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Abstract

This study investigates surgical stainless steels 304, 410, and 420 corrosion susceptibility un-
der manual reprocessing conditions typical of low- and middle-income countries (LMICs).
Cleaning protocols using sodium hypochlorite and the enzymatic agent Sanizyme were
compared alongside an accelerated Salt Mist Test to explore predictive value for corrosion.
Results show that sodium hypochlorite causes rapid corrosion across all steel types. In
contrast, Sanizyme significantly delays corrosion onset and reduces the affected surface
area, with stainless steel 304 demonstrating the most outstanding resilience. Minor differ-
ences between 410 and 420 were observed, with no significant performance distinction.
Including 2-hour rest periods, intended to activate stainless steel’s self-healing properties,
did not significantly impact corrosion resistance. Additionally, the Salt Mist Test showed
limited correlation with corrosion development observed under manual reprocessing
conditions, indicating the need for refined predictive methods. These findings suggest
that gentler enzymatic cleaning protocols enhance the longevity of surgical instruments
in LMIC contexts, while accelerated corrosion tests may require adjustments to simulate
clinical reprocessing better.
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6 1 INTRODUCTION

1 Introduction

Yearly, approximately 313 million surgical procedures are performed worldwide. Despite
this large volume, only about 6% of these procedures occur in low- and middle-income
countries (LMICs), home to over a third of the global population [1]. Access to safe and
affordable surgical care remains a significant challenge for LMICs [2]. Five billion people
globally lack access to safe, timely, and affordable surgical and anaesthetic care. This
lack of access results in an increased risk of complications from surgical procedures, with
mortality rates ranging from 5% to 10% and complication rates between 3% and 16%.
Many of these complications could have been prevented [1].

Unifix Care’s mission is to make surgery safer and more affordable by supplying
hospitals in the region with high-quality, cost-effective surgical instruments. Given the
limited resources available in many LMICs, selecting materials that can endure frequent
use and reprocessing while maintaining quality and safety is crucial [3]. Instrument
reprocessing involves several stages, including cleaning, inspection, and sterilisation. If
one of these stages is omitted or inadequately implemented, instrument dysfunction or
post-operative complications, such as surgical site infections, may occur. In LMICs, the
ability to reprocess instruments effectively is often limited due to a lack of resources and
specific information on proper reprocessing techniques, such as cleaning, disinfection,
sterilisation procedures, and instrument maintenance [3, 4]. A literature review from 2020
highlighted a significant need for more research on sterile processing in LMICs, which is
often overlooked in Infection Prevention and Control evaluations [5].

In many hospitals within these countries, automated cleaning machines are unavail-
able, necessitating manual instruments cleaning. Manual cleaning often involves solutions
with enzymatic agents or sodium hypochlorite (NaClO) [3]. Inconsistency in manual
cleaning practices can lead to considerable variation in cleaning quality, which can affect
instrument longevity and patient safety [6]. A frequently observed problem is susceptibil-
ity to corrosion on surgical instruments. This is a form of corrosion that not only shortens
the lifespan of the instruments but also prevents effective sterilisation providing a site for
microorganisms to hide, thus increasing the risk of post-operative infections in patients.
Additionally, susceptibility to corrosion can compromise the structural integrity of instru-
ments, which may lead to mechanical failure during use or to release of particles into the
surgical site, potentially causing harm to patients and increasing the risk of infection [7].

The susceptibility to corrosion of surgical instruments depends heavily on the chosen
material, with stainless steel being most commonly used. However, even stainless steel is
susceptible to corrosion depending on the composition and the conditions to which it is
exposed [8]. Given sufficient time, stainless steel forms a protective layer on its surface
that helps protect against corrosion, reducing its susceptibility. [9].

The aim of this research is to explore surgical instruments’ susceptibility to corrosion
under various reprocessing and corrosion conditions, explicitly focusing on stainless steel
304, 410, and 420. This can support Unifix Care’s mission, as it provides insights into how
they can make informed decisions regarding developing durable surgical instruments in
their target LMIC.
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1.1 Research Questions

In the previous section, the significance of understanding how various factors, such as
material composition and cleaning methods, influence the susceptibility to corrosion of
surgical instruments under manual reprocessing conditions was discussed. This study
aims to address the following main research question:

Main Research Question:
What factors influence the susceptibility to corrosion of surgical instruments during reprocessing
containing manual cleaning, and to what extent can an accelerated testing tool adequately indicate
this susceptibility?

To answer this question, the following sub-research questions are formulated:

1. How do material differences in stainless steel alloys (304, 410, and 420) impact the
susceptibility to corrosion under varying reprocessing conditions?

2. How does using sodium hypochlorite versus an enzymatic cleaning agent affect the
susceptibility to corrosion and the number of cycles to corrosion onset of surgical
instruments?

3. To what extent does incorporating a rest period between reprocessing cycles influ-
ence the susceptibility to corrosion and the number of cycles to corrosion onset?

4. How does the extent of corrosion observed in accelerated testing compare to that
observed after multiple instrument reprocessing cycles?

5. Does the surface area affected by corrosion in accelerated testing correlate with the
number of cycles to corrosion onset during instrument reprocessing?
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2 Theoretical Framework

This chapter presents the foundational theories and concepts essential to understanding
factors that influence susceptibility to corrosion in surgical instruments during reprocess-
ing. It begins with an introduction to the theoretical framework of instrument reprocessing
and its application in low- and middle-income countries (LMICs), forming a basis for how
reprocessing is examined throughout this thesis. The focus then shifts to stainless steel as
a commonly used material for surgical instruments, discussing various types and their
properties. Next, corrosion mechanisms are explored in more depth to provide essential
context. Finally, the chapter presents an overview of accelerated corrosion testing methods,
with specific attention given to the Salt Mist Test.
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2.1 Instrument reprocessing in LIMCs

Surgical site infections (SSIs) are a common and preventable complication in low- and
middle-income countries (LMICs). Due to limited resources and infrastructure, SSI rates
in these regions are significantly higher than in high-income countries [10]. Although
better cleaning and sterilisation of instruments could reduce SSI risk, LMICs often lack
the resources to meet international infection prevention guidelines, such as those from
the WHO [5]. The complexity of sterile processing (SP) in LMICs is compounded by
conflicting guidelines, resulting in inconsistencies in procedural application [5]. This
chapter outlines the main steps in instrument reprocessing, WHO guidelines, and findings
from Unifix’s fieldwork in Uganda. Finally, the rationale for selecting the 4-bucket system
as the reprocessing method for this study is discussed.

2.1.1 Reprocessing of surgical instruments

According to the European Medical Device Regulation (MDR), surgical instruments fall
under the Class Ir classification, meaning they are reusable medical devices used inva-
sively during surgery. Therefore, they must be thoroughly cleaned and sterilised after
each procedure to ensure patient safety. Instruments such as scalpels and forceps require
rigorous cleaning and sterilisation due to direct contact with internal body tissues [11].
Proper cleaning and sterilisation of these instruments is an absolute necessity.

Instrument reprocessing in four steps
The reprocessing of surgical instruments typically involves four fundamental steps: (1)

cleaning, (2) inspection and packaging, (3) sterilisation, and (4) storage and transport.

1. Cleaning Cleaning is the first and most important step, involving the removal of
visible dirt from instruments, such as blood and tissue residues, using water and
detergents [12]. There are two types of detergents commonly used:

• Regular detergents ("soap") loosen fats and dirt particles, allowing them to be
rinsed off with water. However, they are limited in breaking down complex
biological residues [12].

• Enzymatic detergents use enzymes such as proteases to break down proteins
in organic contamination. These detergents are essential in medical settings as
they effectively target biological residues on surgical instruments [12].

Cleaning aims to remove all visible contamination, but it does not kill microorgan-
isms [12].

2. Inspection and packaging After cleaning, instruments are carefully inspected to
ensure all residues are removed. This step is crucial for effective sterilisation. Worn
or defective instruments are removed, and clean instruments are correctly packaged
using sterilisation wraps or containers to maintain sterility [13].

3. Sterilisation Sterilisation ensures that all microorganisms are killed. The most
common method is steam sterilisation in an autoclave at 134°C, which typically lasts
between 20 and 40 minutes. A lower temperature (121°C) may be used for heat-
sensitive instruments requiring longer exposure. After sterilisation, instruments are
dried using the vacuum system in the autoclave [12].

4. Storage and transport After sterilisation, instruments must be stored in a sterile
environment to prevent recontamination. They are packed in special trays or bags
and stored in a dry, clean location until transported to the operating room [12].
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2.1.2 Reprocessing protocols for surgical instruments in LMICs

In LMICs, the reprocessing of surgical instruments —particularly the cleaning stage— is
manual mainly due to the lack of automation in hospitals, leading to inconsistencies in
cleaning and variations in quality [14, 15]. The WHO recommends a three-step process for
instrument cleaning: soaking in detergent, rinsing with clean water, and a second rinse
to remove any residue, followed by drying [16]. However, limited access to essentials
like warm water, enzymatic detergents, and reliable sterilisation equipment makes it
challenging for many LMICs to consistently adhere to these guidelines [17, 18].

Conflicting guidelines between WHO standards and national recommendations fre-
quently lead to confusion and inconsistency in sterilisation practices. In some instances,
healthcare workers adhere to outdated or inadequately adapted national protocols, reduc-
ing their willingness to implement WHO guidelines. This issue is further exacerbated by
the fact that inspectors and healthcare providers are not always up to date with the latest
revisions, which hinders the adoption of uniform, safe procedures [14, 15]. Additionally,
healthcare staff often face limitations due to a lack of training in modern infection preven-
tion techniques, with outdated procedures and minimal practical education resulting in
inadequate reprocessing methods that increase infection risk and significantly shorten
instrument lifespan [19, 18].

These challenges underscore that adherence to WHO guidelines in LMICs is not merely
a matter of knowledge transfer but requires structural support and regular adaptation of
national protocols to reflect local resources and constraints. Such measures are essential to
achieving consistent, safe reprocessing practices and improving patient safety in resource-
limited settings [20].

Figure 1: Configuration of a 4 bucket system in Kampala, Uganda

2.1.3 Observations of the 4-Bucket System in Uganda

In 2023, Unifix employees observed the reprocessing of medical instruments in 28 hospitals
in Uganda. A notable finding was the widespread use of the "4-bucket system" (see
Figure 1). This system is a common adaptation in Uganda, although it deviates from the
WHO’s recommended three-step cleaning process. Despite a shared foundation, there was
considerable variation in how the 4-bucket system was implemented across hospitals. At
least two buckets were always filled with clean water, while the other buckets contained
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Figure 2: Observed configurations of the 4 bucket system in Uganda and Kenya

different cleaning agents, such as dish soap, sodium hypochlorite, or enzymatic detergents.
The sequence, contents, and soaking times varied significantly between hospitals. Figure
2 illustrates ten different configurations of the 4-bucket system observed in hospitals in
Uganda, highlighting these variations.

2.1.4 Implementation of manual cleaning in this study

This study adopts the 4-bucket system as the primary method for testing material degrada-
tion under different cleaning conditions. The steps in this system are illustrated in Figure
3. While this approach differs from the WHO’s recommended three-step process—which
includes soaking in detergent followed by two rinses—the 4-bucket system introduces an
initial cleaning step using a non-enzymatic soap (Omo), followed by rinsing, soaking in
either sodium hypochlorite or Sanizyme, and a final rinse with clean water.

Aside from differences in the sequence, the main deviation from WHO guidelines is the
additional Omo step. This step was likely introduced to complement sodium hypochlorite,
a disinfectant that, while effective at killing microorganisms, lacks the cleaning properties
needed to remove organic material. Organic residues, such as blood or tissue, can inhibit
the disinfectant’s effectiveness [21, 22]. Using Omo first removes surface contaminants,
allowing sodium hypochlorite to focus on disinfection rather than cleaning.

A consistent cleaning protocol is crucial for accurately comparing the effects of various
cleaning agents on material degradation. Using Omo as an initial step standardises the
cleaning process across tests, ensuring that any differences in material degradation result
from the cleaning agents, not variations in the cleaning method. Sterilisation remains an
essential step to ensure patient safety. Thus, after cleaning, the instruments in this study
will undergo a sterilisation process, reflecting typical healthcare practices.



12 Theoretical Framework

Figure 3: Cleaning and disinfection procedures for healthcare facilities recommended by
the Ugandan Ministry of Health in 2022 [23]

2.2 Stainless steel for surgical instruments

Stainless steel is one of the most widely used materials in medical instruments due to
its excellent balance between mechanical strength and corrosion resistance [24]. Surgical
instruments, in particular, require materials that can withstand repeated exposure to
reprocessing processes, moisture, and body fluids while maintaining their functionality
over time [25]. The versatility of stainless steel arises from its chemical composition
and microstructure, which can be tailored to meet the specific demands of different
applications. This section provides an overview of the key types of stainless steel used in
medical environments—austenitic, ferritic, and martensitic—with a focus on grades 304,
410, and 420, as well as the role of key alloying elements like chromium, nickel, and carbon
in determining their properties [26, 9]. Additionally, this section covers the formation and
importance of the passivation layer, essential to the corrosion resistance of stainless steel.

2.2.1 Austenitic, ferritic, and martensitic stainless steel

Stainless steel is divided into three primary types based on its microstructure: austenitic,
ferritic, and martensitic. These types have distinct crystal structures and mechanical
properties, which impact their strength, corrosion resistance, and magnetic properties [26].
Figure 4 illustrates the crystal structures of these three types of stainless steel.

• Austenitic stainless steel:Austenitic steels have a face-centred cubic (fcc) structure,
making them non-magnetic with excellent ductility and formability. These steels
contain high levels of chromium and nickel, which give them superior corrosion
resistance. Their ability to withstand a wide range of temperatures makes them
the most commonly used stainless steels for demanding environments, including
medical applications [27].

