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Abstract

Nasolacrimal duct obstructions (NLDO) and canalicular lacerations are injuries to the lacrimal drainage
system causing complications to the physiological function of the system which can lead to an assortment of
adverse symptoms including epiphora and infection. Depth assessments of lacerations and NLDOs are
performed by inserting a Bowman probe, securing the distal visible end with forceps, and measuring the
exposed length with a ruler. This method introduces measurement inaccuracies due to the additional step of
using a ruler to determine depth. Dr. James Law and Dr. Suzanne Van Landingham of the UW-Hospital have
requested a version of the current probe with 1 mm graduated markings. The graduated Bowman’s probe
prototypes will be manufactured with outsourced help from Schumacher Machinery LLC to create markings on
the surface of the probe. This device will be tested against 5 main specifications of which are, uniform and
consistent interval marking length, degradative natural biological and autoclave environments, tissue damage
when used during probing, and accuracy for finding the depth of an NLDO or laceration. To ensure tissue
integrity is maintained, an artificial phantom will be created which mimics soft tissue within the lacrimal
system. The phantom will be tested against mechanical and physiological rationale to ultimately determine
patient risk while using graduated Bowman’s probes. Successful implementation of this device could help
provide more accurate diagnosis of NLDOs and canalicular laceration allowing for more effective treatment and
lower recurrence rates.



BME Design: 200, 201, 300, 301, 400 and 402

Table of Contents

Abstract
Table of Contents
Introduction
A. Impact and Motivation
B. Existing Designs
C. Problem Statement
Background
A. Relevant Biology and Physiology
B. Client Information
C. Design Specifications
Nasolacrimal Canal Phantom
Preliminary Phantom Fabrication Techniques
3D Printing
Electrospinning
Injection Molding
Fabrication
Graduated Bowman Probes
A. Materials
B. Methods
C. Final Prototype
Testing and Results
A. Testing Plan
Graduated Bowman Probes
Lacrimal Phantom
Discussion
A. Ethical Considerations
B. Future Work
Conclusions
References
Appendix A: Product Design Specifications
Function
Design requirements
Appendix B: Expense Sheet

O O o0 00 0 00 1 & &N Li A B b W N

[N I N e T e e e e e e T e T e T e S e O e e ]
A O 00 N W W W W == O O O O O



BME Design: 200, 201, 300, 301, 400 and 402
Introduction

A. Impact and Motivation

Inhibition of physiological function to the lacrimal drainage system can be caused by a variety of
adverse conditions. Nasolacrimal duct obstruction (NLDO) is a common ophthalmologic condition affecting
both infants and adults, often leading to chronic tearing, infection, and decreased quality of life if not properly
treated. Canalicular lacerations are trauma induced tears of the lacrimal canaliculi prevalent in younger
demographics, resulting in an inability to process lacrimal fluid, epiphora and possible infection. Current
standard Bowman probe devices lack graduated measurement markings, forcing clinicians to estimate insertion
depth during probing procedures, increasing the risk of inaccurate obstruction localization, tissue trauma, and
suboptimal treatment planning. A graduated probe that provides precise, millimeter-scale depth feedback would
reduce human error, improve diagnostic accuracy, and support more personalized and effective patient care
across diverse age groups and clinical settings. Given the frequency of lacrimal procedures and the delicate
anatomy of the nasolacrimal system, the development of a synthetic phantom would serve as a productive tool
for both graduated probe validation testing and ophthalmologic medical training to improve patient care.

B. Existing Designs

There are currently no graduated Bowman’s probes meant for clinical use available on the market. The
current clinical ‘gold standard’ for obtaining lacrimal measurements is through use of an ungraduated traditional
probe where quantitative values are subjectively ascertained through comparison to an external measuring
apparatus, most commonly a ruler. This form of measurement introduces the possibility of transfer error and can
easily be streamlined through combination of the two components. There are a few graduated designs which
have been developed for research-based deployment. The Calibrated Bowman’s Lacrimal probe from the All
India Institute of Medical Sciences is a set of Bowman’s probes that feature laser engraved numbers at varying
millimeter intervals [1]. This design maintains ISO-10993-1 standards for biocompatibility and easily
distinguishable millimeter markings for probe insertion depth into the nasolacrimal duct. This design does not
exactly fit the criteria and function that has been requested by the client, as expanded upon in Background
Section C: Design Specifications. In regards to the phantom model designed to simulate the nasolacrimal
system, very few apparatuses are available for commercial purchase. The main competitor is the Anatomy Lab
A-106725 Nasolacrimal Duct Obstruction Trainer which simulates the inner anatomical structure of the lacrimal
ducts and bilateral lacrimal canal [2]. This phantom is expensive and is not made of a material that mimics the
material properties of the endothelial lining as seen in the human nasolacrimal system.
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Figure 1: Calibrated Bowman’s Lacrimal probe from the All India Institute of Medical Sciences [1]

