
management strategies. This paper explores resilience-building methodologies and risk
analysis tools from an industrial engineering perspective to ensure the reliability and safety of
social robot systems. Key aspects of resilience, including adaptability, fault tolerance, and
recovery, are examined alongside challenges arising from dynamic and unpredictable
environments. The paper delves into industrial engineering tools like Failure Mode and Effects
Analysis (FMEA) and Fault Tree Analysis (FTA) to address potential system failures and
mitigate risks. FMEA is discussed as a proactive approach to identifying failure modes,
analysing causes, and prioritizing risks, with case applications in healthcare robotics. FTA is
presented as a deductive methodology for tracing system failures to their root causes, with
examples in disaster response. The role of social robots in critical environments is also
highlighted, emphasizing their application in search and rescue missions, eldercare, and public
safety operations. The research identifies gaps in current frameworks for assessing resilience
in social robots, particularly in dynamic environments, and emphasizes the need for adaptive
and hybrid risk management frameworks. Future opportunities, such as integrating advanced
technologies like Al and IoT, are proposed to enhance system resilience and reliability. This
paper underscores the importance of industrial engineering principles in advancing the safe
and effective deployment of social robots, contributing to improved outcomes in critical and
high-stakes scenarios.
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BACKGROUND

The growing integration of social robots into critical environments such as healthcare,
disaster response, and public safety presents both remarkable opportunities and significant
challenges. These systems are no longer experimental; they are actively deployed in situations
where failure is not an option. Social robots are being tasked with vital responsibilities like
patient monitoring, eldercare, crowd control, and search-and-rescue missions. In each of these
contexts, their ability to interact safely and effectively with humans is paramount. Given their
increasingly important roles, it is necessary to examine how these robots can be designed and
managed to ensure maximum resilience, particularly when exposed to unpredictable, dynamic
environments.

Social robots, unlike traditional industrial robots, must operate in less structured
settings where the variables they encounter—human behavior, emotional responses,
environmental shifts—are difficult to fully anticipate. This makes them particularly vulnerable
to operational disruptions, ranging from software glitches and mechanical failures to
miscommunication with human users. Without appropriate planning, these vulnerabilities can
lead to service interruption, loss of trust, or even physical harm. As robots transition into
frontline roles, society must address how to ensure their reliability and responsiveness in
critical, high-pressure scenarios.

The concept of resilience in this context refers to the robot's ability to continue
functioning despite faults, recover quickly after disruptions, and adapt its behavior to changing
circumstances. These characteristics are crucial when robots operate in environments like
hospitals or disaster zones, where a delayed or failed response could be catastrophic.
Therefore, engineering resilience into robotic systems is not merely a technical advantage; it
is an ethical imperative. Designing for resilience requires deep interdisciplinary collaboration
across robotics, software engineering, industrial engineering, human factors, and systems
thinking.

Equally critical is the role of risk management. With the increasing complexity of robot
systems and their integration with advanced technologies like Al and IoT, the probability of
unforeseen failures grows. Effective risk management provides a structured way to identify
potential issues, assess their impact, and plan mitigation strategies before problems occur.
Risk management ensures that robot behavior remains predictable and that failure modes are
understood and addressed in advance. Especially in mission-critical applications, a lack of
systematic risk analysis can turn minor faults into major incidents.
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Taken together, resilience and risk management form the cornerstone of responsible
robotics deployment in critical sectors. Without them, the promise of social robots may remain
unfulfilled or, worse, result in unintended harm. Industrial engineering, with its focus on
optimization, reliability, and systems integration, provides powerful tools and methodologies to
address these needs. By viewing social robot systems through this lens, we can create a
roadmap toward safer, more resilient, and more trustworthy robotics capable of meeting the
challenges of the real world.

METHOD

To address the challenges of resilience and reliability in social robot systems, this paper
applies established industrial engineering tools—Failure Mode and Effects Analysis (FMEA)
and Fault Tree Analysis (FTA). These methodologies are selected for their structured,
systematic approaches to analyzing and mitigating risks in complex systems. FMEA focuses
on proactively identifying potential failure modes within a system, examining their root causes
and possible effects, and ranking their severity using quantitative metrics. In contrast, FTA
adopts a deductive reasoning process, beginning with a known system failure and mapping
out all possible contributing events through logical diagrams. Together, these tools offer
complementary perspectives on risk management.

FMEA provides an effective framework for evaluating the reliability of a robot by
cataloging all known and potential ways in which a system component might fail. In healthcare
robots, for example, failure modes could include sensor malfunctions, data processing errors,
or actuator delays. Each of these is evaluated using three key dimensions: severity,
occurrence, and detectability. These scores are multiplied to generate a Risk Priority Number
(RPN), which helps prioritize the most critical risks for immediate action. This prioritization
enables engineers to allocate resources effectively and implement design improvements
before failures happen.