• Ferritic stainless steel: Ferritic steels have a body-centred cubic (bcc) structure and
contain lower amounts of nickel or none, making them magnetic and more cost-
effective. They provide moderate corrosion resistance and strength but are generally
less resistant to corrosion than austenitic steels [26, 24].

• Martensitic stainless steel: Martensitic steels are known for their body-centred
tetragonal (bct) structure and the ability to be hardened by heat treatment, result-
ing in high strength and wear resistance. While they offer excellent mechanical
properties, they are generally less corrosion-resistant than the other types [27, 28].
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Figure 4: Crystal structures of Austenitic, Ferritic, and Martensitic stainless steels [29]

2.2.2 The 300 and 400 series for stainless steel

The diversity of stainless steel arises from the many possible combinations of crystal
structures and alloying elements. Numerous stainless steel grades have been developed
by varying the amounts of elements like chromium, nickel, and carbon, each with specific
properties suited to different applications [23]. There are over 150 different grades of
stainless steel, many of which are classified into series based on their composition and
characteristics [24].

The 300 and 400 series are the most widely used, especially in medical applications
where corrosion resistance and mechanical strength are essential. The 300 series, such
as type 304, includes austenitic steels, while the 400 series, including types 410 and 420,
comprises ferritic and martensitic steels [24, 26].

2.2.3 Chemical composition of stainless steel

Stainless steel’s corrosion resistance and mechanical properties are determined mainly by
the chemical composition of its alloying elements, primarily chromium, nickel, and carbon.
These elements interact to form a protective layer and enhance the steel’s performance in
different environments [26].

Key alloying elements:

• Chromium (Cr): Chromium is an essential component of stainless steel, usually
found in concentrations of 10.5% or higher. It forms a thin passivation layer of
chromium oxide on the steel’s surface, which prevents further oxidation and protects
the steel from corrosion. This self-healing layer is crucial when corrosion resistance
is required [26, 30].

• Nickel (Ni): Nickel enhances corrosion resistance and mechanical strength by sta-
bilising the austenitic structure in steels like 304. It also improves resistance to
chloride-induced pitting and stress corrosion cracking [23, 31].

• Carbon (C): Carbon increases the hardness and strength of stainless steel but can also
make it more susceptible to intergranular corrosion if not adequately controlled. In
martensitic steels like 410 and 420, a higher carbon content allows for heat treatment,
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significantly increasing hardness, making it ideal for cutting instruments, though at
the cost of lower corrosion resistance [28, 9].

2.2.4 Passivation layer and self-healing properties

One of the essential reasons stainless steel is corrosion-resistant is due to the formation of
a passivation layer. This layer is a thin film, typically made of chromium oxide (Cr2O3),
that forms on the surface of stainless steel when exposed to oxygen. The passivation layer
acts as a barrier, protecting the underlying steel from further oxidation and corrosion. This
process occurs naturally in any stainless steel containing at least 10.5% chromium, which
is necessary to form and maintain the protective layer [26].

The passivation layer is not a one-time formation but dynamic and self-healing. If
the layer is damaged, chromium in the stainless steel will react with oxygen in the envi-
ronment to reform the protective film. This self-healing ability is essential for medical
instruments exposed to harsh conditions, such as sterilisation, chemical cleaning agents,
and bodily fluids [30]. See Figure 5 for a visual representation of this process. Although
the initial passivation begins within seconds to minutes, research indicates that the layer
requires several hours to reach complete stability and maximum protective strength,
which is especially relevant in repeated-use environments where the passive film may be
frequently disrupted [26].

The formation and stability of the passivation layer depend on the chemical envi-
ronment, pH, and presence of chloride ions. High chloride concentrations, for example,
can weaken the passivation layer, increasing the steel’s susceptibility to localised corro-
sion. Therefore, maintaining optimal conditions is crucial for the long-term durability
of stainless steel in medical settings, where exposure to such environments is frequent [30].

Figure 5: Illustration of the passivation process in stainless steel. Chromium in the stainless
steel reacts with oxygen in ambient air to form a protective chromium oxide layer, which
protects against corrosion [32].

Importance of the passivation layer
The passivation layer is essential for ensuring the long-term durability of stainless steel,
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especially in environments prone to moisture and chemical exposure, such as medical
devices. Surgical instruments undergo repeated sterilisation cycles involving moisture,
and cleaning agents that could lead to corrosion [9]. The passivation layer’s self-healing
ability ensures that the steel remains protected from corrosion as long as oxygen is present.
However, completely stabilising this protective layer can take several hours, crucial in
medical applications where instruments undergo frequent cycles that may disrupt the
layer. This protective mechanism is a critical factor in surgical instruments’ extended
service life and reliability, making stainless steel an ideal material for such applications
[26, 30].

Conclusion
Stainless steel is the material of choice for medical instruments due to its strength,

corrosion resistance, and versatility [30]. The 304 austenitic stainless steel stands out
for its superior corrosion resistance, primarily due to its higher chromium and nickel
content. It is ideal for surgical instruments exposed to aggressive environments [9]. In
contrast, 410 and 420 martensitic stainless steels offer greater mechanical strength and
hardness but are more susceptible to corrosion, particularly in chloride-rich environments
[31]. This highlights the trade-off between corrosion resistance and mechanical strength in
choosing the suitable material for specific medical applications. Ultimately, the passivation
layer plays a crucial role in extending the life and functionality of these instruments by
providing a self-healing barrier against corrosion, ensuring that stainless steel remains a
reliable and durable material in the demanding context of healthcare [26, 30].

2.3 Corrosion in Stainless Steel

Stainless steel is valued in medical applications for its corrosion resistance, yet it can
still degrade under specific conditions, particularly in chloride-rich environments. This
section examines the primary corrosion forms affecting 304, 410, and 420 stainless steels.
It explores the role of cleaning agents and passive layer maintenance in supporting their
long-term durability [9, 30].

2.4 Fundamentals of Corrosion

Corrosion is an electrochemical process that leads to the degradation of metals through
reactions with their environment. It involves anodic and cathodic reactions, as Figure 6
illustrates. When stainless steel is exposed to a corrosive environment, such as water or air
containing moisture, oxidation can occur on specific metal surface areas, creating anodic
and cathodic regions [33].

In the anodic area, iron atoms lose electrons (oxidation) and form iron ions (Fe2+), as
shown in the reaction:

Fe → Fe2+ + 2e−

The released electrons then travel through the metal to the cathodic area, where they
reduce oxygen in the presence of water, producing hydroxide ions (OH−) in the following
reactions:

O2 + 4H+ + 4e− → 2H2O

O2 + 2H2O + 4e− → 4OH−

These hydroxide ions can then react with iron ions to form iron oxide, commonly
known as rust (Fe2O3). This oxide accumulates on the surface and weakens the metal.
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This process is accelerated in environments rich in chloride ions, such as saline solutions,
as chlorides disrupt the passivation layer, leading to localized corrosion [9].

This electrochemical process is fundamental to understanding the susceptibility of
stainless steel to corrosion, especially in medical environments where exposure to moisture,
cleaning agents, and chloride ions is frequent [33, 9].

Figure 6: Electrochemical corrosion process in stainless steel, showing anodic and cathodic
reactions that lead to rust formation [34].

2.4.1 Forms of corrosion

Corrosion in stainless steel can occur in various forms, each influenced by specific envi-
ronmental conditions (see Figure 7). The most critical types affecting 304, 410, and 420
stainless steels in medical applications are:

• Uniform Corrosion: This form of corrosion occurs evenly across the exposed surface.
Although less severe than localised corrosion, it reduces the overall thickness and
strength of the material over time. Stainless steels such as 304 and 410 are susceptible
to uniform attack under acidic conditions, which can be mitigated by maintaining a
stable passivation layer [35].

• Pitting Corrosion: A highly localised form of corrosion that develops when the
passive layer is compromised, particularly in chloride-rich environments. 410 and
420 martensitic steels, with their lower chromium content, are more vulnerable to
pitting than 304 austenitic steel, which has higher chromium and nickel levels that
improve resistance [9].

• Intergranular Corrosion: This form occurs when chromium depletion at grain
boundaries leads to localised attack, often due to improper heat treatment. This form
of corrosion particularly affects 410 and 420 martensitic steels with higher carbon
content, commonly arising in heat-affected zones during welding, where chromium
carbides precipitate and reduce the surrounding chromium levels, compromising
corrosion resistance [28].

• Crevice Corrosion: Found in confined spaces where oxygen is restricted, such as
in joints or underseals, leading to a breakdown of the passive layer. This form
of corrosion is especially problematic in narrow gaps, where an aggressive local
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environment can develop. All stainless steels are susceptible to crevice corrosion, but
the high corrosion resistance of 304 provides better protection in such environments
[35].

• Transgranular Cracking: A form of stress-corrosion cracking in which cracks spread
directly through the metal grains rather than along the boundaries between them.
Transgranular cracking usually occurs under tensile stress in the presence of specific
corrosive agents, such as chlorides, and can significantly impact the mechanical
integrity of medical instruments [33].

• Intergranular Cracking: Similar to intergranular corrosion, this form involves the
propagation of cracks along grain boundaries, often due to residual tensile stresses.
Improper heat treatment can increase the susceptibility of martensitic steels, like 410
and 420, to this form of corrosion [36].

• Selective Leaching: This corrosion type involves the selective removal of one ele-
ment from an alloy, leaving behind a weakened, porous structure. In stainless steel,
chromium or nickel may be selectively leached under specific conditions, although
this is less common in medical applications [37].

These corrosion forms highlight the challenges stainless steels faces, particularly in medi-
cal settings where exposure to aggressive agents like moisture and chlorides is common. A
comprehensive understanding of these types can guide the selection of appropriate stain-
less steel grades and help establish effective corrosion mitigation strategies for medical
instruments.

Figure 7: Forms of corrosion that affect stainless steels used in surgical instruments [9].

2.4.2 Impact of cleaning agents on corrosion resistance

Proper cleaning is essential to maintain the corrosion resistance of stainless steel surgical
instruments. While not all cleaning agents directly restore the passive layer, they remove
contaminants like dirt and organic matter from the surface. This process re-exposes the
steel to oxygen, which is necessary for the natural self-healing of the passive layer [9]. By
allowing oxygen contact, stainless steel can reform its protective chromium oxide film,
reducing its susceptibility to further corrosion.

However, aggressive cleaning agents or improper protocols can damage this protective
layer, leading to localised corrosion. For example, exposure to chloride-rich solutions
disrupts the passivation layer and increases vulnerability to localised corrosion, such as
pitting [35].

In contrast, specific cleaning agents help preserve or even strengthen the passive layer,
especially when used at the correct concentrations. Studies on stainless steel in synthetic
hard water show that specific products can maintain the passive layer without leaving
harmful residues. This indicates that the right cleaning agents can protect against corro-
sion, even in challenging water conditions typical of medical settings [9].
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Electrochemical studies further demonstrate that well-diluted cleaning solutions do
not alter the passive layer’s thickness or composition, preventing corrosion initiation.
This finding is especially relevant for martensitic steels like 410 and 420, which are more
prone to chloride-induced corrosion due to their lower chromium content compared to
304 austenitic steel [35].

2.4.3 Conclusion

Corrosion in stainless steel remains a concern for medical instruments, especially those
made from 410 and 420 martensitic steels, which offer higher mechanical strength but
lower corrosion resistance compared to 304 austenitic steel. Understanding the different
forms of corrosion and how they affect these materials is crucial for ensuring the longevity
and functionality of surgical instruments. Proper cleaning protocols and maintaining the
integrity of the passive layer are essential steps in minimizing corrosion risk and extending
the life of stainless steel instruments in medical environments [9, 30].

2.5 Accelerated corrosion testing

2.5.1 Methods for accelerated corrosion testing

Accelerated corrosion testing methods are essential for simulating and expediting natural
degradation processes, providing valuable insights into material durability. Each method
offers unique benefits and limitations, especially regarding geometric stress and practical
feasibility, making a thorough evaluation critical for selecting the most suitable approach.

• Salt Mist Test (SMT): The SMT involves exposure to a continuous saline mist at
elevated temperatures, effectively simulating saline-rich environments [38]. This
method is straightforward and cost-effective, allowing uniform exposure across the
sample surface. It is particularly beneficial for assessing corrosion behaviour in areas
with complex geometries and stress points[39]. While the SMT is often discussed
in specific field applications, its simplicity and controlled saline conditions make
it widely adopted as a practical tool for surface durability evaluation in laboratory
settings [40].

• Cyclic Corrosion Testing (CCT): This test cycles samples through controlled wet-
ting and drying phases, often incorporating temperature changes to better mimic
fluctuating environmental conditions [41]. CCT effectively captures corrosion across
the entire sample, including areas of high geometric stress, making it suitable for ma-
terials with complex shapes like surgical instruments [39]. However, CCT requires
advanced equipment to maintain precise cycling conditions, impacting feasibility
and cost for routine studies [42].

• Immersion Testing: This method submerges samples in a corrosive solution, provid-
ing insights into long-term stability by maintaining consistent exposure. However,
immersion testing lacks environmental variability, potentially limiting its applica-
bility for real-world scenarios where conditions fluctuate [43]. While effective for
observing corrosion across large surfaces, it may not adequately simulate corrosion
patterns in stress-concentrated areas due to its static setup [44].

• Electrochemical Behaviour Testing: Techniques like potentiodynamic polarisation
and electrochemical impedance spectroscopy measure corrosion at specific points
on the material surface, offering rapid insights into corrosion mechanisms [43].
However, electrochemical methods focus on isolated points rather than the entire
geometry of a sample, thus failing to capture geometric stresses comprehensively
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[44]. This method also requires specialized equipment and expertise, making it less
feasible to assess complex samples.