C. Problem Statement

There are currently no available graduated Bowman’s probes available for clinical use on the market.
Consequently, doctors performing clinical procedures requiring lacrimal measurements are required to rely on
external measuring methods to estimate probe insertion depth. This indirect approach introduces user-dependent
variability and measurement uncertainty, particularly in cases involving partial obstruction, canalicular
narrowing, or atypical anatomy, where tactile feedback alone may be difficult to interpret. These limitations are
recognized contributors to occasional mislocalization of damage which can result in unnecessary invasive
surgical intervention, increased medical costs, and patient discomfort. To provide an easier method of
measurement acquisition, the creation of a set of clinically accessible graduated Bowman’s probes is necessary.
By creating an accurate device that features easy data collection, doctors will be able to ascertain the exact
location of lacrimal measurements which will allow for the prescription of more personalized treatment plans to
patients. The device must be identical in dimensions to currently used Bowman’s probes, feature distinguishable
markings, and minimize any changes to surface texture in order to maximize measurement accuracy and patient
safety. In order to further validate the safety of the graduated bowman probes, the creation of a nasolacrimal
phantom, which retains accurate anatomical geometry and material properties as seen in the human
nasolacrimal system, would be beneficial for testing and medical education purposes.
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Background

A. Relevant Biology and Physiology

The lacrimal drainage system is the anatomical irrigation pathway that removes tears from the ocular
surface to the nasal cavity, intrinsic to keeping the eyes lubricated, nourished, and protected [3]. The system
includes the lacrimal gland and excretory ducts which are located oblique to the eye as well as the puncta,
canaliculi, lacrimal sac, and nasolacrimal duct, all of which reside between the eye and the nose [3]. When
proper physiological function of this system is inhibited, propagation of infection and immunogenic response
follows, damaging the health and wellbeing of the patient. Inhibition of lacrimal function can come through a
variety of sources including any level of trauma or blockage. Blockages within this system are known as
nasolacrimal duct obstructions, or more simply lacrimal obstructions, and can lead to an assortment of
symptoms, such as epiphora (excessive tearing) and infection, which may result in the need for invasive surgical
intervention [4]. During gestation, a cord of ectodermal tissue separates from the surface and enters grooves
between the frontons and maxillary processes of the eye. This tissue eventually canalizes and forms the lacrimal
sac and nasolacrimal duct of the lacrimal drainage system, fully developing by birth [5]. Incomplete
canalization is the most common cause of nasolacrimal duct obstruction, where the puncta is clogged [6]. With
age, inflammation, and injury, this tube can get even narrower which leads to the duct being obstructed,
resulting in the aforementioned symptomology. Nasolacrimal duct obstructions are an incredibly common
disorder of the lacrimal system; between 6 to 20 percent of newborns exhibit symptoms [7]. The condition can
be treated with several methods including ointments, gentle massaging, and eye drops [8]. Commonly, however,
symptomology continues to persist despite application of these known remedies, creating the necessity for a
consistent solution in ophthalmological procedure. To treat the issue, doctors will use a Bowman probe to gauge
where the obstruction is and assess what type of treatment and operations are required. For effective probing, an
ophthalmologist must pass the probe through the bony nasolacrimal canal and perforate the embryological
membrane without traumatizing other anatomical structures or creating a false passage [9]. Accurate evaluation
of nasolacrimal blockages through the use of Bowman probes is necessary for appropriate treatment evaluation
and quick patient recovery to minimize patient discomfort.

Lacrimal sac

Lacrimal duct
& Healthvwize, Incorporated

Figure 2: Diagram of the Nasolacrimal drainage system [10]
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Less common, but just as impactful for consideration, are canalicular lacerations. These lacerations are
most commonly created from traumatic tears of the lacrimal system induced by eyelid trauma, accidents, or dog
bites [11]. Partnering approximately 20% of eye lid trauma cases, canalicular lacerations make up a significant
portion of eye related hospitalizations especially in younger, male demographics [12]. The upper and lower
canaliculi of an individual are located within the medial aspects of both eyelids, adjacent to the eyes' puncta,
and millimeters from surface epithelium, leaving them susceptible to harm during traumatic accidents [13].
Laceration of the canaliculi reduces the lacrimal system's ability to transport tears from the eye to the nose and
can result in significant pain, epiphora, and infection of the individual. Bowman probes are used to assess these
lacerations through fine insertion in through the associating eye’s punctum. Once inside, the clinician will
continue to insert the probe distally until the point of laceration is identified [14]. This insertion depth is then
measured using an external measuring apparatus and the patient's treatment plan is then curated with
consideration to extraneous damage. Deep rooted lacerations which slice near the soft tissue lacrimal sac are
most commonly prescribed OR treatment, requiring intense anesthesia and hefty medical costs. Shallower
lacerations found closer to the punctum are generally prescribed ER treatment which utilize only local
anesthesia and are often much cheaper [15]. Diagnostic accuracy of the surgical intervention format is therefore
a determinant of surgical invasivity, medical availability, and patient preference of both health and financial
considerations. It is therefore imperative that the Bowman probe measurement procedure is as precise and
accurate as possible.

