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Abstract: The integration of robotics into surgical procedures has revolutionized medical interventions by offering
unparalleled precision and control, leading to enhanced postoperative recovery and optimized clinical outcomes.
However, this advanced technology introduces a distinct and complex set of risk management challenges that extend
beyond technical aspects to encompass human factors, operational processes, and ethical considerations. This article
systematically explores proactive strategies for identifying, classifying, assessing, and mitigating risks associated with
robotic surgery, emphasizing the paramount importance of patient safety and procedural effectiveness. Through a detailed
analysis, including a risk mapping framework, we categorize risks into hazards (intrinsic system vulnerabilities) and
control-related risks (stemming from human or organizational deficiencies), highlighting that a significant proportion of
identified risks are control-related. The prioritization reveals that interoperability issues, insufficient staff training, high
acquisition costs, and legal responsibility dilemmas represent the most critical vulnerabilities, necessitating immediate
and comprehensive mitigation strategies. By addressing these challenges with tailored interventions, healthcare
institutions can transform potential risks into opportunities, fostering confidence in the future of robotic-assisted surgery

and ensuring its safe and effective deployment.
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1. Introduction

The integration of robotics into various sectors
brings innovation and efficiency, as well as a new set of
risk management challenges. Unlike traditional risks,
those associated with robotic systems are complex,
dynamic and interconnected, requiring a proactive and
adaptable approach. The symbiosis of risk management
and robotics involves identifying and mitigating hazards,
as well as leveraging the potential of robotics to enhance
risk management processes.

Robotic surgery has transformed the landscape of
medical procedures by providing an unparalleled level of
precision and control in the operating theatre. From
minimally invasive procedures to highly complex
surgeries, these systems have opened up new possibilities
for patients and surgeons alike, offering accelerated
postoperative recovery and optimised clinical outcomes.
However, as with any cutting-edge technology,
implementing and using these sophisticated systems
presents a distinct set of challenges.

These challenges go beyond the technical aspects
of the equipment to encompass human factors, operational
processes and ethical considerations. Ensuring patient
safety and the effectiveness of robotic procedures is
absolutely paramount. This article explores proactive
strategies to address these challenges, transforming
potential risks into opportunities and fostering confidence
in the future of robotic surgery.

2. Risk Identification

The first step in the risk management process is
risk identification, which aims to detect all uncertain
events that could have a negative impact on the objectives
of robotic surgery. In the context of robot-assisted
interventions specifically, risks can be classified into
several main categories, reflecting the complexity of the
interaction between technology, human factors, and the
operating environment.

Table 1 provides a systematic presentation of the
identified risks, including an identification symbol, a
concise description of the risk, and how it manifests itself.
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Tab. 1. Risk identification.

Nr. Risk Manifestation
. Robotic arm freezes, surgical instrument failure, sensor errors,
R1 Hardware system malfunctions . .
mechanical or electronic component breakdown.
Bugs in programming code, incorrect interpretation of imaging
R2 Software/ Algorithmic errors data by AIl, erroneous predictions from machine learning
algorithms (overfitting).
Cyber-attacks (ransomware, control takeover), patient data
R3 Cybersecurity vulnerabilities security breaches, compromise of the system's functional
integrity.
Difficulties in integrating the robotic system with other medical
R4 Interoperability issues equipment (e.g., navigation systems, monitoring) or with the
hospital's IT system.
Incorrect operation of the robotic console, erroneous
RS Insufficient staff training/ experience | interpretation of tactile/visual feedback, lack of ability to
manage emergency situations.
R6 Operator fatigue and stress Reduped precision and reaction time of the surgeon or team,
impaired judgment during long and complex procedures.
R7 Non- compliance with pre-operative | Incorrect robot parameter settings, use of inappropriate
protocols instruments, omissions in safety checks.
RS Lack of contingency plan Inability to rap?dly convert to open surgery or manage a major
robot malfunction during the intervention.
RO High acquisition/ maintenance costs Negative im.pact on institut.ional budget, lirpitation Qf acquiring
other essential equipment, increase in medical service costs.
R10 Legal responsibility dilemmas Difficulty in gttributing .culpabili.ty in the event of a systemic
error or robotic malfunction causing an adverse event.

Minimally invasive neurosurgical procedures,
particularly complex ones, require an exceptional level of
precision and advanced spatial awareness. These
interventions often exceed the duration of conventional
surgery, requiring prolonged cognitive and motor
engagement from the surgical team. In such demanding
conditions, surgeons must maintain impeccable hand-eye
coordination, exercise continuous clinical judgement and
perform micromanoeuvres within anatomically intricate
and fragile regions [1].