Given these considerations, the Salt Mist Test was selected as the accelerated testing tool for
this study due to its balance of simplicity, full-surface exposure, and practical feasibility.
Its straightforward approach and lower equipment requirements make it suitable for
assessing corrosion resistance under controlled saline and humid conditions.

2.5.2 Salt Mist Test

The Salt Mist Test (SMT), also known as the Salt Fog or Salt Spray Test, is an accelerated
corrosion test performed in a salt mist chamber. It simulates and speeds up the corrosion
process that metals and alloys might undergo in real-world conditions. There are several
variations of this test: Neutral Salt Spray (NSS), Acetic Acid Salt Spray (AASS), and
Copper-Accelerated Acetic Acid Salt Spray (CASS). This thesis focuses on the NSS test,
particularly relevant for metals and alloys. AASS and CASS are more suited for decorative
coatings, making them less applicable for testing surgical instruments.[45].

The SMT has been used for over 100 years and has evolved to improve reproducibility
and reliability. It is based on "oxygen concentration cell corrosion". When a droplet of
water rests on a metal surface, oxygen from the droplet and air creates a gradient, resulting
in an oxidation potential of about 0.3 volts. This causes the metal in the droplet’s centre to
dissolve and become positively charged. Electrons move to the droplet’s edge, reacting
with hydrogen ions to form hydrogen gas. This reaction increases the pH, making the
edge of the droplet less acidic, which causes dissolved metal ions to form solid particles.
[40]. Figure 8 presents the visual presentation of this process.

Figure 8: Oxygen concentration cell corrosion [46]

The SMT accelerates corrosion through several mechanisms:

• Salt solution: Salt (sodium chloride) is incorporated into the water mist sprayed
onto the metal surface. The presence of salt increases the solubility of metal ions in
the droplets, extending the duration of the corrosion reaction as the reaction cells
remain active.

• Increased temperature: The test is often conducted at elevated temperatures. Heat
accelerates chemical reactions, thus speeding up the corrosion process.
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• Continuous refreshing of corrosion Cells: The salt solution continuously flows
over the surface by tilting the test sample. This prevents the accumulation of
reaction by-products (such as metal ions and hydroxides) that could otherwise slow
down the corrosion. Instead, the cells are refreshed with new electrolytes, ensuring
uninterrupted reaction.

• Fine mist: The fine mist creates numerous tiny droplets on the metal surface, contin-
uously forming new corrosion cells and ensuring constant exposure.

The SMT accelerates natural corrosion using salt, heat, sample tilting, and a continuous fine
mist. This approach provides a rapid assessment of material durability and performance
in practical conditions [47, 48].

Commercial SMT setups can be costly and are generally designed for large-scale use.
Consequently, there is a need for affordable, reliable methods for smaller-scale testing.
Various solutions are available online, including informal sources like blogs and videos,
as well as academic research on adapting the method for smaller-scale applications [38].

Smaller-scale test designs vary in objectives and methods. Academic research typically
uses well-documented procedures, while informal tests prioritise convenience and accept
a broader range of results. Guidelines for the SMT are provided by the American Society
for Testing and Materials (ASTM) in the document "Standard Practice for Operating Salt
Spray (Fog) Apparatus" and by ISO 9227:2022.

Key points include:

• For NSS, use a neutral, approximately 5% sodium chloride solution in a controlled
environment.

• The solution must reach 35 °C ± 2 °C before atomisation.
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3 Materials and methods

This chapter comprehensively presents the materials and methodologies applied to analyse
surgical instrument degradation under various reprocessing conditions. It starts by
describing the materials used and focusing on the types of stainless steel selected for their
relevance in medical applications. The chapter then details the experimental protocols,
including reprocessing and accelerated corrosion testing, to assess material performance
and susceptibility to degradation systematically. In addition, methods for data collection,
processing, and statistical analysis are outlined to ensure a rigorous evaluation framework.
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Figure 9: Components of the Dunhill Artery Forceps

3.1 Reprocessing testing

This section describes the reprocessing tests conducted to replicate the repetitive cleaning
cycles that surgical instruments undergo in LMICs. Each test involves different cleaning
agents and reprocessing frequencies, including intermittent and continuous exposure
to sodium hypochlorite and enzymatic detergents. Standardising the protocols and
conditions establishes a basis for comparing the effects of various reprocessing methods
on material degradation.

3.1.1 Materials

For this study, three types of stainless steel (SS) were selected: 410, 420, and 304. These
SS types are commonly used materials for medical instruments due to their corrosion
resistance and mechanical properties [24]. The chemical composition of each SS type was
confirmed using a Direct Emission Spectrometer. Table 1 provides an overview of the
composition of the different steel types. A total of 180 surgical instruments were used,
with each SS type comprising 60 instruments. In the first two tests, continuous NaClO
reprocessing and continuous Sanizyme reprocessing, 60 instruments were used per test.
This included 20 instruments of each SS type. The third and fourth tests, intermittent
NaClO reprocessing and intermittent Sanizyme reprocessing used 30 instruments per
test. Each test included ten instruments of each SS type. Table 2 provides a summary of
this distribution. The surgical instruments tested were 130-mm Dunhills Artery forceps
provided by a manufacturer in Pakistan. These forceps are characterised by their box
lock, ring handle, ratchet, shank, tip, and jaw, as depicted in Figure 1. An image of the
instrument, including the naming of each part, will be inserted for further clarification. A
complete list of materials and equipment used in this study can be found in Appendix A.

3.1.2 Methods

Sample preparation
The surgical instruments were used directly in the experiments upon receipt, without

further adjustment or treatment. They were colour-coded with sterilisable silicone rings to
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Element Stainless steel 304 (%) Stainless steel 410 (%) Stainless steel 420 (%)
Chromium (Cr) 18.293 12.021 13.102
Nickel (Ni) 8.391 0.239 0.101
Carbon (C) 0.067 0.139 0.181
Manganese (Mn) 1.625 0.315 0.613
Silicon (Si) 0.275 0.269 0.271
Phosphorus (P) 0.015 0.023 0.021
Sulfur (S) 0.009 0.017 0.016
Iron (Fe) 71 87 86

Table 1: Composition of stainless steel grades 304, 410, and 420 determined using Direct Emission
Spectroscopy

Reprocessing tests 304 410 420 Total instruments
1. Continuous NaClO 20 20 20 60
2. Continuous Sanizyme 20 20 20 60
3. Intermittent NaClO 10 10 10 30
4. Intermittent Sanizyme 10 10 10 30
Total instruments 60 60 60 180

Table 2: Distribution of stainless steel instruments across reprocessing tests

identify individual instruments throughout the various test cycles, as shown in Figure 9.
All instruments were photographed before testing to document any pre-existing damage,
stains, or other anomalies. These photographs served as a reference for evaluating any
changes in the condition of the instruments after the cleaning cycles.

A blood simulant was used in each test to replicate real-world surgical conditions. The
instruments were first immersed in a salt solution with a chloride concentration of 103
mmol/L, corresponding to the chloride content found in human blood [49]. This solution
was prepared by dissolving 60.18 grams of pure NaCl (sodium chloride) from Labshop.nl
into 10 litres of deionised water. This step simulated the instruments’ exposure to blood
during surgery.

This process was consistently applied for each SS type and cleaning agent. All steps
were strictly timed using a stopwatch to ensure consistency.

Figure 10: Setup of Continuous NaClO Reprocessing
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Test 1: Continuous NaClO Reprocessing
Test 1 used sodium hypochlorite (NaClO) as cleaning agent. The procedure followed

these steps, with each cycle lasting approximately 60 minutes. A total of 60 instruments
were processed simultaneously in each cycle. Eight consecutive cycles were completed
each day. Figure 10 shows a schematic representation of all steps.

Step 1 - Blood Simulation: A colander containing the instruments was rinsed five
times through a blood simulant solution.

Step 2 - Dryer Towel: The colander was placed on a towel. The instruments rested for
10 minutes next to the tub, allowing them to dry while still covered in the simulation fluid.

Step 3 - Soap Solution: As the first cleaning step, the instruments were rinsed five
times with 30 grams of OMO detergent dissolved in 10 litres of tap water.

Step 4 - Rinsing in Clean Water: The instruments were thoroughly rinsed in clean tap
water five times.

Step 5 - NaClO: The instruments were then soaked for 10 minutes in a 0.5% NaClO
solution.

Step 6 - Rinsing in Clean Water: The instruments were again rinsed five times in clean
tap water.

Step 7 - Autoclaving: The cleaned instruments were placed in racks and sterilised
using a MELAtronic 15 EN+ autoclave. The autoclave process involved 14 minutes of
sterilisation at 134°C, followed by 2 minutes of pressure adjustment and 10 minutes of
drying, for a total autoclave time of 26 minutes per cycle.

Step 8 - End of Cycle: Finally, the instruments were removed from the autoclave and
placed back in the colander. After each testing day, they were placed in a clean, dry area
to air dry.

During these cycles, the instruments were arranged in a colander to ensure that they
were all fully immersed in the solutions simultaneously. The tubs containing the various
solutions were covered at the end of each testing day. The solutions and rinse water were
refreshed after every three days of testing.

At the end of the first 8 cycles, the instruments were inspected for any signs of corrosion.
All observed corrosion was documented in an Excel sheet, and photographs were taken.
Instruments were excluded from further testing if corrosion was detected, except in
the case of corrosion on the box lock. Corrosion on the box lock was recorded and
photographed, but it was not considered a criterion for exclusion.

This procedure was repeated for three consecutive days, meaning instruments were
subjected to a maximum of 24 reprocessing cycles.

Figure 11: Setup of Continuous Sanizyme Reprocessing
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Test 2: Continuous Sanizyme Reprocessing
Test 2 followed the same procedure as described in Test 1 (Steps 1 through 8), with

the only change being the use of Sanizyme instead of NaClO. A concentration of 160
grams of Sanizyme, an enzymatic detergent, was dissolved in 10 litres of tap water, as
recommended by the supplier. A schematic representation of the steps is shown in Figure
11.

As in Test 1, 60 instruments were processed simultaneously, with 8 consecutive cycles
per day, each lasting approximately 60 minutes. Instruments were inspected at the start
of each day. Corrosion was documented in an Excel sheet, and photographs were taken.
Instruments showing corrosion, except those with corrosion on the box lock, were excluded
from further testing.

This test was conducted over 19 days, with instruments undergoing up to 150 repro-
cessing cycles.

Test 3: Intermittent NaClO Reprocessing
Test 3 followed the same procedure as Test 1 (Steps 1 through 7), using NaClO as

the cleaning agent. The key difference was introducing a minimum 2-hour rest period
between each cycle, allowing for 4 cycles per day.

In Step 8, instead of being placed back in the colander, the instruments were transferred
to a clean, dry area to air dry for at least 2 hours between cycles.

A total of 30 instruments were tested over 2 days, with each instrument undergoing 8
cycles. After the final cycle, all instruments were inspected and photographed to docu-
ment any corrosion.

Test 4: Intermittent Sanizyme Reprocessing
Test 4 followed the same procedure as Test 1 (Steps 1 through 7), with two key differ-

ences: Sanizyme was used as the cleaning agent instead of NaClO, and a minimum 2-hour
rest period was applied between each cycle, allowing 4 cycles per day.

In Step 8, the instruments were placed in a clean, dry area to air dry for at least 2 hours
between cycles. After every 8 cycles (typically after two days of testing), the instruments
were thoroughly inspected and photographed. Corrosion was documented in an Excel
sheet, and photographs were taken. Instruments showing corrosion, except those with
corrosion on the box lock, were excluded from further testing.

A total of 30 instruments were tested over 16 days, with each instrument undergoing
up to 64 cycles.
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3.2 Accelerated corrosion testing

This section details the Salt Mist Test as an accelerated method for examining the corrosion
resistance of stainless steel surgical instruments. The test is conducted in a controlled,
saline-rich environment that intensifies corrosive conditions, allowing corrosion effects to
develop more rapidly. This setup enables the systematic observation and documentation
of material degradation under standardised conditions.

3.2.1 Materials

In order to assess the corrosion susceptibility of surgical instruments under accelerated
conditions, the Salt Mist Test was selected as the specific accelerated corrosion test for this
study. This choice builds on the theoretical foundation provided in the previous chapter,
where the Salt Mist Test was introduced as a relevant method for simulating corrosive
conditions over a compressed timeframe. This section details the setup and procedures
of this Salt Mist Test implementation, designed to evaluate the performance of SS types
304, 410, and 420 in a controlled corrosive environment. The exact composition of these
materials is provided in Table 1. A total of 30 instruments, with 10 from each SS type, were
tested. Each instrument was marked with sterilisable silicone rings to enable consistent
identification throughout the test cycles. Additional details regarding the specific materials
and equipment used for this setup can be found in Appendix B.

3.2.2 Methods

Figure 12: Image of the Salt Mist Test setup
Figure 13: Schematic representation of the
Salt Mist Test setup

Test 5: Salt Mist Test
The preparation for the test began by filling the container with 7 litres of demineralised

water. The sous vide stick was set to heat the water to 35°C. Once the water reached the
desired temperature, 368 grams of pure NaCl were added to create a 5% salt solution. A
plastic spatula was used to stir the solution until all NaCl particles were fully dissolved.