Figure 3: Canicular laceration resulting from trauma to the lower eyelid[16]

B. Client Information

The client, Dr. James Law, is an oculofacial plastic surgery fellow in the UW Madison Department of
Ophthalmology and Visual Sciences. The alternate client, Dr. Suzanne van Landingham, is an associate
professor & oculoplastic surgeon in the UW Madison Department of Ophthalmology and Visual Sciences. Their
clinical demographic for lacrimal procedures is primarily adults. They are interested in getting access to a probe
that will allow quantitative characterization of lacrimal duct obstruction depth during procedure.
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C. Design Specifications
Graduated Bowman Probe

The client has requested a set of graduated Bowman’s probes that allow for quick and accurate
diagnostic measurements of the lacrimal system. The device must comply with ISO-13485:2016 and
ISO-10993-1 which requires manufacturing uniformity and biocompatibility across all prototypes respectively
[17]. The final design must feature visible markings up to 35 mm every 1 mm, with distinguishable markings at
every 5 mm interval, without significant alteration to the tactile surface profile. Further, the markings
themselves must be within a £ 0.5 mm range of exact graduation spacing as outlined by ISO-2768. The device
must also be able to withstand repeated autoclave cycles with an environment of 135 “C and 15-20 psi [18]. The
prototyped set of 6 Bowman probes must match the dimensions of standard Bowman probes with lengths
ranging from 130 - 150 mm, a target weight of 45 grams, and diameters ranging from 0.4 to 1.8 mm [19]. The
client has provided a flexible budget of $100 to design & fabricate the device.

Nasolacrimal Canal Phantom

In addition to the graduated bowman probes, the client has asked for a soft tissue mimic of the
nasolacrimal canals that can be used as a teaching tool for new residents to learn and understand the procedure.
The nasolacrimal phantom will be composed of two distinct parts: the internal soft tissue mimic that mimics the
stratified epithelium and mucosal secretions, and a flexible shell that allows for probe entrance. The internal
material must retain an elastic modulus of 100 Pa and a surface friction coefticient of 10 GPa*s/m [20] The
external material must be elastic and deformable, preferably transparent to view the probe tip as it travels
through the duct. The internal material must be hydrophilic and malleable to mimic soft tissue and its
mechanical properties. The client has provided the same flexible budget of $100 to design and fabricate the
mimic.

Preliminary Phantom Fabrication Techniques

3D Printing

3D printing is a directly accessible and cost-effective method available for the fabrication of the external
shell of the soft tissue mimic. Resin-based stereolithography (SLA) is a common 3D printing technique that
uses a resin rather than a plastic filament to create highly accurate reproduction of the complex anatomical
geometry and curvature of the nasolacrimal system while providing a relatively inexpensive and repeatable
manufacturing process. However, the material properties of the mimic require a much lower durometer rating
than is feasible by most resin based printers. Shore hardness is a measure of a material's resistance to
indentation and is commonly used to characterize the stiffness of flexible polymers and soft materials. The
Shore 00 scale is used for very soft materials, such as gels and living tissues, while the Shore A scale is
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generally used for harder elastomers and rubbers. Living tissues typically exhibit hardness values within the
Shore 00 scale, with the nasolacrimal system estimated to have a hardness of approximately 20 Shore 00 [21].
However, the softest resin available for the Formlabs Form 4 printers on campus has a hardness of
approximately 80 Shore A, which is significantly harder than the target tissue. Consequently, fabricating an
anatomically representative external shell would require a specialized resin with a substantially lower durometer
rating, ideally near 20 Shore 00.

Electrospinning

Electrospinning is another great option to create the internal portion of the mimic. This technique will
lay nanofibers of the chosen material through a high voltage field on the collector in a chosen direction. The
prototype will mimic the elasticity and texture of natural lacrimal epithelial tissue [22]. Additionally, the
nanofibers can be aligned in such a way that they match the orientation of the native ECM tissue. It is extremely
cost-effective and some-what repeatable, however, the environmental conditions can cause implications on the
integrity of the material. Depending on the temperature and humidity conditions while fabricating, the spun
matrix’s pore sizes can be influenced, which in turn affects the mechanical strength [23]. Because of the pores
themselves, the electrospun material is inadequate for load bearing [22]. An appropriate elastic modulus is
important for accommodating clinical mechanics. During the procedure, when the probe enters the canaliculi
until contacting the lacrimal bone, at which the probe undergoes a 90 degree inferior rotation to navigate into
the lacrimal sac. If the modulus is too low, the fine point of the probe could puncture through the material and
cause other damage. If the elastic modulus is too high, the duct will not conform appropriately to allow for the
probe to reach further down into the lacrimal sac. The fibers created will be too small making fabrication an
extremely long process. If this technique were to be pursued, it would introduce too many variables causing
unnecessary difficulty during fabrication.