Since each action in neurosurgery can have direct
and irreversible consequences for the patient, mental and
physical fatigue becomes a critical factor. The
combination of the technical complexity of these
operations, their extended timelines and the physiological
limits of human performance highlights the growing
importance  of  technological augmentation in
neurosurgery [2]. These dynamics may account for the
estimated 25% of technical medical errors attributed to
surgical acts, with neurosurgery representing a significant
proportion of such events [3].

Meanwhile, the global healthcare sector is facing a
"human resource crisis" [4], exacerbated by demographic
trends such as increased life expectancy and accelerated
population growth [5—7], which drive demand for medical
services upwards. In this context, robotic-assisted surgical
systems offer a potential solution to alleviate workforce
pressures, particularly during highly demanding
intraoperative phases. When equipped with artificial
intelligence algorithms, such systems can rapidly process

complex data with a reduced likelihood of error, thereby

mitigating risks linked to human fatigue or psychological

stress [1].

In order to manage risks in robotic surgery
effectively, it is important to not only identify them (Tab.
2), but also to understand their origin. This means
determining whether they arise from inherent system
vulnerabilities (hazards) or gaps in management and
operational control (control-related risks).

This distinction is essential in designing tailored
responses:

— Hazards are intrinsic to the technology or surgical
environment and often cannot be completely
eliminated, but must be monitored, mitigated, or
designed around.

— Control-related risks, on the other hand, stem from
organizational decisions, human error, or process
deficiencies, and can often be prevented or reduced
through training, protocols, planning, and oversight.

—  Speculative risks, which are common in fields such
as finance and innovation management, involve
intentionally exposing oneself to uncertainty in the
hope of achieving a positive outcome. However, no
such risks are present in robotic surgery. The primary
objective is to eliminate or mitigate harm, rather than
to pursue uncertain opportunities.

Recognizing this difference helps institutions
focus resources where they can have the most impact,
either by reinforcing control systems or by designing
resilience around unavoidable hazards.
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Tab. 2. Risk classification.

Tab. 3. Risk assessment.

Nr. Type Symbol | Probability Impact RF
R1 Hazard R1 9 9 81
R2 Hazard R2 10 5 50
R3 Control R3 2 5 10
R4 Control R4 10 10 100
RS Control RS 10 10 100
R6 Control R6 7 8 56
R7 Control R7 5 7 35
R8 Control RS 7 10 70
R9 Hazard R9 10 10 100
R10 Control R10 9 9 81

Analysis of the presented table indicates the
classification of ten distinct elements (R1-R10) into two
generic categories: 'Hazard' and 'Control'. Most of the
elements (7 out of 10, namely R3, R4, R5, R6, R7, R8 and
R10) are designated as 'Control', while the remaining
three (R1, R2 and R9) are labelled as 'Hazard'. The
predominant number of 'controls' suggests that a
significant proportion of the identified risks originate
from or may be influenced by human resource issues,
requiring specific control measures to address this
component. Such preliminary categorisation is typically
used as an initial step in a risk management framework,
facilitating a fundamental differentiation between
potential sources of uncertainty and the proposed
mechanisms for managing them.

3. Risk Assessment

In the context of operational and technological
management, risk is defined as a combination of the
probability of an undesirable event occurring and its
potential impact on the system's objectives. Probability
reflects the likelihood of a particular risk materialising,
while impact indicates the magnitude of the potential
consequences, whether relating to patient safety,
procedure continuity or technological infrastructure
integrity.

For this study, an artificial intelligence expert, who
is actively involved in applied research in surgical
robotics, provided an informed estimate of the probability
of occurrence and level of impact of each identified risk
(Table 3).

This scientific contribution enables risks to be
ranked objectively and informs the decision-making
process regarding reduction and control strategies.

Based on the obtained assessments, a risk factor
(Fr) was calculated for each risk. This is defined as the
product of the probability of occurrence (P) and the
estimated impact (I):

Fe=PxI (1)

Following the assessment of individual risk
factors, the subsequent step in a robust risk management
framework involves the prioritization of identified risks.
This process is crucial for strategically allocating finite
resources and focused attention towards risks possessing
the highest potential for adverse impact on the objectives
of robotic surgical interventions. By systematically
ranking risks based on their calculated risk factor (RF),
healthcare organizations can develop highly targeted and
effective mitigation strategies.

4. Risk Mitigation Strategies

The development and implementation of effective
risk mitigation strategies constitute a fundamental
component of a comprehensive risk management
framework [8,9]. These strategies are specifically
designed to either reduce the probability of identified risks
materializing or to attenuate their impact should they
occur. Drawing upon the risk assessment and
prioritization presented in Section 3, tailored mitigation
strategies can be formulated for each significant risk.