A small plastic rack was placed about 8 cm below the water’s surface, and the mist
maker was positioned on it, with its top approximately 4 cm submerged. Another plastic
rack was placed above the mist maker, on which 4 instruments of the same material were
carefully arranged, ensuring they did not touch each other. The container was then sealed
with a transparent plexiglass sheet with an opening for the sous vide stick. To start the test,
the mist maker was switched on, and the timer was set for 4 hours. During this period, the
setup was not disturbed. After 4 hours, the mist maker was turned off, and the plexiglass
sheet was removed. The instruments were taken out and rinsed under running water to



Materials and methods 27

remove the salt. The equipment was thoroughly cleaned to eliminate any salt residue. The
instruments were air-dried, and once dry, they were wiped with a damp cloth to remove
the rust film, making any corrosion spots clearly visible. This process was repeated 8
times, ensuring that only instruments of the same material were tested together. After
testing, the instruments were stored in a clean, dry area.

Figure 12 shows a photo of the setup before the plexiglass cover was placed on the
container. Figure 13 provides a schematic representation of the setup inside the container.

3.3 Summary of test protocols

This section provides an overview of the five test protocols used in this study, summarising
the key differences between each reprocessing and accelerated corrosion test. As shown in
Figure 14, the graphic highlights the number of instruments per test, the number of cycles
per day, the inclusion of rest periods, and the maximum number of cycles performed.
This overview serves as a reference for the methodologies applied, clarifying the distinct
approaches used to evaluate corrosion susceptibility across different testing conditions.

Figure 14: Overview of reprocessing and accelerated corrosion test protocols. The diagram
summarises key parameters for each test.
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3.4 Data collection

During the reprocessing tests, data were systematically logged in an Excel sheet. Each
instrument was thoroughly inspected every eight cycles, and daily observations were
recorded. These included instances where no corrosion was detected or corrosion spots
were challenging to assess. The number of cycles completed by each instrument and
any detected corrosion were documented. Instruments exhibiting corrosion, with the
exception of corrosion on the box lock, were excluded from further testing and set aside.

Photographic documentation of each corrosion spot was conducted with a standard-
ised setup designed to capture detailed images. This setup included a controlled lighting
environment with a wireless ring light, a tripod for stability, and a dark background to
enhance image clarity. A 5 mm grid paper was placed behind the instruments to provide
a scale for measurements.

Each image was manually labelled with the test type, material type, instrument identi-
fication number, and the specific photo number (e.g., 2/4). This setup ensured consistent
lighting and clarity, allowing for an accurate assessment of the corrosion spots.

(a) Measurements around the ring handle (b) Measurements around the box lock.

Figure 15: Measurements of surface area affected by corrosion using SketchAndCalc

3.5 Data processing and analysis

3.5.1 Corrosion surface area calculation

Each photograph was carefully analysed to determine the surface area of each corrosion
spot. The app SketchAndCalc, running on an iPad Pro, was used for this purpose, allow-
ing for precise measurements with the Apple Pencil. First, the scale was set using the
5 mm grid paper visible in the background of each photograph. The perimeter of each
corrosion spot was then traced, allowing the software to calculate the surface area.
The surface areas of all spots were summed for each instrument component. Figure 15
visually represents the corrosion surface area analysis conducted in the SketchAndCalc
app.

The data collected from the photographs were combined with the logged test data for
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the instruments that underwent the reprocessing tests. A new Excel sheet was created
to document the number of corrosion spots, the total surface area affected by corrosion,
and the number of cycles completed before corrosion was observed for each component.
Only the total surface area affected by corrosion and the number of spots per instrument
component were recorded for the instruments that underwent the Salt Mist Test, as
all instruments were subjected to the same 4-hour exposure period. The Excel sheets
containing all data for the four reprocessing tests can be found in Appendix C.

3.5.2 Data collection and structuring

Data from each reprocessing test were initially collected and organised in Excel. For the
reprocessing tests, data were structured by cycles and categorised into "number of cycles to
corrosion onset." Corrosion onset was defined as the first appearance of corrosion around
the box lock, which was considered the initial failure point. Since inspections occurred in
8-cycle intervals, the midpoint of each cycle range was used as the approximate onset.

Additionally, the number of cycles to initial corrosion (excluding box lock corrosion)
was recorded for each instrument. The box lock was not an exclusion criterion for further
testing, so all instruments were tested beyond the onset of box lock corrosion. This allowed
for a comparative bar chart illustrating corrosion onset with and without the box lock as a
criterion across Test 1 (Continuous NaClO Reprocessing), Test 2 (Continuous Sanizyme
Reprocessing), and Test 3 (Intermittent Sanizyme Reprocessing). Test 4 (Intermittent
NaClO Reprocessing) was excluded from this analysis because instruments completed
only eight cycles with no interim checks.

For surface area analysis, the surface area affected by corrosion was recorded for each
instrument, along with the number of cycles completed. Scatterplots were created to
visualise the affected area against the number of cycles. Normalised corrosion surfaces
per cycle were also calculated for each test and displayed in box plots by material in Excel.

3.5.3 Surface area approximation and comparative metrics

A simplified CAD model of the forceps was created in Autodesk Fusion 3D to contextualise
the surface area affected by corrosion relative to the total instrument area (see Figure 16).
This model estimated a total surface area of approximately 40 cm², which facilitated
calculations of the proportion of affected surface area per instrument. For each test and
material, metrics such as mean corrosion-affected area, mean affected area as a percentage
of total surface area, average number of corrosion spots, and average spot size were
computed.

3.5.4 Statistical analysis

All statistical analyses were conducted in RStudio. Shapiro-Wilk tests were first applied to
check for normality in each dataset, and none displayed a normal distribution. To address
research questions regarding the number of cycles to corrosion onset, a Kaplan-Meier
survival analysis was applied [50]. This method accounts for censored data, such as
instruments that did not exhibit corrosion within the maximum cycle count. Differences
between groups were tested using the Log-Rank test, which is appropriate for survival
data [51].

To ensure comparability, data from Continuous Sanizyme Reprocessing were censored
at 64 cycles to align with the maximum cycles in Intermittent Sanizyme Reprocessing.
Instruments that exceeded 64 cycles in Continuous Sanizyme Reprocessing were marked
as “no corrosion” after that point.
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Figure 16: Simplified CAD model of the forceps used to estimate total surface area (approx. 40
cm²) for comparative analysis of corrosion-affected regions.

For surface area affected by corrosion, normalised corrosion areas were compared
using the Wilcoxon test, a non-parametric test suitable for data that is not normally
distributed and for comparisons between groups [52].

3.5.5 Salt Mist Test data processing

Salt Mist Test data were organised in Excel by stainless steel type. The total corrosion-
affected areas were visualised in a box plot. Due to the extensive corrosion coverage, a bar
chart by component was not informative. Instead, the data were summarised in a table
that includes component-specific corrosion areas as percentages of the total area, mean
spot count, and mean spot size.

3.5.6 Comparative analysis between reprocessing tests and Salt Mist Test

A Spearman correlation analysis was conducted to assess the relationship between the
normalised surface area affected by corrosion in reprocessing tests and the surface area
from the Salt Mist Test [53]. This non-parametric test was chosen because it does not
assume normality in the data. Results were compiled in a table.

Finally, another Spearman correlation analysis was performed to compare the nor-
malised surface area per cycle and the number of cycles to corrosion onset in Sanizyme
Reprocessing with the Salt Mist Test results. These findings were summarised in an addi-
tional table. The RStudio scripts used for all statistical analyses can be found in Appendix
D .
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4 Results

This chapter presents the experimental findings on corrosion onset, affected surface area,
and component-specific corrosion patterns for each stainless steel type. The chapter
begins with an overview of the results from each reprocessing test, followed by a deeper
examination of the effects of the material, cleaning agent, and rest period. This section
uses comparisons and statistical analyses to assess variations in corrosion susceptibility
across materials and test conditions. The subsequent section details the outcomes of the
accelerated Salt Mist Test, focusing on corrosion patterns observed under these conditions.
Finally, results from the reprocessing tests are compared with those from the Salt Mist Test
to investigate potential correlations between these methods.

4.1 Reprocessing tests

This section presents the outcomes of the reprocessing tests, including data on the number
of cycles to corrosion onset and the surface areas affected by corrosion for each stainless
steel type. The results are grouped by test type, highlighting differences in material
behaviour under continuous and intermittent exposure to sodium hypochlorite (NaClO)
and Sanizyme.nou heb
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(a) Stainless steel 304 (b) Stainless steel 410 (c) Stainless steel 420

Figure 17: Number of surgical instruments exhibiting corrosion across cycle intervals (1-8, 9-16,
17-24), comparing results with and without the box lock. Results indicate an earlier onset of
corrosion when the box lock is included for all stainless steel types, underscoring the susceptibility
of the box lock region to early-stage corrosion.

4.1.1 Test 1: Continuous NaClO Reprocessing

This section presents the results of the Continuous NaClO Reprocessing test, in which
60 instruments (20 of each stainless steel type: 304, 410, and 420) were subjected to 24
reprocessing cycles over three days. The test evaluated the number of cycles to corrosion
onset and the surface area affected by corrosion.

Number of cycles to corrosion onset
The analysis of the number of cycles to corrosion onset demonstrates a clear distinction

between the different stainless steel types and the impact of the box lock component.
Figure 17 presents the number of instruments that exhibited signs of corrosion at various
cycle intervals (1-8, 9-16, and 17-24), with a breakdown per material type and an additional
comparison of data including and excluding the box lock. When the box lock is included,
all instruments across all stainless steel types began to show corrosion within the first
eight cycles. When the box lock is excluded from the data, a delay in corrosion onset is
observed across all materials, highlighting the box lock’s significant influence on early
corrosion. However, signs of corrosion were still detected relatively early elsewhere on the
instruments, and by 24 cycles, each instrument exhibited corrosion on other components
as well.

Surface area affected by corrosion
The extent of corrosion, measured by the surface area affected, further emphasises

the susceptibility differences between the materials. Figure 18 highlights that certain
instrument components, notably the box lock, ratchet, and ring handle, are more prone
to corrosion, regardless of the material. Scatterplot analysis in Figure 19 illustrates the
relationship between the total surface area affected by corrosion and the number of cycles
undergone before corrosion onset. Furthermore, normalised surface area data in Figure 20
allows for a more direct comparison of corrosion severity across instruments subjected
to varying cycle counts. Material 420 consistently shows the highest median affected
area per cycle, underlining its susceptibility in Continuous NaClO Reprocessing. These
findings are corroborated by Table 1, which summarises key corrosion metrics, showing
that material 420 had the largest mean area affected and the most numerous corrosion
spots.
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304 410 420
Mean area affected
by corrosion (mm²)

24 30 39

Mean proportion of
total surface affected
by corrosion (%)

0,60 0,75 0,98

Mean number
of corrosive spots

7,6 8,2 13,3

Mean area of
corrosive spots (mm²)

3 4 3

Table 3: Summary of corrosion metrics under
Continuous NaClO Reprocessing, showing that
type 420 has the largest affected area and highest
number of corrosive spots.

Figure 18: Distribution of corrosion across spe-
cific instrument components, with type 420 ex-
hibiting the highest overall susceptibility. The
box lock demonstrates the greatest vulnerability
across all materials.

Figure 19: Scatter plot illustrating the rela-
tionship between total surface area affected
by corrosion and cycles completed. Data
points for type 420 show a general increase
in affected areas with higher cycle counts, re-
flecting trends in corrosion progression over
time.

Figure 20: Box plot of normalised surface
area affected per cycle, revealing that type
420 has the highest median affected area per
cycle, indicative of heightened susceptibility
under Continuous NaClO reprocessing.
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(a) Stainless steel 304 (b) Stainless steel 410 (c) Stainless steel 420

Figure 21: Corrosion onset in cycles during Continuous Sanizyme Reprocessing, comparing
instruments with and without the box lock. Including the box lock significantly lowers the
corrosion onset threshold across all materials, with type 410 exhibiting the most substantial effect.

4.1.2 Test 2: Continuous Sanizyme Reprocessing

In Test 2, 60 instruments underwent Continuous Sanizyme Reprocessing over 150 cycles
across nineteen days, evenly distributed among stainless steel types 304, 410, and 420. The
test evaluated the number of cycles to corrosion onset and the surface area affected by
corrosion.

Number of cycles to corrosion onset
The results show that including the box lock significantly accelerated corrosion onset for

all materials. Figure 21 illustrates the number of instruments showing signs of corrosion
across various cycle ranges (1-8, 9-16, and beyond), with data presented including and
excluding the box lock. For stainless steel type 410 (Figure 21b), the majority of instruments
began corroding within the first 16 cycles when the box lock was present. This pattern is
also observed for types 304 (Figure 21a) and 420 (Figure 21c), though to a lesser degree.
When the box lock is excluded, the onset of corrosion occurs much later, with some
instruments lasting up to 144 cycles before showing signs of degradation. This highlights
the box lock’s susceptibility to corrosion.

Surface area affected by corrosion
The surface area affected by corrosion paints a detailed picture of each material and

component’s susceptibility to Sanizyme Reprocessing. Figure 22 shows the distribution of
corrosion across key instrument components, such as the box lock, ratchet, and ring handle.
The box lock again emerges as the most corrosion-prone part across all materials, with
material 420 displaying the highest incidence of affected areas. Table 4 further summarises
these trends, with material 420 exhibiting the largest mean affected area and the highest
proportion of surface affected.

The scatterplot in Figure 23 demonstrates the relationship between the total surface
area affected and the number of cycles completed before corrosion onset. Material 420
suffers more extensive corrosion at earlier stages than 304 and 410, especially in the later
cycle ranges. In Figure 24 the normalised surface area affected per cycle is given for each
stainless steel type. Material 420 exhibits the highest median surface area affected per
cycle.



Results 35

304 410 420
Mean area affected
by corrosion (mm²)

5 6 7

Mean proportion of
total surface affected
by corrosion (%)

0,13 0,15 0,18

Mean number
of corrosive spots

6,5 6,0 12,2

Mean area of
corrosive spots (mm²)

1 1 1

Table 4: Corrosion metrics for Continuous
Sanizyme Reprocessing, showing type 420 with
a higher mean affected area and frequency of cor-
rosive spots, indicative of significantly greater
susceptibility.