Injection Molding

Injection molding is an excellent way to create the exterior shell of the soft tissue mimic. It allows for
extremely accurate geometry and curvature to the nasolacrimal canals. Once the mold has been created, the
process is extremely repeatable and does not create any variability between prototype properties and geometry.
Traditional injection molding does not allow for the material to be hollow, however, injecting high pressure
water into the thermoplastic as the material is setting will allow for an efficient way to create a uniform and
smooth channel throughout the material [24]. Even though water assisted injection molding is a fantastic
method to create multiple identical prototypes, material selection is crucial. Since the water rapidly cools the
internal polymer wall, depending on the material could cause the polymer to crystallize or solidify too quickly
upon contact with water. The residual wall thickness becomes uneven and prevents the water from further
penetrating through the polymer [9]. The curvature also presents a problem when creating the channel because
water takes the path of the least thermodynamic and mechanical resistance. The exterior would either be
fabricated in two separate parts and then fused together, or the material properties would be tampered to allow
the water to flow in the wanted direction. As mentioned previously, this method would only create the exterior
shell of the mimic. The inner material would have to be injected into the polymer or the thermoplastic will be
built. Finally, injection molding is an extremely expensive process making it very difficult to fabricate with the
available budget.
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Fabrication

Graduated Bowman Probes
A. Materials

For fabrication of the graduated Bowman probe, a set of medical grade stainless steel probes will be
modified through a precise laser annealing process. Stainless steel is the standard material of application for
Bowman probes, and most surgical equipment, due to its set of valuable and unique characteristics. Stainless
steel has intensely high biocompatibility, durability, and malleability, something specifically important for
delicate navigation through the lacrimal duct [15]. Additionally, when doped with a layer of chromium oxide,
the steel becomes highly corrosive-resistant, significantly increasing its life span and improving its ability to be
sterilized [16]. Bowman probes are semi-invasive and are required to be sterilized through autoclave after each
use, making this sterilization quality necessary. The laser annealing process will only be modifying the existing
stainless steel on the probe and will not be adding any additional material.

B. Methods

Laser annealing is the process of slowly heating the surface of a material until chemically oxidized in
order to generate a darkened color shift on the material surface. It neither takes nor adds any additional material
to the item of interest, preserving the surface finish common with the rest of the item and preventing bacterial
build up within the minor grooves generated in laser engraving [17]. When annealed, the layer of chromium
oxide that is promoting corrosion resistance of the steel is melted off, but is quickly restored through
spontaneous passivation, preserving this necessary quality [18]. Commonly used for barcodes and branding,
laser annealing is a precise design method that utilizes computer generated vector files for output of a precise
and clean design. A vector file, which can be developed in most common software, will provide the
mathematical accuracy for a laser finish that is needed for the millimeter graduation desired for the probe.

C. Final Prototype

Figure 6: Proposed Final Prototype

10
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Testing and Results

A. Testing Plan
Graduated Bowman Probes
Cadaveric Laceration Testing

To prove the diagnostic accuracy of the graduated probes, a cadaveric laceration assessment will be
performed to discern whether graduated Bowman probes have equivalent capabilities to current clinical
techniques. This test will require Dr. Law to surgically induce a laceration somewhere along the left lower and
right upper canaliculi of cadaveric specimens. These lacerations will then be measured by medical school
residents of the UWSMPH and Dr. Law using the following set of techniques: observable estimation; an
ungraduated probe; an ungraduated probe in combination with an external measuring apparatus (current
standard); a graduated probe. Once a technique is used, the participants will report the measurement for
recording. Using the current standard as the ‘clinical’ laceration depth, each technique will be evaluated in
comparison to the clinical laceration depth to obtain an accuracy score defined as the absolute distance away
from this value. Significant results would allow the graduated probes to be translationally defined as an
equivalent or superior method of clinical quantitative characterization of lacrimal measurements with respect to
the traditional and ungraduated measurement techniques respectively.

Tissue Pull Testing

The largest concern expressed by the client for laser-induced graduation is the increased risk of tissue pull.
More technically defined as soft tissue damage resulting from surgical intervention during a clinical procedure,
resultant tissue pull of an uneven and jagged probe exterior would leave the probe unusable because of the
increased risk of patient safety. In order to test whether or not the laser-induced graduation would result in
significant lacrimal soft tissue damage, development of a soft tissue disruption procedure must be generated.
This procedure involves the fabrication of a lacrimal phantom where individual probe repetitions can be
quantitatively characterized with both transverse and axial forces through utilization of an MTS machine or
rheometer. Probing down into a lacrimal mimic with constant velocity and force will help to isolate the
graduations influence on lacrimal safety.

Autoclave Testing

In order to fulfill the necessary autoclave endurance parameters defined within the PDS, the fabricated
probe must endure an extensive material deposition test to ensure the integrity of the probe's safety moving
towards actual ophthalmological implementation. In the test, a control group, a set of regular commercial-grade
probes and a test group, an associating set of fabricated graduated probes, will be put through several rounds of
one hour autoclave sterilization cycles. The before and after recorded probe masses will be tracked and
compared between the control and test group and then statistically analyzed for significant difference. Any
observable damage or impact, including to the graduation marks, that the testing environments generated on the
probes will also be qualitatively tracked and evaluated.