Risk mapping serves as a pivotal analytical tool
within comprehensive risk management frameworks,
facilitating the visual assessment and strategic
prioritization of identified risks based on their estimated
likelihood of occurrence and potential impact on
organizational objectives [10,11]. This method
categorizes risks within a graphical framework, typically
a matrix (Figure 1), which directly informs the selection
of appropriate risk management strategies. The horizontal
axis (abscissa) of this matrix quantitatively represents the
probability of risk occurrence, spanning from lower
probabilities on the left to higher probabilities on the right.
Conversely, the vertical axis (ordinate) denotes the
potential impact of these risks, ranging from minimal
impact at the base to severe impact at the apex.

This matrix is conceptually divided into four
distinct quadrants, each prescribing a specific strategic
response for risk management.
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Fig. 1. Risk matrix

First quadrant encompasses risks characterized by
a low probability of occurrence but a high potential impact
should they materialize. For such risks, the recommended
strategic approach often involves risk transfer or robust
mitigation. Risk transfer entails shifting the potential
burden of the risk to a third party, for instance, through
specialized insurance policies covering unforeseen
system failures, or through contractual agreements with
manufacturers for comprehensive support in the event of
rare but catastrophic malfunctions. In the context of
surgical robotics, this quadrant might include scenarios
such as highly improbable, yet devastating, systemic
software bugs leading to critical patient harm (a highly
impactful but ideally low-probability event due to
rigorous testing) or rare, unforeseen hardware component
failures that halt complex procedures.

Risks situated in the second quadrant are defined
by both a high probability of occurrence and a high
potential impact. The primary strategic approach for these
risks is risk termination or avoidance, implying that the
activities or projects presenting such significant and
probable risks should either be ceased or fundamentally
re-engineered to eliminate the risk altogether. In surgical
robotics, such a scenario would indicate critical systemic
flaws that render the technology unacceptably dangerous
without fundamental redesign. It is crucial to distinguish
this from "speculative risks" common in other fields (e.g.,
finance), where high risks are sometimes accepted for
high potential gains; in healthcare, the primary objective
is harm elimination, not speculative opportunity.

Third quadrant comprises risks characterized by
both a low probability of occurrence and a low potential
impact. For these risks, the recommended strategy is often
risk tolerance or acceptance, implying that while

acknowledged, they do not warrant significant allocation
of additional resources for extensive management. The
impacts are considered minimal and acceptable within the
operational framework. Continuous monitoring remains
prudent to ensure that their probability or impact does not
escalate. In the context of surgical robotics, these might
be minor, infrequent software glitches that cause
negligible operational delays without affecting patient
safety.

Risks within fourth quadrant exhibit a high
probability of occurrence but a low potential impact. The
appropriate strategy for these risks is risk treatment or
mitigation, focusing on implementing preventive and
control measures to reduce their frequent occurrence or to
minimize their minor, yet disruptive, effects. Measures
may include establishing clear internal policies and
processes designed to manage and reduce the incidence of
these minor risks, preventing them from cumulatively
affecting the project or organization significantly. In
surgical robotics, this could involve frequently
encountered minor calibration issues that are easily
corrected and do not impact surgical outcomes. While
their individual impact is not assessed as catastrophic,
their relatively high probability of occurrence necessitates
consistent attention and continuous treatment through
adherence to protocols, regular software updates, and
robust fatigue management strategies to prevent
cumulative negative effects.

5. Conclusion
The integration of robotics into surgical practice

represents a paradigm shift, offering unprecedented
precision and control while simultaneously introducing a
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complex array of risks. This article has systematically
explored the critical facets of navigating surgical robotics,
emphasizing the paramount importance of ensuring safety
and precision. Through a structured approach to risk
identification, classification, assessment, and
prioritization, we have highlighted key vulnerabilities
inherent in these sophisticated systems and their
operational environments.

The analysis revealed that while hardware system
malfunctions (R1) and software/algorithmic errors (R2)
are intrinsic hazards, a majority of the identified risks
stem from control-related factors. These include critical
issues such as interoperability problems (R4), insufficient
staff training and experience (RS), non-compliance with
pre-operative protocols (R7), and the absence of robust
contingency plans (R8). Furthermore, high acquisition
and maintenance costs (R9) and legal responsibility
dilemmas (R10) emerged as top-priority concerns,
underscoring the multifaceted challenges extending
beyond purely technical aspects. The reliance on informed
expert estimation for probability and impact, yielding a
calculated risk factor (RF), provided a quantitative basis
for prioritizing these risks, guiding the allocation of
resources towards the most impactful mitigation
strategies.

Ultimately, the successful and safe integration of
surgical robotics necessitates a holistic and proactive risk
management framework. This framework must
encompass not only technological considerations but also
human factors, operational processes, and ethical
dimensions. By diligently implementing the strategies
outlined, healthcare institutions can transform potential
risks into opportunities, enhancing patient safety,
optimizing clinical outcomes, and fostering greater
confidence in the future of robotic-assisted surgery.
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