Figure 22: Component-specific corrosion distri-
bution under Continuous Sanizyme Reprocess-
ing, showing that the box lock remains the most
corrosion-prone part, while type 420 demon-
strates the highest incidence of affected areas.

Figure 23: Scatter plot of surface area af-
fected by corrosion against cycles completed
under Continuous Sanizyme Reprocessing,
with type 420 consistently exhibiting larger
affected areas, particularly in earlier cycles,
reinforcing its increased susceptibility.

Figure 24: Box plot showing the normalised
surface area affected per cycle under Con-
tinuous Sanizyme Reprocessing. Type 420
shows the highest median affected area, in-
dicating a greater susceptibility than types
304 and 410.
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4.1.3 Test 3: Intermittent NaClO Reprocessing

The Intermittent NaClO Test investigated corrosion susceptibility during reprocessing with
a 0.5% NaClO solution. Instruments were given a minimum 2-hour rest after each cycle.
A total of 8 cycles were performed, and after completion, each instrument was assessed
for signs of corrosion. Since all instruments showed corrosion after eight cycles, no further
insights were gained regarding the number of cycles to corrosion onset. Therefore, we
compare the surface areas affected by corrosion after eight cycles across the different
materials.

Surface area affected by corosion
The comparison of surface areas affected by corrosion shows a clear trend of material

susceptibility. Figure 25 presents a boxplot that illustrates the surface area of each stainless
steel type affected by corrosion after the eight cycles. Material 420 exhibits the highest
median affected surface area, with a more comprehensive interquartile range, indicating
greater corrosion susceptibility than 304 and 410. Figure 26 further analyses specific
instrument components and highlights the areas most prone to corrosion. The box lock is
identified as the component with the highest incidence of corrosion across all materials,
followed by the ratchet. Material 420 again shows the most extensive corrosion across all
components. Finally, Table 5 provides a quantitative summary of these results.

304 410 420
Mean area affected
by corrosion (mm²)

10 13 15

Mean proportion of
total surface affected
by corrosion (%)

0,25 0,33 0,38

Mean number
of corrosive spots

6,0 6,7 5,7

Mean area of
corrosive spots (mm²)

2 2 3

Table 5: Corrosion metrics after eight cycles of Intermittent NaClO Reprocessing, with type
420 showing the greatest affected area, demonstrating increased vulnerability to NaClO-induced
corrosion.
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Figure 25: Surface area affected by corrosion fol-
lowing eight cycles of Intermittent NaClO Repro-
cessing, with type 420 demonstrating the greatest
affected area, highlighting higher susceptibility to
NaClO-induced corrosion.

Figure 26: Corrosion distribution across in-
strument components under Intermittent Na-
ClO Reprocessing, with the box lock and
ratchet displaying the highest incidence of cor-
rosion, particularly in type 420.
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(a) Stainless steel 304 (b) Stainless steel 410 (c) Stainless steel 420

Figure 27: Number of cycles to corrosion onset across cycle intervals during Intermittent Sanizyme
Reprocessing, comparing data with and without the box lock. Results indicate an earlier onset of
corrosion in type 420, particularly when the box lock is included, highlighting increased suscepti-
bility in this material.

4.1.4 Test 4: Intermittent Sanizyme Reprocessing

Test 4 examined how instruments responded to Intermittent Sanizyme Reprocessing,
with a minimum two-hour rest period between cycles. The test lasted 16 days, and each
instrument underwent up to 64 cycles.

The data reveal that the inclusion of the box lock continues to accelerate corrosion
onset, similar to previous tests. Figures 27a, 27b and 27c display the number of instruments
showing corrosion across different cycle ranges. In materials 410 and 420, the highest
incidence of corrosion occurred between 25-32 and 49-56 cycles when the box lock was
included. More instruments reached 64 cycles without visible corrosion without the box
lock, particularly in material 304.

Surface area affected by corosion
After Intermittent Sanizyme Reprocessing, the surface area affected by corrosion re-

inforces the trends observed in previous tests. Figure 28 presents the distribution of
corrosion across key instrument components, with the box lock emerging again as the
most corrosion-prone area. Material 420 shows higher affected areas across all compo-
nents, followed by 410, while 304 remains the least affected. Table 6 further summarises
these findings, showing that material 420 has the highest mean area affected by corrosion
(6 mm²) and the most significant number of corrosive spots. Both materials 410 and
420 have a mean proportion of total surface area affected of 0.15%, further underscoring
their greater susceptibility in Intermittent Sanizyme Reprocessing conditions compared to
material 304. Figure 29 further explores the relationship between the number of cycles
and the total surface area affected by corrosion. Material 420 shows larger affected areas
at earlier cycle ranges than materials 304 and 410, confirming its greater susceptibility
under Intermittent Sanizyme Reprocessing conditions. Finally, Figure 30 presents each
material’s normalised surface area affected per cycle. Material 420 exhibits the highest
median affected surface area, particularly when compared to 304, demonstrating minimal
corrosion even after 64 cycles.
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304 410 420
Mean area affected
by corrosion (mm²)

2 6 6

Mean proportion of
total surface affected
by corrosion (%)

0,05 0,15 0,15

Mean number
of corrosive spots

1,4 7,1 7,8

Mean area of
corrosive spots (mm²)

1 1 1

Table 6: Corrosion metrics for Intermittent
Sanizyme Reprocessing, with type 420 consis-
tently showing the highest affected area and
number of corrosion spots, indicating height-
ened susceptibility relative to types 304 and
410.

Figure 28: Distribution of corrosion across criti-
cal instrument components under Intermittent
Sanizyme Reprocessing, with the box lock con-
sistently showing the most vulnerability across
materials. Type 420 exhibits the highest corro-
sion incidence across multiple components.

Figure 29: Scatter plot of surface area af-
fected by corrosion against cycles completed
under Intermittent Sanizyme Reprocessing,
where type 420 demonstrates larger affected
areas in earlier cycle stages, underscoring its
increased susceptibility.

Figure 30: Box plot of normalised surface
area affected per cycle under Intermittent
Sanizyme Reprocessing, with type 420 ex-
hibiting a larger median affected area per
cycle, highlighting its heightened suscepti-
bility.
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Comparison
Continuous Sanizyme
(Chi-square)

Continuous Sanizyme
(p-value)

Intermittent Sanizyme
(Chi-square)

Intermittent Sanizyme
(p-value)

304 vs 410 7.8 0.005 (**) 9.2 0.002 (**)
304 vs 420 2.9 0.09 (ns) 8.5 0.004 (**)
410 vs 420 4.4 0.04 (*) 0.4 0.5 (ns)

Table 7: Log-rank test results comparing cycles to corrosion onset across materials under Continu-
ous and Intermittent Sanizyme Reprocessing, with statistically significant differences indicated.

4.1.5 Differences in corrosion between stainless steel 304, 410, and 420

This section explores how material differences in stainless steel alloys (304, 410, and 420)
affect corrosion susceptibility under various reprocessing conditions, focusing on the
number of cycles to corrosion onset and the surface area affected by corrosion.

Number of cycles to corrosion onset
Significant differences in corrosion onset between materials were observed only during

the Sanizyme reprocessing tests, with no differences seen in the NaClO tests. Kaplan-Meier
survival analysis was used for Continuous and Intermittent Sanizyme tests, accounting
for instruments that remained corrosion-free at the end of 150 or 64 cycles. Data include
the box lock, which significantly influences early corrosion onset. Midpoints of the cycle
ranges were used for the Kaplan-Meier analysis, resulting in a 60-cycle mark rather than
64 cycles.

Figure 31a shows the Kaplan-Meier survival curves for Continuous Sanizyme repro-
cessing. Material 304 demonstrates the highest corrosion resistance, with approximately
25% of instruments remaining corrosion-free after 150 cycles. In contrast, material 410
exhibits a rapid decline in survival probability within the first 50 cycles, and material 420
follows a similar, slightly better trajectory. By 50 cycles, all 420 instruments had corroded.

The "numbers at risk" below the plot indicate the number of instruments still consid-
ered in the analysis at different cycle points. As instruments corrode, they are excluded
from the survival probability calculations, reducing the number of instruments still at risk
of corrosion.

Figure 31b presents the Kaplan-Meier survival curves for Intermittent Sanizyme repro-
cessing. Similar trends are observed, though fewer instruments remained corrosion-free
by 60 cycles compared to the Continuous test. The numbers at risk confirm that all 410
and 420 instruments had corroded by the end of the test.

The log-rank test, summarised in Table 7, indicates significant differences (p < 0.05)
between materials 304 and 410, as well as between 410 and 420, under both Continuous
and Intermittent Sanizyme conditions. Higher chi-square values indicate a more signif-
icant difference in corrosion susceptibility between the materials, with a chi-square of
7.8 showing a substantial difference between 304 and 410 under Continuous Sanizyme
conditions. An even greater difference, with a chi-square value of 8.5, was found between
304 and 420 under Intermittent Sanizyme conditions (p = 0.004).
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(a) Kaplan-Meier survival curves during Continu-
ous Sanizyme Reprocessing.

(b) Kaplan-Meier survival curves during Intermit-
tent Sanizyme Reprocessing.

Figure 31: Kaplan-Meier survival curves for Continuous and Intermittent Sanizyme Reprocessing,
showing the probability of remaining corrosion-free across cycles completed. The ‘numbers at risk’
indicate instruments included in the analysis at each interval.

Comparison
Continuous NaClO
(p-value)

Continuous Sanizyme
(p-value)

Intermittent NaClO
(p-value)

Intermittent Sanizyme
(p-value)

304 vs 410 1.0 (ns) 0.1586 (ns) 1.0 (ns) 0.021 (*)
304 vs 420 0.36 (ns) 0.0025 (**) 1.0 (ns) 0.079 (ns)
410 vs 420 1.0 (ns) 0.1572 (ns) 1.0 (ns) 1.0 (ns)

Table 8: Wilcoxon test results for surface area affected by corrosion across reprocessing conditions,
with significant variations identified for each material.

Surface area affected by corrosion
The surface area affected by corrosion was compared between materials using the

Wilcoxon test, as the data did not meet normality assumptions. The tests were performed
separately for each reprocessing condition. For Continuous NaClO, Continuous Sanizyme,
and Intermittent Sanizyme tests, normalised surface areas were used; for Intermittent
NaClO, total surface areas were compared since all instruments underwent the same
number of cycles.

Table 8 summarises the Wilcoxon test results. No significant differences were found
under Continuous NaClO conditions. However, under Continuous Sanizyme reprocessing,
significant differences were observed between materials 304 and 420 (p = 0.0025), with
420 showing a larger affected surface area. Under Intermittent Sanizyme reprocessing,
material 410 exhibited greater susceptibility than 304 (p = 0.021).
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Continuous Sanizyme
versus

Continuous NaClO

Intermittent Sanizyme
versus

Intermittent NaClO
Material Chi-square p-value Chi-square p-value
304 35.3 3.00e09 (***) 19.0 1.00e-05(***)
410 31.9 2.00e-08 (***) 12.7 4.00e-04 (***)
420 35.3 3.00e-09(***) 15.5 8.00e-05(***)

Table 9: Log-rank test results comparing cycles to
corrosion onset under Continuous and Intermittent
reprocessing with NaClO and Sanizyme, with sig-
nificant differences indicated for each material.

Continuous Sanizyme
versus

Continuous NaClO

Intermittent Sanizyme
versus

Intermittent NaClO
Material p-value p-value
304 6.60e-08 (***) 1.60e-04 (***)
410 2.00e-09 (***) 7.30e-04 (***)
420 1.50e-11 (***) 6.80e-03 (**)

Table 10: Wilcoxon test results for the sur-
face area affected by corrosion under Continu-
ous and Intermittent NaClO and Sanizyme
reprocessing, with statistically significant dif-
ferences highlighted.

4.1.6 Corrosion comparison between NaClO and Sanizyme

This section examines how NaClO and Sanizyme affect corrosion susceptibility in surgical
instruments, focusing on two factors: the number of cycles to corrosion onset and the
surface area affected by corrosion.

Number of cycles to corrosion onset
Kaplan-Meier survival analyses compared the number of cycles to corrosion onset be-

tween Continuous and Intermittent reprocessing using NaClO and Sanizyme for stainless
steel types 304, 410, and 420. Figures 32, 33 and 34 show the survival curves for each
material.

Unlike the gradual decline in the Sanizyme tests, NaClO caused a more abrupt cor-
rosion onset. In both Continuous and Intermittent NaClO Reprocessing, all instruments
experienced corrosion onset very early in the test, as shown by the sharp drop in survival
probabilities. For example, under Continuous Sanizyme reprocessing, approximately 25%
of 304 instruments remained corrosion-free after 150 cycles. However, with Continuous
NaClO, all 304 instruments failed after just a few cycles. Similar patterns were observed
for materials 410 and 420, where NaClO reprocessing led to significantly faster corrosion
onset than Sanizyme.

Log-rank test results in Table 9 confirmed significant differences in corrosion onset
between NaClO and Sanizyme for all materials (p < 0.05), with chi-square values high-
lighting the magnitude of these differences. For instance, the comparison for material 410
under Continuous reprocessing showed a chi-square value of 31.9 (p < 0.0001), indicating
a strong divergence between NaClO and Sanizyme regarding corrosion onset.

Surface area affected by corrosion
The Wilcoxon test was used to compare the normalised surface areas affected by cor-

rosion during NaClO and Sanizyme reprocessing for each material. The Wilcoxon test
results in Table 5 show that both Continuous and Intermittent reprocessing conditions
showed significant differences (p < 0.05), with NaClO leading to larger affected areas
across all materials.
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Figure 32: Kaplan-Meier survival curves for stainless steel type 304 comparing Continuous and
Intermittent NaClO and Sanizyme reprocessing.