11
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Accelerated Life Testing

The graduated Bowman’s probes must maintain their composition and procedural viability throughout the
5-10 year lifespan as stated by the client. To measure the potential visual degradation the probes will encounter
while inside the lacrimal drainage system, an accelerated life test will be conducted. Both graduated and
ungraduated Bowman probes of varying sizes will be placed in artificial tear solution and kept in an InCu Safe
incubator to maintain sterility, temperature at 37 “C, and CO, levels at 5%. The probes will be kept in the
incubator for 1 week and monitored twice a day, equating to 10,080 procedural uses, and then observed under a
Leica MZ95 stereomicroscope to check for potential discoloration and marker degradation. It is important to
note that while discoloration will likely affect both standard and graduated Bowman’s probes alike, the rationale
behind this test is to ensure marker integrity throughout its lifespan.

Uniformity Testing

In order to ensure the accuracy of probe markings and reproducibility of the graduated Bowman’s probe’s
fabrication process, Uniformity testing will be performed. Images of the graduated prototypes of sizes ranging
from 0000 to 7 will be captured using a Leica MZ95 stereomicroscope. The position and magnification of the
microscope will not change in between images, allowing probes to be measured on the same scale. However, to
ensure standardization, a 3D print with measured scaling factors will be used. In doing so, each image will have
a known scale and horizontal position when viewing each probe. ImageJ will be used to determine the interval
length in between markings and marking widths. The distance from the end of the probe to the first marking
will be of particular importance, as it affects the accuracy of subsequent markings.

Lacrimal Phantom
MTS Mechanical Characterization

Necessary for translational conclusions in regards to the graduated probes effect on tissue-snagging, the
fabricated lacrimal phantom must first be quantitatively verified to align with the mechanical literature values
assigned to the lacrimal apparatus. General literature lacks clear characterization of the exact mechanical
properties of the human lacrimal apparatus in all its components, but the main apparatus is largely made of
stratified epithelial tissue, which can therefore be assumed to have the mechanical properties associated with
such tissue. The elastic modulus of stratified epithelial tissue has been defined to fall within the range of 1 kPa
to 7 kPa [19]. Utilizing the BME teaching labs MTS machines, tensile forces will be applied to phantom and
associating results will be analyzed.

12
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Discussion

A. Ethical Considerations

The biggest ethical consideration related to the graduated Bowman probes is its behavior during the
procedure inside the body. Following various testing procedures to determine the compatibility of the design,
the design itself will need to be submitted for an IRB for more detailed data acquisition in a controlled
environment. The IRB will evaluate this design further to ensure ethical compliance and minimal risk to users.
The important thing to note is that Bowman probes being used are already approved and used regularly in
practice and the probes being modified will be the same. The method of graduation method does not damage the
integrity or change the mechanics of the probes, however, it is a new product and the changes should be
considered. As mentioned by Dr. Law, if any risk is brought upon the patient from these probes, it would be due
to error caused by the ophthalmologist performing the procedure. Since these probes are not changing
mechanically and only visually, the concern should be minimal.

B. Future Work

Following prototype completion, the graduated Bowman probes will be submitted to an institutional
review board to ensure that the design is safe for use in practice. This new design of the probe will make
diagnosis of lacrimal pathologies more quantitatively accurate and thus associating treatment plans more
effective. Once approved by the IRB, these probes will continue to be tested in practice by residents as a trial
period. After this trial period, the probes will be implemented into the hospital’s regular usage. Potential causes
for error are during production of the probes where the millimeter hash markings are not accurately spaced
between each other resulting in inaccurate measurements. This problem should be easily avoided however, since
the machine being used to apply this graduation method will apply these markings which have less likelihood of
creating error related to spacing than a human would. Another error that will need to be accounted for is that
during the annealing process, some of the material gets obstructed or frayed and begins to wear off. Assuring
that the probe is smooth on all sides is critical to maintain patient safety.

Conclusion

Nasolacrimal duct obstructions (NLDO) and canalicular lacerations are injuries to the lacrimal drainage
system causing complications to the physiological function of the system which can lead to an assortment of
adverse symptoms including epiphora and infection. Depth assessments of lacerations and NLDOs are
performed by inserting a Bowman probe, securing the distal visible end with forceps, and measuring the
exposed length with a ruler. This method introduces measurement inaccuracies due to the additional step of
using a ruler to determine depth. To address this limitation, graduated Bowman probes will streamline the
diagnostic process and help assign better treatment plans, faster. In order to appropriately address client
concerns with laser-induced graduated markings, a lacrimal phantom will be generated. This phantom will serve
as the basis for tissue-snag testing and additionally, as a procedural practice resource for UW medical students.
Several fabrication methods including electroplating, injection molding and 3D printing, have been thoroughly

13
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considered for the phantom but due to the miniature scale and complex geometry of the duct, along with the
high cost of fabrication associated with some of the methods, no single avenue has proven above the rest.
Moving forward, the team will continue to consult resources available on campus and ideally generate several
phantom prototypes utilizing the aforementioned methods of fabrication, in order to determine the path forward.
The prototype's accuracy and usefulness will be assessed through quantitative validation, allowing subsequent
testing of the graduated probes, IRB application, and UW-Hospital implementation.

