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Abstract: Bionic knee prostheses enable assistance and adaptive locomotion, but their increasing autonomy raises unresolved
safety and regulatory challenges. Control complexity, limited disturbance recovery, and insufficient fault tolerance can

compromise user stability and increase fall risk. At the same time, safety across technical frameworks, evaluation protocols,

and regulatory guidance for these systems remains fragmented and poorly aligned with real-world use. This introductory
survey structures the main safety-related challenges of bionic knee prostheses, reviews representative technical approaches,

and highlights related gaps and future directions. By organizing these issues, the paper aims to support the development of
future safety frameworks, testing protocols, and regulatory pathways for powered knee prostheses.
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l. Introduction

Bionic knee prostheses are medical wearable robots that
assist lower-limb locomotion in daily environments. Their
close physical coupling with the user makes safety a
primary concern, as control errors or inappropriate
assistance can directly affect balance and increase risk of
falling [1]. Despite rapid technical progress, structured
safety frameworks, evaluation protocols, and regulatory
guidelines for these systems remain limited. This
introductory survey focuses on safety-related challenges
specific to powered knee prostheses and reviews how
current research addresses these issues.

Il. Survey Methodology

A structured literature review was conducted using Google
Scholar, IEEE Xplore, and PubMed, combining lower-limb
prosthesis terms with safety-related keywords such as fault
tolerance, instability, falling, recovery, and ISO standards.
Publications were screened for relevance to safety, failure
handling, disturbance recovery, and regulation of powered
knee prostheses, then grouped into thematic categories as
in Fig.1. For each category, only the most representative
and impactful works were selected to support this
introductory survey.

lll. Current Challenges and Approaches

Modern bionic knees rely on multiple sensors, locomotion
recognition algorithms, and adaptive controllers. This
complexity introduces fault-level challenges such as sensor
failures, signal delays, and misconfiguration, which can
propagate into errors including misclassification of
locomotion modes or misestimation of user intent.
Experimental studies show that even brief control errors
can destabilize gait, with severity depending on gait phase
and intervention timing [2]. Existing approaches primarily
target fault and error detection, for example through
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intrinsic monitoring, but are often evaluated in isolation,
rather than as part of an integrated safety strategy.

Beyond detection, many systems exhibit limited ability to
handle failure-level events during unexpected disturbances.
Most controllers are optimized for steady-state walking and
perform poorly during trips or slips. Preliminary work
demonstrates that recovery strategies, such as reflex-based
or phase-dependent control, can improve stumble rejection
and reduce post-perturbation asymmetry [3]. However,
these approaches are rarely integrated into commercial
systems or validated across diverse real-world scenarios.

At the mechanical level, passive and semi-active
mechanisms are commonly used to mitigate failure
propagation, for example by preventing unintended knee
flexion during stance [4]. While effective at reducing knee
buckling, such mechanisms introduce trade-offs between
stability, toe clearance, and swing dynamics, which may
increase trip risk in other phases of gait. These trade-offs
highlight the limits of purely mechanical safety solutions.

Finally, existing robotic safety standards [5] provide only
high-level guidance and do not explicitly address the end
stages of the hazard chain (Fig.1), namely fallback behavior
and fail-safe operation of adaptive medical wearable
devices. As a result, safety requirements for powered knee
prostheses are inconsistently defined and applied.

IV. Gaps,

Directions

Across the literature, several recurring safety concerns
emerge in bionic knee prostheses: vulnerability to control
and sensor faults, limited capability to recover from
disturbances, and weak alignment between technical
development and regulatory guidance (including approval
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Figure 1: Safety strategies (blue) intervene at multiple points along the hazard chain (orange) in a bionic knee prosthesis. In these
safety-critical systems, faults, errors, and failures are distinct but interconnected stages in the loss of safe operation that can ultimately
lead to accidents, with representative contributing factors indicated at each stage. Yet most studies focus on only one stage, even
though the literature shows that accidents rarely stem from a single cause; they arise from cascades of faults and errors, amplified by
weak recovery strategies, inadequate evaluation methods, and insufficient governance.

and safety criteria). While individual solutions address parts
of these problems [6], they are rarely integrated into
comprehensive safety frameworks.

It can be argued that a key limitation is the absence of
structured approaches that explicitly link hazard
identification and recovery behavior. Safety is typically
assessed indirectly through short, highly controlled
laboratory experiments, and standardized safety metrics or
test protocols are largely lacking [3]. As a result, current
evaluations provide limited insight into real-world fall risk
and long-term use, undermining confidence in clinical and
home-use deployment.

This fragmentation reflects a broader disconnect between
technical innovation and safety validation. Much of the
existing research focuses on detecting or preventing specific
failures [7], but rarely addresses the full safety chain from
fault prevention to user recovery and eventual overall
regulatory evaluation and approval (Fig.1). Without clear
regulatory guidance on acceptable safety benchmarks,
manufacturers and researchers lack direction, slowing the
translation from research prototypes to reliable clinical
systems.

These gaps highlight the need for integrated safety
frameworks that combine fault detection, active recovery
strategies, and human-centered evaluation. Structuring
safety challenges into clear categories is a necessary first
step toward defining meaningful safety criteria, test
protocols and regulatory requirements. Future approaches
could build on existing robotic safety standards while
incorporating medical-device-specific considerations such
as user variability, adaptive control, and long-term everyday
use. By explicitly linking technical safety aspects to
validation and regulation elements, progress in prosthesis
performance can be achieved without compromising user
safety.

V. Conclusions

This paper identifies a lack of structured safety frameworks,
evaluation protocols, and regulatory guidance for bionic
knee prostheses. By organizing current safety-related

challenges and representative solutions, this introductory
survey clarifies where and why existing approaches fall
short, while providing a structured foundation intended to
support future, more elaborate studies on safety assessment,
standardization, and regulation of powered knee prostheses.
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