Figure 33: Kaplan-Meier survival curves for stainless steel type 410 comparing Continuous and
Intermittent NaClO and Sanizyme reprocessing.

Figure 34: Kaplan-Meier survival curves for stainless steel type 420 comparing Continuous and
Intermittent NaClO and Sanizyme reprocessing.
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4.1.7 Impact of rest periods on corrosion onset and affected area

This section examines the impact of incorporating rest periods between reprocessing
cycles on corrosion susceptibility and the number of cycles to corrosion onset. This was
investigated by comparing Intermittent Reprocessing tests, which included rest periods,
with Continuous Reprocessing tests, in which eight cycles were performed without rest
periods.

Number of cycles to corrosion onset
Kaplan-Meier survival analysis compared the corrosion onset for Continuous and

Intermittent Sanizyme Reprocessing across the three stainless steel types. Figures 32, 33
and 34 display the survival curves for materials 304, 410, and 420, showing how many
instruments remained corrosion-free throughout the tests. For stainless steel 304 (Figure
32), the Continuous and Intermittent reprocessing curves were similar, with no significant
differences observed in the number of cycles to corrosion onset, confirmed by the log-
rank test with a p-value of 0.40, as can be seen in Table 11. In contrast, the survival
curves for stainless steel 420 (Figure 34) show a more pronounced difference. Continuous
reprocessing leads to earlier corrosion onset compared to Intermittent reprocessing. This
is supported by the log-rank test, which found a significant difference between the two
conditions (p = 0.02). For stainless steel 410, no significant difference was detected between
the two reprocessing conditions (p = 0.80).

Surface area affected by corrosion
The surface area affected by corrosion was compared using the Wilcoxon test, nor-

malised by the number of cycles completed. Table 12 summarises the results. For material
410, Continuous Sanizyme led to significantly larger affected areas than Intermittent (p =
0.04). No significant differences were found for materials 304 and 420 under Sanizyme
reprocessing. For NaClO reprocessing, material 420 showed significantly larger affected
areas under Continuous reprocessing than Intermittent (p = 0.04), indicating that rest
periods reduced corrosion progression.

In summary, rest periods significantly impacted corrosion onset and surface area for
material 420 but not for materials 304 and 410.

Material Chi-square p-value
304 0.6 4.00e-01 (ns)
410 0.1 8.00e-01 (ns)
420 5.9 2.00e-02 (*)

Table 11: Log-rank test results comparing cy-
cles to corrosion onset under Continuous and
Intermittent Sanizyme Reprocessing, with sig-
nificant differences noted for type 420.

Continuous Sanizyme
versus

Intermittent Sanizyme

Continuous NaClO
versus

Intermittent NaClO
Material p-value p-value
304 4.46e-01 (ns) 4.22e-01 (ns)
410 3.50e-02 (*) 2.48e-01 (ns)
420 5.30e-01 (ns) 4.39e-02 (*)

Table 12: Wilcoxon test results comparing Con-
tinuous and Intermittent Sanizyme and NaClO
reprocessing, with statistically significant dif-
ferences identified for each material.
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4.2 Accelerated corrosion testing

This section summarises the findings from the Salt Mist Test, focusing on corrosion
extent across stainless steel types 304, 410, and 420. The results offer a comparative view
of material susceptibility under accelerated conditions, documenting the surface areas
affected and corrosion patterns specific to each material.

4.2.1 Test 5: Salt Mist Test

The results of the Salt Mist Test reveal distinct differences in the susceptibility to corrosion
of the three stainless steel materials tested: 304, 410, and 420. As shown in Figure 35, the
average area affected by corrosion is smallest for 304, followed by 410 and 420.

Table 36 presents the average number of corrosive spots and the corresponding affected
areas for each material. The data indicate that material 304 exhibited fewer corrosive spots
and had a smaller average area per spot compared to 410 and 420. In contrast, 410 and 420
displayed a marked increase in the number of corrosive spots and the total affected area,
with 420 showing the highest average values for both parameters.

Table 36 also shows the distribution of corrosion among components. The ring handle
was the most affected of all materials, particularly in 420, which accounted for 4.75% of the
total surface corrosion. The box lock and ratchet also showed increased susceptibility, with
smaller but significant affected areas, underscoring the varying vulnerability of different
instrument components.

Material comparison using the Wilcoxon test
A Shapiro-Wilk test indicated that the data were not normally distributed. Therefore, a

post hoc Wilcoxon test was performed to compare the corrosion susceptibility between
the materials. The results suggest that material 304 exhibited significantly lower corrosion
susceptibility compared to both 410 (p = 0.00118) and 420 (p = 0.00025). However, no
significant differences were found between 410 and 420 (p = 0.24281), indicating that these
two materials showed similar corrosion susceptibility under the conditions of the Salt
Mist Test.

Figure 35: Box plot of surface area af-
fected by corrosion following the Salt
Mist Test, with type 420 showing the
highest median affected area, underscor-
ing its increased susceptibility relative
to types 304 and 410.

304
Mean area
affected by

corrosion (mm²)

Mean proportion
of total surface affected

by corrosion (%)

Mean number
of corrosive

spots

Mean area
of corrosive
spots (mm²)

Total instrument 101 2,53 27,7 4
Box lock 14 0,35 4,6 3
Ratchet 21 0,53 9,6 2

Ring handle 66 1,65 12,9 5
Shank 1 0,03 0,6 1

Jaw 0 0,00 0,0 0
Tip 0 0,00 0,0 0

410
Mean area
affected by

corrosion (mm²)

Mean proportion
of total surface affected

by corrosion (%)

Mean number
of corrosive

spots

Mean area
of corrosive
spots (mm²)

Total Instrument 248 6,20 38,2 7
Box lock 24 0,60 4,8 5
Ratchet 54 1,35 9,6 6

Ring handle 168 4,20 22,6 7
Shank 1 0,03 1,2 1

Jaw 0 0,00 0,0 0
Tip 0 0,00 0,0 0

420
Mean area
affected by

corrosion (mm²)

Mean proportion
of total surface affected

by corrosion (%)

Mean number
of corrosive

spots

Mean area
of corrosive
spots (mm²)

Total Instrument 296 7,40 39,8 7
Box lock 42 1,05 22,6 2
Ratchet 58 1,45 13,1 4

Ring handle 190 4,75 16,3 12
Shank 2 0,05 1,2 1

Jaw 2 0,05 0,3 7
Tip 2 0,05 0,5 3

Figure 36: Corrosion metrics from the Salt Mist
Test, including mean area affected by corrosion
and number of corrosive spots. Results are pre-
sented both overall and per component, indicating
material-specific susceptibility differences.
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4.2.2 Comparing corrosion-affected surfaces: Reprocessing versus Salt Mist Test

In this section, we examine the correlation between the extent of corrosion observed in the
Salt Mist Test and that observed after varying reprocessing cycles. Using the normalised
surface areas affected by corrosion from reprocessing tests, these values were compared
with the total surface areas affected by the Salt Mist Test across materials 304, 410, and 420
using a Spearman correlation analysis.

Table 13 summarises the correlation coefficients and corresponding p-values. Stainless
steel 304 shows a significant negative correlation between the corrosion observed in the
Salt Mist Test and Continuous NaClO reprocessing, with a Spearman correlation of -0.66
(p = 0.03). Stainless steel 420 also shows a weak but statistically significant positive
correlation with Intermittent Sanizyme reprocessing (r = 0.72, p = 0.02).

In contrast, no significant correlations were found for all three stainless steel types
across the various reprocessing conditions.

Continuous NaClO
versus

Salt Mist Test

Continuous Sanizyme
versus

Salt Mist Test

Intermittent NaClO
versus

Salt Mist Test

Intermittent Sanizyme
versus

Salt Mist Test
Material Correlation p-value Correlation p-value Correlation p-value Correlation p-value

304 -0.66 0.03 (*) 0.46 0.16 0.08 0.84 0.03 0.93
410 0.62 0.06 -0.04 0.92 -0.54 0.11 0.72 0.02 (*)
420 0.02 0.98 -0.05 0.91 0.58 0.11 -0.35 0.36

Table 13: Spearman correlation analysis between the Salt Mist Test and reprocessing cycles,
highlighting a range of positive and negative correlations observed across materials.

4.2.3 Correlation between Salt Mist Test corrosion area and Sanizyme Reprocessing
cycles to corrosion onset

This section examines the correlation between the corrosion-affected surface area in the
Salt Mist Test and cycles to corrosion onset during manual Sanizyme reprocessing. Due to
uniform failure within eight cycles in Continuous and Intermittent NaClO reprocessing,
these conditions lacked variability for correlation analysis.

For Continuous and Intermittent Sanizyme reprocessing, the midpoint of the cycle
range at corrosion onset was correlated with Salt Mist Test surface areas using Spearman
correlation per material (Table 14). Results show a significant positive correlation for
material 410 in Intermittent Sanizyme (r = 0.72, p = 0.02), suggesting Salt Mist Test
corrosion extent may predict earlier onset under this condition. No significant correlations
were found for materials 304 and 420, suggesting the Salt Mist Test may not consistently
predict cycles to corrosion onset in Sanizyme reprocessing for these materials. presents
these results with correlation coefficients and corresponding p-values.

Continuous Sanizyme
versus

Salt Mist Test

Intermittent Sanizyme
versus

Salt Mist Test
Material Correlation p-value Correlation p-value
304 0.23 0.5 0.1 0.79
410 -0.04 0.92 0.72 0.02 (*)
420 -0.07 0.85 0.2 0.6

Table 14: Spearman correlation between the Salt Mist Test and cycles to corrosion onset during
Sanizyme reprocessing, highlighting a range of positive and negative correlations across materials.
Stainless steel 410 shows a significant positive correlation under Intermittent Sanizyme conditions.
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5 Discussion

5.1 Summary of key findings

Main research question
What factors influence the susceptibility to corrosion of surgical instruments during reprocessing

containing manual cleaning, and to what extent can an accelerated testing tool adequately indicate
this susceptibility?

Corrosion susceptibility in surgical instruments was primarily influenced by material
type and the choice of cleaning agent. Stainless steel 420 exhibited the highest susceptibil-
ity, showing rapid onset and extensive surface degradation, while type 304 demonstrated
the most significant resistance. NaClO exposure proved highly destructive across all
materials, meaning the influence of material type was most evident in tests with Sanizyme.
Although two-hour rest periods were included in intermittent tests, their effect on cor-
rosion progression was inconsistent and did not significantly impact the outcomes. The
Salt Mist Test results largely failed to correlate with outcomes from manual reprocessing.
This indicates that, in its current implementation, the accelerated test does not reliably
predict corrosion onset or extent for stainless steel types 304, 410, and 420 under manual
reprocessing conditions.

Sub-research questions

1. How do material differences in stainless steel alloys (304, 410, and 420) impact the suscepti-
bility to corrosion under varying reprocessing conditions?
No significant differences were found between the materials under NaClO reprocess-
ing. In Sanizyme reprocessing, however, type 420 showed the highest susceptibility,
followed by type 410, with type 304 demonstrating the most significant resistance
across continuous and intermittent conditions.

2. How does using sodium hypochlorite versus an enzymatic cleaning agent affect the suscepti-
bility to corrosion and the number of cycles to corrosion onset of surgical instruments?
NaClO exposure induced rapid corrosion across all materials, whereas Sanizyme
reprocessing delayed corrosion, particularly in type 304.

3. To what extent does incorporating a rest period between reprocessing cycles influence the
susceptibility to corrosion and the number of cycles to corrosion onset?
The inclusion of two-hour rest periods, tested in the intermittent reprocessing test
and compared to continuous reprocessing, did not show consistent significance in
reducing corrosion progression across materials. However, type 420 showed some
indications of delayed onset.

4. How does the extent of corrosion observed in accelerated testing compare to that observed
after multiple instrument reprocessing cycles?
A minimal correlation was found between reprocessing outcomes and Salt Mist Test
results regarding surface area affected by corrosion, suggesting that the Salt Mist
Test does not reliably reflect corrosion susceptibility under reprocessing conditions.

5. Does the surface area affected by corrosion in accelerated testing correlate with the number of
cycles to corrosion onset during instrument reprocessing?
Insignificant correlations across most materials suggest that the Salt Mist Test lacks
predictive value for estimating the number of cycles to corrosion onset under repro-
cessing conditions, including manual cleaning with NaClO or Sanizyme.
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5.2 Evaluation of methodological choices

5.2.1 Use of the 4-Bucket System

Reflecting on the choice of the 4-bucket cleaning system, adhering to WHO guidelines may
have been more valuable. As discussed in Section 2.1.2, discrepancies between national
and WHO recommendations create confusion and inconsistency in cleaning practices
across LMICs. Despite WHO’s advisement for safer enzymatic alternatives, corrosive
agents like chlorine remain widely used [15]. By deviating from WHO protocols, this
study may not fully support the broader need for harmonised, standardised guidelines
that healthcare providers can implement consistently. In retrospect, aligning more closely
with WHO standards might have contributed more effectively to the call for evident,
unified cleaning practices that enhance infection control and instrument longevity across
diverse settings.

5.2.2 Evaluation of the Reprocessing tests

Impact of the blood simulation
To approximate the chloride exposure that surgical instruments face in real use, instru-

ments were briefly dried after rinsing. This approach aimed to balance clinical realism
with practical testing limitations, avoiding extended cycle times. Future studies might
investigate prolonged blood exposure to enhance clinical relevance.