14
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Sudhi Chavadam (Communicator) | chavadam@wisc.edu

Caden Robinson (BPAG) | carobinsonS@wisc.edu

Caleb White (BWIG) | cfwhite@wisc.edu

Kenneth Sun (BSAC) | kksun2@wisc.edu

Function

Bowman probes are standard ophthalmological medical instruments used in the interrogation of the lacrimal (tear duct)
apparatus. They are commercially available in several millimeter-sized diameters, providing tactile feedback to surgeons
when probing the lacrimal system. These instruments allow ophthalmologists to assess for strictures, discontinuities,
obstructions, or other abnormalities within the lacrimal lumen. Probing is typically performed prior to the passage of
implants, i.e., nasolacrimal stents (e.g., Crawford, Lacriflow, Nunchucku, and Monoka), to confirm patency of the

lacrimal system. A graduated Bowman probe would provide a surgeon the ability to make more quantitatively accurate
assessments of lacrimal impairments within the tear duct (e.g., a stricture at 30 mm distal to the punctum), which can be
used for accurate clinical documentation and therefore informed management of lacrimal pathologies. The development of
such a probe with inscribed bands corresponding to millimeter markings along the shaft of the probe is essential for
accurate appraisal of canalicular and nasolacrimal probing procedures.

Client requirements

e The design must feature accurate 1 & 5 mm graduated line markings that are easily recognizable during
procedural use

The device must be smooth and shouldn’t have any tactile engravings that result in a rough-textured surface
The device’s material must remain compositionally strong after addition of measurement markers

The design must be able to withstand autoclaving and repeated sterilization

The design should fit standard probe size guidelines

The design should include a nasal lacrimal phantom/mimic for probe testing and future procedural training

The Nasolacrimal phantom/mimic should imitate physiological conditions of the lacrimal canal
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Design requirements

1.

Physical and Operational Characteristics

a.

Performance requirements - The device should be able to accurately present the depth of nasolacrimal
duct probe insertion in millimeters. The device must be similar in comfort to the user's previous probes to
avoid discomfort and procedural change. The device must also be able to undergo multiple rounds of
sterilization via autoclaving and therefore must maintain structural and chemical integrity throughout
high-temperature exposure. Finally, the device must be able to withstand long-term usage without
material degradation and/or mechanical failure.

Safety - The selected design must comply with ISO-13485:2016 to uphold necessary safety and
regulatory requirements [1]. This standard specifies the need for design risk assessment, product
cleanliness, and overall quality assurance for medical devices. Should the design feature laser-engraved
measurement markings per the client's request, it must be tested and held to ISO-13485:2016 standards to
ensure material composition and therefore patient safety is not jeopardized. Furthermore, the design’s
strength should be tested through MTS compression testing to confirm material integrity after the addition
of measurement markers. While the procedure has minimal operating times, with the device being
implanted for less than one minute, the design must follow ISO-10993-1, which specifies necessary
guidelines for biomaterial interactions with live tissue. A majority of design safety specifications are
largely covered in sections 3a: Standards and Specifications and 3c: Patient-Related Concerns.

Accuracy and Reliability - The design should have accurate markings every 1 millimeter along the probe
as requested by the client and feature larger, darker bands corresponding to 5 millimeter markings. The
device must also reside within standard range commercial Bowman probes in terms of weight, length, and
diameter to comply with standard procedural operation. The measured values must be within a 5% error
band of the true impairment depth.

Life in Service - The design must be reusable, withstanding 5-10 years of clinical use. In order to achieve
this, the probe should be designed from a material significantly resistant to wear and corrosion, such as
stainless steel. This is particularly important for the design, since wearing down of the markings could
harm functionality of the probe or lead to incorrect measurements In addition, the probes must be capable
of withstanding hundreds of sterilization cycles, typically performed via autoclaving[2]. Individual uses
of probes last from seconds to a minute.

Operating Environment - The design must be able to withstand all qualities of a clinical environment, as
well as the environment of the tear duct. Firstly, the probe must be able to withstand temperatures of up to
132-135 °C to withstand the autoclaving process [2]. The probe will not be subjected to significant
pressure, and will be exposed to the moderate humidity of operating rooms, ranging from 20-60% RH[3].
Additionally, the probe will be exposed to increased moisture during autoclaving. While being used, the
probe will be exposed to the fluids of the tear duct, including tears, blood, and mucous. Particular care
must be used to ensure probes are not contaminated between uses.