FTA, on the other hand, is most valuable when a failure has already been observed and
its underlying cause needs to be identified. This method uses logic gates—AND and OR—to
trace how various faults interact and cascade to produce a top-level failure. In disaster
response robots, an FTA might reveal how environmental noise, software bugs, and hardware
fatigue together contribute to communication breakdowns. By visualizing these relationships,
FTA allows designers to implement targeted interventions such as redundant components,
noise filtering, or predictive maintenance protocols.
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Both tools can also support iterative development by informing continuous testing and
validation processes. As robots evolve through multiple design cycles, FMEA and FTA help
ensure that new features do not introduce new vulnerabilities. Moreover, these methods can
be adapted for use in both hardware and software components, making them applicable across
the full stack of robot development. They are especially useful when integrated into agile or
lean development frameworks where rapid iteration must be balanced with risk oversight.

In this study, these tools are applied in conceptual case studies focused on healthcare
and disaster response—two fields where robotic failures pose high risks to human life. By using
FMEA and FTA to model risks in these scenarios, the study demonstrates how industrial
engineering principles can directly support the safe deployment of social robots. This
methodological approach also lays the groundwork for future work aimed at creating more
adaptive and standardized frameworks for resilience assessment in robotic systems.

RESULT AND DISCUSSION

The application of FMEA and FTA in social robot systems reveals three central pillars of
resilience: adaptability, fault tolerance, and recovery. These features are not independent;
rather, they function synergistically to ensure the robot's performance in adverse conditions.
Adaptability refers to a robot's ability to adjust its operations based on environmental stimuli or
user behavior. For instance, a healthcare robot might detect patient discomfort and change its
routine accordingly. Fault tolerance ensures that a robot continues operating even if one or
more components fail. This could involve using redundant sensors or backup power systems.
Recovery, meanwhile, is the robot's capacity to restore normal function after a disruption, such
as a software crash or mechanical jam.

FMEA helps to evaluate these dimensions by breaking down the robot system into
components and examining how each one might fail. In doing so, it allows engineers to
understand how a fault in one part—such as a temperature sensor—might affect the system
as a whole. If a failure could result in patient harm or system shutdown, it is flagged as high
priority. These insights support the implementation of mitigation strategies such as component
redesign, improved calibration, or enhanced error detection routines. In real-world settings like
hospitals, where robots must operate continuously and accurately, such preemptive planning
is crucial.

FTA complements this analysis by offering a macroscopic view of failure
interdependencies. For example, communication failure in a disaster-response robot might be
traced to a combination of software errors, inadequate shielding from electromagnetic
interference, and battery degradation. By mapping these out, engineers can see not only
where failures occur but how they interact. This systems-level thinking is vital in environments
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where robots must coordinate with human teams or other machines, and where single points
of failure can have cascading effects.

Another key finding is that resilience must be engineered into both hardware and
software components. While hardware failures are more visible and often easier to diagnose,
software bugs—such as incorrect data parsing or poor user interface design—can be equally
damaging. These issues can erode user trust, lead to wrong decisions, or trigger unexpected
robot behaviors. Using FMEA and FTA to identify and address such risks ensures that social
robots are robust not only in form but also in function.

Ultimately, these tools help convert abstract notions of safety and resilience into
measurable engineering objectives. They make it possible to test assumptions, quantify
vulnerabilities, and verify improvements over time. In doing so, they provide a vital foundation
for designing next-generation robots that can be trusted in roles where human safety and public
confidence are on the line.

CONCLUSION

This study demonstrates that applying industrial engineering methodologies like FMEA
and FTA to social robot systems can significantly enhance their resilience, safety, and overall
performance. These tools allow for systematic identification, evaluation, and mitigation of risks,
enabling robots to function reliably even in high-pressure, unpredictable environments. As
social robots continue to expand their roles in critical sectors, ensuring their dependable
operation becomes not just a technical goal but a societal requirement.

One of the most important takeaways is the need for proactive design thinking. Rather
than reacting to failures after they occur, developers must anticipate possible issues and
engineer solutions in advance. FMEA and FTA offer structured ways to do this, supporting not
only better design but also more effective training, maintenance, and deployment strategies.
By integrating these tools into early development cycles, teams can build systems that are
more durable, responsive, and user-friendly from the outset.

At the same time, this paper highlights key limitations in current risk assessment
practices. There is a lack of standardized frameworks tailored to the unique conditions in which
social robots operate. Most engineering tools assume controlled, predictable environments,
which do not reflect the real-world complexities of healthcare wards, disaster zones, or public
spaces. Future research must focus on adapting and extending these tools to capture the
nuanced interplay between technical and social systems in which robots function.
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Furthermore, emerging technologies such as artificial intelligence and IloT offer
opportunities to enhance resilience through real-time data analysis, predictive modeling, and
autonomous decision-making. These innovations must be incorporated into updated risk
frameworks that reflect the cyber-physical nature of modern robots. Integrating Al with FMEA
and FTA could enable dynamic, self-updating risk assessments that evolve as robots learn
and adapt in the field.

In conclusion, resilience and risk management are not peripheral concerns but central
design challenges in social robotics. Addressing them requires a rigorous, multidisciplinary
approach that spans engineering, psychology, ethics, and policy. By adopting industrial
engineering principles and continuously evolving our methodologies, we can create social
robots that not only meet performance standards but also earn the trust of the people they are
meant to serve.
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