Accelerated corrosion observations around the box lock
Corrosion developed quickly around the box lock in this study, unlike observations

in pilot studies with other instrument types. One likely factor is the limited oxygen
accessibility within the box lock area, which increases susceptibility to crevice corrosion.
Low oxygen levels create anodic regions where metal ions dissolve into the solution [35].
Although crevice corrosion is known to occur in these confined spaces, the specific areas
where corrosion was most prominent were not in the narrowest parts of the hinge itself.
As shown in Figure 15 in Section 3.5.1, the corrosion-prone sites were somewhat exposed
but had notably rough surface finishes, which could indicate a manufacturing defect. Poor
surface finishes can compromise the material’s resistance to corrosion by disrupting the
passive layer, making the metal more vulnerable in aggressive environments [9, 28].

The possible influence of such manufacturing imperfections on the corrosion outcomes
led to a decision not to use these specific sites as exclusion criteria for further testing.
Intermittent Reprocessing Tests were included to investigate whether introducing rest
intervals could mitigate corrosion onset, allowing the surface time for passive layer
recovery between cycles [26].

Normalising corrosion surface area across test cycles
Instruments were excluded from testing once corrosion outside the box lock was ob-

served to prevent contact corrosion. This normalisation per cycle enabled more consistent
comparisons across instruments despite the non-linear nature of corrosion [54]. Although
this approach does not track precise progression, it allows for a fairer comparison of
corrosion-affected surface areas across materials with differing cycle counts. This helps
to mitigate potential biases resulting from varied exposure levels. Future studies could
maintain uniform cycle numbers across instruments to enhance comparability.

5.2.3 Evaluation of the Salt Mist Test for surgical instruments

The Salt Mist Test proved valuable for assessing corrosion susceptibility but presented
challenges due to its constant conditions, which differ from the fluctuating environments
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in clinical settings [55]. The aim was not to replicate clinical conditions but to evaluate
if insights from the Salt Mist Test could inform manual reprocessing outcomes. Pilot
studies helped refine parameters like salt concentration and temperature based on ASTM
standards [56]. A four-hour exposure was selected; however, it may have been excessive,
amplifying corrosion beyond expected levels and potentially reducing the test’s predictive
accuracy for clinical applications. Shorter exposure times in future studies could capture
early-stage corrosion more effectively.

5.2.4 Sample size and test adaptations

An initial power analysis suggested 60 instruments per test to ensure statistical reliability.
However, rapid corrosion, especially in the continuous NaClO tests, led to adaptations,
including the addition of intermittent tests. Redistributing instruments resulted in 30
instruments per intermittent test and Salt Mist Test, with 10 per stainless steel type (304,
410, and 420). Although uneven, this distribution provided extra valuable insights within
the constraints of available resources.

5.2.5 Documentation of corrosion

The 2D images often lacked depth and boundary clarity, particularly around curved
areas. Variations in lighting and contrast across the instruments further complicated the
accuracy of surface area measurements. Additionally, most corrosion spots were very
small (<1 mm), making precise documentation challenging. While these factors may have
affected measurement precision, they were consistent across all instruments, minimising
any impact on the overall findings.

5.3 Interpretation of results

5.3.1 Material susceptibility to corrosion

Based on the literature in Section 2.2, corrosion resistance was expected to correlate with
chromium content, with type 304 performing best, followed by 420 and 410. However,
results from the Sanizyme tests showed type 420 as the most susceptible to corrosion,
even more so than 410, suggesting chromium content alone does not determine corrosion
resistance.

This discrepancy may stem from the microstructural properties of 410 and 420, both
martensitic stainless steels known for their hardness. These can create vulnerabilities such
as internal stresses and microcracks that make these materials more prone to corrosion
under aggressive conditions. Additionally, the higher carbon content in 420 may lead to
carbide formation at grain boundaries, weakening the passive layer and increasing sus-
ceptibility to intergranular corrosion [57]. Studies also indicate that carbide formation and
internal stresses in the martensitic matrix of 420 significantly reduce corrosion resistance,
particularly after heat treatment [58, 59].

In summary, the unexpected performance of type 420 highlights that chromium content
alone is not a reliable predictor of corrosion resistance. Further research could focus on the
balance between hardness and corrosion resistance to guide material choices for surgical
instruments in LMICs.
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5.3.2 Effect of sodium hypochlorite versus enzymatic cleaning on corrosion suscepti-
bility

Sodium hypochlorite (NaClO) significantly increases corrosion susceptibility in stainless
steels due to its highly oxidative nature, which disrupts the passive layer and exposes the
material to further corrosion [60]. This effect is particularly severe in martensitic stainless
steels (types 410 and 420), where the protective oxide layer is less stable than in austenitic
steel (type 304) [61]. In contrast, the enzymatic agent Sanizyme lacks oxidative action,
resulting in a gentler impact on surface integrity and delaying the onset of corrosion [60].

These findings underscore the importance of selecting less aggressive cleaning agents,
especially for materials prone to corrosion under oxidative conditions. Such agents could
be particularly valuable in resource-limited settings where instrument longevity is crucial
[60].

5.3.3 Impact of rest periods on corrosion susceptibility

Given stainless steel’s longer recovery time, short rest intervals were anticipated to have
a limited impact on corrosion onset. However, distinct responses were observed among
types 304, 410, and 420, primarily due to their differing compositions and reactivity.

Type 420 showed substantial corrosion under NaClO but not under Sanizyme, likely
because NaClO rapidly degrades the chromium oxide passive layer, while intermittent
exposure allows partial passivation, limiting corrosion [59, 62]. In contrast, Sanizyme’s
enzymatic action does not harm the passive layer, resulting in no significant impact on
corrosion surface area [57]. Type 410 displayed notable differences only under Sanizyme,
likely due to its lower chromium content and less stable passive layer, which offers mini-
mal protection against NaClO even with rest periods [63].

Type 304 showed no significant differences between continuous and intermittent
exposure. This may reflect 304’s strong self-repairing passive layer, supported by high
chromium and nickel, which provides notable resistance to corrosion in NaClO and
Sanizyme Reprocessing, even without rest periods. Rest intervals in this timeframe did
not lead to substantial improvements in susceptibility to corrosion. More extended rest
periods may be necessary to observe more pronounced effects [64].

5.3.4 Evaluating the predictive value of the Salt Mist Test

Correlation of surface area affected by corrosion
The limited correlation between the Salt Mist Test and reprocessing tests likely stems

from methodological differences. The Salt Mist Test is conducted in a controlled environ-
ment with consistent variables, such as salt concentration, humidity, and temperature,
minimising data variability. In contrast, reprocessing methods simulate real-world condi-
tions, which are more challenging to standardise and introduce more variability in results
[65]. Normalising the affected surface area per cycle in reprocessing tests also implies a
linear corrosion progression, which does not align with the typically non-linear nature of
corrosion [54]. Variable sample sizes and non-normal data further reduce statistical power,
impacting correlation reliability.

Additionally, the inconsistent correlation direction—positive for some materials and
negative for others—suggests an absence of a meaningful relationship between the affected
surface areas in the Salt Mist Test and those observed during reprocessing. An accurate
correlation would likely show a consistent direction across all materials. This lack of



51 51

uniformity reinforces the conclusion that the Salt Mist Test does not reliably predict
corrosion behaviour under reprocessing conditions.

Predictive value for corrosion onset
The correlation analysis between the affected surface area in the Salt Mist Test and

the number of cycles to corrosion onset during reprocessing is similarly impacted by
differences in metrics and methodological constraints, such as variable sample sizes and
non-normal data distributions, which increase the risk of Type II errors [66].

Moreover, the mixed positive and negative correlations further indicate a lack of
consistent relationship between the two tests. If an accurate correlation existed, one would
expect uniform correlation directions (e.g., all negative), suggesting that larger affected
areas in the Salt Mist Test correspond to fewer cycles to corrosion onset in reprocessing
tests. The observed inconsistency implies no coherent relationship, limiting the Salt Mist
Test’s predictive value for corrosion onset in reprocessing conditions.

5.3.5 Towards an understanding of the main research question

This study underscores how various cleaning protocols and material factors significantly
impact the corrosion susceptibility of surgical instruments, reinforcing the need for a
standardised manual cleaning protocol. A clear protocol could reduce confusion around
guideline adherence and enhance instrument longevity, particularly in LMIC contexts
where resources may be limited [67, 68]. Developing best practices to optimise instrument
durability may be essential in reducing corrosion-related wear and extending the func-
tional lifespan of these tools [7].

Findings suggest that factors such as chromium content, carbon structure, and the
aggressiveness of agents like NaClO versus enzymatic cleaners impact corrosion sus-
ceptibility [7, 67]. Additional variables, such as sterilisation techniques and mechanical
handling, were standardised in this study but could warrant further investigation due
to their potential impact on corrosion [7]. This study’s use of enzymatic agents under
similar soaking protocols to NaClO highlights the need to tailor cleaning techniques to
each agent’s properties to maximise efficacy while preserving material integrity [68].

Regarding the Salt Mist Test, this study revealed limitations in its predictive value
under manual reprocessing conditions. The controlled test conditions, including stable
temperature and humidity, contrast with the variable settings in clinical environments,
likely explaining the observed lack of correlation with real-world corrosion patterns [65].
The findings of this study do not conclusively rule out the Salt Mist Test as a potential
indicator of corrosion susceptibility in reprocessing contexts that include manual cleaning.
Although the test in its current form did not correlate well with reprocessing outcomes,
this should not be taken as definitive evidence of its inadequacy. Instead, the findings
highlight several methodological limitations, suggesting further research.

5.4 Limitations of this study

This study has several limitations that may influence the interpretation and generalisability
of the findings.

Time and budget constraints
This research was conducted within the framework of a master’s thesis, with limited
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time and budget. These constraints restricted sample sizes per test, which may reduce
statistical power and increase the risk of Type II errors, potentially missing accurate
correlation [66]. Additionally, the limited timeframe restricted the simulation of prolonged
blood exposure. It limited the rest period in the intermittent reprocessing protocol to two
hours, which may be insufficient to capture optimal corrosion recovery intervals.

Methodological limitations
Challenges in documenting corrosion on reflective, complex instrument surfaces may

have led to slight underestimations in corrosion extent. 2D images often lacked boundary
clarity and depth, especially for small corrosion spots, and variations in lighting and
contrast may have impacted measurement accuracy. Furthermore, normalising corrosion
surface area per cycle assumes a linear progression, potentially oversimplifying the non-
linear corrosion progression observed in clinical settings [54]. While this normalisation
facilitated comparison, it may only partially represent the complex nature of corrosion in
practical applications.

Limitations in selected testing methods
The study’s scope was limited to testing a single enzymatic cleaning agent despite the

availability of other formulations with diverse compositions and efficacies. This narrow
focus may limit the applicability of findings to reprocessing protocols involving other
enzymatic agents. In addition, a single, standardised sterilisation method was used,
which, while ensuring consistency, may overlook variations in corrosion susceptibility
linked to different sterilisation practices. Certain aspects of manual reprocessing—such
as mechanical handling and scrubbing—were also not included, though these may im-
pact corrosion susceptibility. Finally, this study relied solely on the Salt Mist Test as an
accelerated corrosion method and did not explore alternative tests that might provide
complementary insights. The Salt Mist Test relies on highly standardised settings which
may not entirely capture the variability of clinical environments [65]. While the Salt Mist
Test provided valuable data, future studies could investigate complementary accelerated
testing methods to better reflect corrosion behaviours under simulated clinical conditions.

Addressing these limitations in future research could improve understanding of corro-
sion susceptibility and enhance the predictive value of accelerated testing methods under
clinical reprocessing conditions.

5.5 Relevance and implications of this research for LMIC contexts

This study offers valuable insights into improving surgical instrument management in
LMICs. Limited resources make corrosion control essential for extending instrument
lifespan and ensuring patient safety [7]. The findings highlight the need for a clear,
standardised cleaning protocol in LMICs that addresses cleaning efficacy and long-term
instrument durability. Such a protocol could mitigate current inconsistencies in reprocess-
ing practices, providing healthcare workers with reliable guidance that reduces corrosion
risk and supports instrument longevity [2].

Furthermore, this research raises important considerations for material selection. While
400 series stainless steel is commonly chosen for its hardness, its susceptibility to corrosion
may challenge its suitability in LMICs, where corrosion can more directly impact sterility
[67]. Exploring materials that better balance strength with corrosion resistance could
enable more durable instrument use in these settings [9]. By focusing on sustainable,
cost-effective reprocessing methods, this research contributes to safer and more resilient
surgical instrument management practices suited to the unique needs of LMICs.
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5.6 Future research recommendations

This study suggests several directions for future research to further enhance our under-
standing of corrosion susceptibility in surgical instruments, particularly in low—and
middle-income countries (LMICs).

Material properties and investment considerations for LMICs
Significant price differences exist between stainless steel types 410, 420, and 304, making

it essential to explore which material properties are most critical for surgical instruments
in LMIC settings. While the 400 series is commonly chosen for its hardness, its corrosion
susceptibility raises concerns for LMIC applications, where corrosion poses a higher risk
to instrument sterility and contributes to surgical site infections. Examining the balance
between material strength and corrosion resistance in LMIC contexts would provide
insights into which materials offer the best long-term value for healthcare facilities in these
regions.

Extended rest periods in reprocessing cycles
Testing the effect of longer rest periods between reprocessing cycles, with inspection

after each cycle, could help determine if extended intervals promote more robust passiva-
tion and greater corrosion resistance, especially in materials that are otherwise prone to
rapid corrosion.

Investigation into contact corrosion
Assessing the influence of contact corrosion would allow for more comprehensive

testing beyond the initial signs of corrosion onset. Such analysis may reveal how contact
between corroded and non-corroded areas accelerates degradation and could inform
strategies to mitigate this effect.