Ergonomics - The probe will be designed for use by trained clinical personnel and Ophthalmologists,
who are familiar with bowman probes and how to handle clinical instruments. The probe must be
designed to be comfortably and precisely controlled by gloved fingertips, typically achieved using a flat
center. The probe must withstand minimal insertion force, up to 1 N [4], and the minimal torsion force
caused by twisting. Fatigue is not a concern for this design, as they are intended to be used for a short
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duration. To ensure the safety of the patient, the probe should feature a rounded, atraumatic tip to prevent
cutting. Finally, the design material should have a smooth, polished surface to prevent tissue trauma and
improve tactile feedback. This extends to the graduated markings of the design.

g. Size - Bowman probes are available in sizes ranging from 0000-8. For the purposes of this project, the
client is most concerned with sizes, 00, 0, and /%, representing 0.7mm, 0.8mm and 1mm diameters,
respectively. Additionally, market probes are available in lengths ranging from 130-150mm with the client
having no preference for this metric . Finally, the probes come either curved or straight, however our
client only uses straight probes.

h. Weight - These probes are typically light, approximately 45 grams, to allow the ophthalmologist fine
control of the probe while performing procedures. If the laser marking process were to reduce the probe's
weight via intense engraving i.e. graduation deeper than 50um, the probe’s weight and structural integrity
could be more likely to fail during the procedure and further complicate the procedure [5].

i. Materials - The materials used to make the probes must be organic metals which can be used in the body
and minimize the risk of adverse immunogenic response. The majority of the probes are made from
stainless steel as the material combines biocompatibility, strong structural integrity, and flexibility [5].
The bowman probe must also be able to withstand sterilization techniques, the most prominent of which
being the autoclave (temperatures range from 121 to 134 degrees C). Finally, the material must be smooth
and blunt, to again, minimize patient injury.

j. Aesthetics, Appearance, and Finish - The probes will be thin, smooth, and sleek. There should be no
difference to the probes already used in practice by ophthalmologists other than the addition of graduated
measurements.

2. Production Characteristics

a. Quantity - As a preliminary approximation, 10 probes should be made for testing, allowing for multiple
trials testing the integrity of the measurement tactics used. Allowing for multiple probes will provide a
good baseline for techniques that work and those that don’t. Although 10 is an approximation, it is likely
that more will be used during testing especially because of the teams lack of training when applying these
probes. Multiple errors could be made during fabrication assuming that a specific technique would be
used and the probes are built accordingly.

b. Target Product Cost - The target product cost is $100 but can be manipulated depending on the progress
made with the project. Depending on the materials used, the final product can be more expensive but the
team will make it a priority to make the product as cost effective as possible. Most of the expense will
most likely come from buying the actual probes to prototype on and test. When the device is fully
functional, optimizations to the device will be made to further lower the cost to make it more widely
available for anyone.

3. Miscellaneous
a. Standards and Specifications

i.  ISO 10993-1 provides guidelines for toxicity testing of biomaterials in order to prepare for their
interaction with living tissue. The evaluation is based on the specific materials used, how it
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ii.

iii.

vi.

contacts the body, and the duration of that contact. It provides an in-depth biological risk analysis,
evaluation, and control procedure to allow for biocompatible confirmation of a material or device
and is an internationally recognized biocompatibility assessment that is required for numerous
regulatory applications [6]. The Bowman probe comes in direct contact with the lacrimal
epithelium of the human body during operation and therefore falls under this guideline [7].

ISO 13402:2025 describes specific test methods to evaluate the resistance of stainless steel
surgical instruments from autoclaving, corrosion, and thermal exposure. It outlines procedures
specific to typical alloy compositions with each individual test evaluating the materials effective
resistance against each of the three aforementioned qualities. [8] The Bowman probes used at the
UW Hospital are sterilized via autoclave and must be corrosion-resistant to ensure long-term
durability and to prevent alloy degradation and therefore should abide by this standard.

ISO 17664 specifies the appropriate procedure for cleaning, disinfecting, and sterilizing medical
devices. It describes the characteristics an appropriate medical device must have which includes
being easy to clean and sterilize as well as an associating proof of sterilization through formalized
testing and data collection. It breaks down medical devices into three categories, critical,
semi-critical, and non-critical, with surgical tools being deemed critical and therefore requiring
the most attention as they pose the highest risk of infection [9]. Bowman probes are categorized
as a surgical tool due to their vital role in ophthalmological procedure and therefore require high
sterilization efforts.

ASTM B912 specifies the passivation of stainless steel alloys through electropolishing. It gives a
detailed outline for the pre-treatment, electropolishing, and post-electropolishing processes for
various grades of stainless steel [10]. The Bowman probes will be manufactured out of stainless
steel and will require a surface restoration process following any modifications made to the probe
in order to prevent alloy deposition and an associating inflammatory response [11].