Salt Mist Test protocol optimisation
Adjusting salt concentration and exposure duration to refine the salt mist test could

improve its predictive accuracy for real-world corrosion patterns, making it a more
effective accelerated testing tool for clinical reprocessing scenarios.

Component-specific corrosion analysis
Future studies could benefit from a detailed analysis of corrosion patterns in individual

instrument components. This may uncover vulnerabilities in specific areas, such as hinges
or serrations, allowing for targeted improvements in design and maintenance.

Additional recommendations
Further research might also include testing alternative enzymatic cleaning agents, ex-

ploring diverse sterilisation protocols, and investigating the effects of mechanical handling,
such as scrubbing, on corrosion progression. Addressing these areas would provide a more
comprehensive foundation for optimising reprocessing practices and material choices.
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6 Conclusion

This study assessed the corrosion susceptibility of surgical stainless steels 304, 410, and
420 under reprocessing conditions representative of low—and middle-income countries
(LMICs). The research utilised both reprocessing tests with sodium hypochlorite and
the enzymatic agent Sanizyme and an accelerated Salt Mist Test to evaluate potential
predictive correlations.

The reprocessing tests demonstrated that sodium hypochlorite is highly corrosive,
leading to rapid degradation across all tested stainless steels, which could compromise
the integrity and safety of surgical instruments. In contrast, using Sanizyme significantly
delayed corrosion onset, reducing the affected surface areas across all materials. This
suggests that milder enzymatic agents could extend instrument lifespans in LMICs, where
repeated reprocessing is essential.

Among the materials, stainless steel 410 and 420 are known for their strength and
hardness, which is essential for the functionality of surgical instruments, while 304 is
valued for its corrosion resistance. This study highlights a trade-off between mechanical
durability and corrosion resistance that warrants further exploration in LMIC settings,
where balancing these properties could impact both instrument longevity and patient
safety.

The Salt Mist Test was employed as an accelerated method to simulate corrosion
patterns, but outcomes did not correlate closely with the manual reprocessing behaviours
observed. This finding suggests that while the Salt Mist Test holds potential for accelerated
corrosion assessment, refinements are necessary for predictive accuracy in clinical contexts.

Overall, these findings underscore the importance of enzymatic agents as a viable,
less corrosive alternative to sodium hypochlorite, with implications for enhancing the
longevity and safety of surgical instruments in LMICs. Further studies are recommended
to refine accelerated testing methods and explore materials that balance strength and
corrosion resistance, tailored to the resource limitations in LMICs.



References 55

References

1. J. G. Meara, A. J. Leather, L. Hagander, B. C. Alkire, N. Alonso, E. A. Ameh, S. W.
Bickler, L. Conteh, A. J. Dare, J. Davies, E. D. Mérisier, S. El-Halabi, P. E. Farmer,
A. Gawande, R. Gillies, S. L. Greenberg, C. E. Grimes, R. L. Gruen, E. A. Ismail, T. B.
Kamara, C. Lavy, G. Lundeg, N. C. Mkandawire, N. P. Raykar, J. N. Riesel, E. Rodas,
J. Rose, N. Roy, M. G. Shrime, R. Sullivan, S. Verguet, D. Watters, T. G. Weiser, I. H.
Wilson, G. Yamey, and W. Yip, “Global Surgery 2030: Evidence and solutions for
achieving health, welfare, and economic development,” pp. 569–624, 8 2015.

2. D. Jain, R. Sharma, and S. Reddy, “WHO safe surgery checklist: Barriers to universal
acceptance,” Journal of Anaesthesiology Clinical Pharmacology, vol. 34, no. 1, p. 7, 7 2018.
[Online]. Available: https://journals.lww.com/10.4103/joacp.JOACP_307_16

3. O. Fast, C. Fast, D. Fast, S. Veltjens, Z. Salami, and M. C. White, “Limited
sterile processing capabilities for safe surgery in low-income and middle-income
countries: experience in the Republic of Congo, Madagascar and Benin,” BMJ
Global Health, vol. 2, no. Suppl 4, p. e000428, 9 2017. [Online]. Available:
https://gh.bmj.com/lookup/doi/10.1136/bmjgh-2017-000428

4. J. Boubour, K. Jenson, H. Richter, J. Yarbrough, Z. M. Oden, and D. A.
Schuler, “A Shipping Container-Based Sterile Processing Unit for Low Resources
Settings,” PLOS ONE, vol. 11, no. 3, p. e0149624, 3 2016. [Online]. Available:
https://dx.plos.org/10.1371/journal.pone.0149624

5. A. Cuncannon, A. Dosani, and O. Fast, “Sterile processing in low- and middle-income
countries: an integrative review,” Journal of Infection Prevention, 6 2020. [Online].
Available: https://journals.sagepub.com/doi/full/10.1177/1757177420947468http:
//files/1242/Cuncannone.a.-2020-Sterileprocessinginlow-andmiddle-incomecount.
pdfhttp://files/1241/1757177420947468.html

6. WHO, “Safe Surgery Saves Lives,” PACEsetterS, vol. 5, no. 3, p. 21, 7 2008. [Online].
Available: https://journals.lww.com/01437870-200807000-00007

7. Y. Xu, Z. Huang, and G. Corner, “A study of the effect of clinical washing decontami-
nation process on corrosion resistance of Martensitic Stainless Steel 420,” Bio-Medical
Materials and Engineering, vol. 27, no. 4, pp. 341–351, 2016.

8. H. J. Kaiser, P. Schwab, and J. F. Tirey, “Spotting, staining, and corrosion of surgical
instruments,” 7 2000. [Online]. Available: https://www.infectioncontroltoday.com/
view/spotting-staining-and-corrosion-surgical-instruments

9. S. Shah and M. Bernardo, “Corrosion protection of reusable surgical instruments.”
Biomedical instrumentation & technology, vol. 36, no. 5, pp. 318–24, 2002. [Online].
Available: http://www.ncbi.nlm.nih.gov/pubmed/12369423

10. Dayane de Melo Costa, “Maintaining patient safety: surgical instruments and envi-
ronment surface care,” Ph.D. dissertation, Macquarie University, Sydney, 4 2017.

11. Medical Device Coordination Group, “Guidance on classification of medical devices,”
European Commission, Tech. Rep., 10 2021.

12. W. A. Rutala and D. J. Weber, “Guideline for Disinfection and Sterilization
in Healthcare Facilities, 2008,” Tech. Rep., 6 2024. [Online]. Available: https:
//www.cdc.gov/infection-control/hcp/disinfection-and-sterilization/index.html

13. X. Zhu, L. Yuan, T. Li, and P. Cheng, “Errors in packaging surgical instruments based
on a surgical instrument tracking system: an observational study,” BMC Health Services
Research, vol. 19, no. 1, p. 176, 12 2019.

https://journals.lww.com/10.4103/joacp.JOACP_307_16
https://gh.bmj.com/lookup/doi/10.1136/bmjgh-2017-000428
https://dx.plos.org/10.1371/journal.pone.0149624
https://journals.sagepub.com/doi/full/10.1177/1757177420947468 http://files/1242/Cuncannon e.a. - 2020 - Sterile processing in low- and middle-income count.pdf http://files/1241/1757177420947468.html
https://journals.sagepub.com/doi/full/10.1177/1757177420947468 http://files/1242/Cuncannon e.a. - 2020 - Sterile processing in low- and middle-income count.pdf http://files/1241/1757177420947468.html
https://journals.sagepub.com/doi/full/10.1177/1757177420947468 http://files/1242/Cuncannon e.a. - 2020 - Sterile processing in low- and middle-income count.pdf http://files/1241/1757177420947468.html
https://journals.lww.com/01437870-200807000-00007
https://www.infectioncontroltoday.com/view/spotting-staining-and-corrosion-surgical-instruments
https://www.infectioncontroltoday.com/view/spotting-staining-and-corrosion-surgical-instruments
http://www.ncbi.nlm.nih.gov/pubmed/12369423
https://www.cdc.gov/infection-control/hcp/disinfection-and-sterilization/index.html
https://www.cdc.gov/infection-control/hcp/disinfection-and-sterilization/index.html


56 References

14. F. T. Ogunsola and S. Mehtar, “Challenges regarding the control of environmental
sources of contamination in healthcare settings in low-and middle-income countries -
a narrative review,” Antimicrobial Resistance & Infection Control, vol. 9, no. 1, p. 81, 12
2020. [Online]. Available: https://aricjournal.biomedcentral.com/articles/10.1186/
s13756-020-00747-0

15. J. A. Forrester, B. L. Powell, J. D. Forrester, C. Fast, and T. G. Weiser, “Surgical
Instrument Reprocessing in Resource-Constrained Countries: A Scoping Review of
Existing Methods, Policies, and Barriers,” Surgical Infections, vol. 19, no. 6, pp. 593–602,
8 2018. [Online]. Available: https://www.liebertpub.com/doi/10.1089/sur.2018.078

16. W. H. Organization and P. A. H. Organization, “Decontamination and Reprocessing
of Medical Devices for Health-care Facilities,” Tech. Rep., 2016. [Online].
Available: https://iris.who.int/bitstream/handle/10665/250232/9789241549851-eng.
pdf?sequence=1

17. M. Cura, “_USInstrument Sterilization and Surgical Site Infections in Low and Middle
Income Countries,” _USJournal of Student Research, vol. 12, no. 3, 8 2023. [Online].
Available: https://www.jsr.org/hs/index.php/path/article/view/4950

18. D. Vilar-Compte, A. Camacho-Ortiz, and S. Ponce-de León, “Infection Control
in Limited Resources Countries: Challenges and Priorities,” Current Infectious
Disease Reports, vol. 19, no. 5, p. 20, 5 2017. [Online]. Available: http:
//link.springer.com/10.1007/s11908-017-0572-y

19. G. D. Politis, G. Gregory, F. S. Yudkowitz, Q. A. Fisher, A. Z. Bhettay, and A. Wexler,
“2020 guidelines for conducting plastic reconstructive short-term surgical projects in
low-middle income countries,” Pediatric Anesthesia, vol. 30, no. 12, pp. 1308–1321, 12
2020. [Online]. Available: https://onlinelibrary.wiley.com/doi/10.1111/pan.13960

20. P. Patil, P. Nathani, J. M. Bakker, A. J. van Duinen, P. Bhushan, M. Shukla, S. Chalise,
N. Roy, and A. Gadgil, “Are LMICs Achieving the Lancet Commission Global Bench-
mark for Surgical Volumes? A Systematic Review,” pp. 1930–1939, 8 2023.

21. K.-H. Byun, S. H. Han, J.-w. Yoon, S. H. Park, and S.-D. Ha, “Efficacy of chlorine-based
disinfectants (sodium hypochlorite and chlorine dioxide) on Salmonella Enteritidis
planktonic cells, biofilms on food contact surfaces and chicken skin,” Food Control, vol.
123, p. 107838, 5 2021.

22. S. Mahdizadeh, K. Sawford, M. van Andel, and G. F. Browning, “Efficacy of citric
acid and sodium hypochlorite as disinfectants against Mycoplasma bovis,” Veterinary
Microbiology, vol. 243, p. 108630, 4 2020.

23. Ministry of Health of Uganda, “HCF Cleaning and disinfection procedures
during EVD | MOH Knowledge Management Portal,” Kampala, 2022. [Online].
Available: http://library.health.go.ug/ebola-virus-disease-evd/ebola-iec-materials/
hcf-cleaning-and-disinfection-procedures-during-evd

24. A. Nouri and C. Wen, “Stainless steels in orthopedics,” in Structural Biomaterials.
Elsevier, 2021, pp. 67–101. [Online]. Available: https://linkinghub.elsevier.com/
retrieve/pii/B9780128188316000082
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7 Appendix

Appendix A: Equipment and materials used for reprocessing tests

To supplement the materials and methods section for the reprocessing tests, the fol-
lowing equipment and materials were used to carry out the tests:

• Five plastic containers, each with a capacity of at least 10 litres.

• Pure sodium chloride (NaCl) from Labshop.nl.

• Sanizyme solution (enzymatic detergent) from SIRMAXO CHEMICALS.

• Sodium hypochlorite diluted to 0.5% by adding 0.4167 litres of NaClO (12.5%) to 10
litres of water.

• OMO detergent powder.

• Demineralised water.

• Clean tap water.

• A towel.

• A MELAtronic 15 EN+ autoclave.

• A plastic colander for holding the instruments during cleaning cycles.

• Rubber gloves to prevent skin contact with cleaning agents.

• Plastic spatulas for mixing the solutions.

• A precision scale for accurate measurements.

Figure 37: Overview of the setup.
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Figure 38: MELAtronic 15 EN+ autoclave
used for sterilization.

Figure 39: Materials used during the tests

Figure 40: Timer setup to accurately measure
cleaning cycle times.

Figure 41: Photo booth setup used
for documenting corrosion spots.

Appendix B: Equipment and materials used for Salt Mist Test

To supplement the materials and methods section for the Salt Mist Test, the following
equipment and materials were used to carry out Test 5:

• A large container with a capacity of 10 litres, filled with demineralised water.

• A Kitchenbrothers sous vide stick for temperature control.

• A plexiglass cover with a cut-out for the sous vide stick.

• Pure sodium chloride (NaCl) from Labshop.nl to create the saline solution.

• A plastic rack to suspend the instruments above the water level.

• A Tbest 12-LED ultrasound mist maker for generating the salt mist.

• Plastic spatulas for mixing the solutions.

• A precision scale for accurate measurements.
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Appendix C: Excelsheets of Reprocessing data

Data Continuous NaClO Reprocessing
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Data Continuous Sanizyme Reprocessing
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Data Intermittent NaClO Reprocessing

Data Intermittent Sanizyme Reprocessing
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Appendix D: Excelsheet Salt Mist Test



66 Appendix

Appendix E: Data Analysis in RStudio
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