21 CFR Part 820 is a quality system regulation standard for medical devices which provides
necessary details on the designing, manufacturing, storage, and application of medical devices
specific for human use. The criteria for this standard lie in tandem with the FDA and therefore
provide a good basis for qualification of an appropriate medical device [12]. This standard could
become extremely important for the graduated Bowman probe depending on the extent of
development that is done within the project sphere.

ISO 14971:2019 specifies a systematic risk management process for medical devices throughout
their entire lifecycle. The standard outlines procedures for identifying potential hazards associated
with a device, evaluating the corresponding risks, and implementing relevant risk control
measures. This is relevant to this project since modifications to the conventional probe design
may introduce risks such as tissue damage and probe deformation. Following this standard
provides a framework for identifying these potential failure modes and guides the development of
the probe design and potential testing using a phantom to evaluate device safety before being
tested on living patients as our client intends [13].

b. Customer

The users of the device will be Dr. James Law and Dr. Sarah van Landingham as well as other
clinical practitioners in the ophthalmology department at the UW Hospital. They desire the
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implementation of the device to be a seamless process that swaps the current Bowman probes for
the modified devices, where no alteration to the methodology or step-wise process of the
operation is required.

ii.  The probe will first be implemented into regular use at the UW Hospital following IRB approval
and can eventually further be placed on the market if the team decides to follow the WARF patent
procedure

iii.  The phantom component of the project will serve as an educational tool for UW-Madison medical
students and ophthalmology residents to practice lacrimal procedures.

c. Patient-related concerns

i.  For medical patients whose operation will be completed with the modified device, all relevant
concerns with the procedure both relating to and not relating to the modified Bowman probe will
have been approved and cleared by numerous medical professionals prior to the operation [14].
This includes all anesthetic, pain-related and biological safety concerns for the procedure. The
device will be sterilized with an autoclave prior to and after each use and therefore must be tested
for continued autoclave sterilization with no signs of damage or degradation.

ii.  Potential exposure of alloy particulates to the epithelial-lined conduit of the nasolacrimal duct
from laser engraving could cause an unintended inflammatory response within the eye and long
term development of scar tissue [15]. The probe must undergo a surface restoration process in
order to prevent this response from occurring, such as electropolishing, or undergo adequate
testing utilizing a lacrimal phantom to prove the device's safety [16]. The graduated probes will
be implemented into the congenital nasolacrimal duct obstruction procedure. This process
involves perforating a thin epithelial membrane and is a relatively brief and concise operation,
approximately 1 minute in total invasive time for adult patients . This brevity decreases the
opportunity of particle deposition from these engravings and prevents intense chemical
breakdown from the moist, protein rich environment of lacrimal mucosa [17].

iii.  Because of the generation of microscopic burrs and sharp edges during the engraving process,
there is an increased chance of prominent friction between the probe edge and the epithelial lining
it contacts [17]. Since lacrimal epithelium is thin and delicate, there is potential for abrasion and
damage to the surrounding tissue [18]. Damage to the lacrimal tissue within the duct can lead to
small scale hemorrhage and the development of scar tissue within the lining, further closing the
duct [19]. Similar to alloy deposition, smooth and safe surface texture determined through
quantitative testing procedures are necessary to diminish the probability of this occurring.

d. Competition
Sklar Surgical Instruments

i.  Sklar Bowman probes are the most monetarily prolific brand in the market, bought in bulk by
hospitals and other medical facilities [20]. They are known for reliability and quality and offer
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ii.

iii.

1v.

probe customization with various sizes and material options including stainless steel and silver
[21].

The probes are thin malleable rods with a rounded end used for clearing of the nasolacrimal duct,
as well as other general procedures involving the lacrimal system. The device is double ended
with distinct probe sizes on each end of a singular instrument.

All probes offered by Sklar are bought non-sterile, reusable, and absent of any latex material
helping prevent common anaphylaxis [21]. They are not graduated and therefore though
medically acceptable, are not as quantitatively precise as desired by the client.

A single Sklar probe costs approximately 120 USD which stands at a higher end market price and
quality.

Calibrated Bowman's lacrimal probe from Indian journal of ophthalmology.

ii.

iil.

1v.

These Bowman probes were individually manufactured with numbered engraving to improve the
diagnostic and therapeutic utility of the Bowman probe in relevant ophthalmological procedures.
The numbers have been engraved on the millimeter scale on either side of the probe using laser
engraving [22].

The graduated probes are made of stainless steel and feature the exact same size range as standard
probes. They are double sided, contain a central metal plate for grip, and are reusable and
sterilizable.

The engravings provide nominal size references rather than specific discrete measurement points.
The markings provide general guides for the distance of probe insertion into the lacrimal duct but
no high level specificity.

These probes are not commercially available and therefore cannot be monetarily purchased.

Pristine Medical Anatomy Lab Nasolacrimal Duct Obstruction Trainer

ii.

iii.

Pristine Medical sells an Anatomy Lab nasolacrimal training phantom designed for practicing
irrigation of the lacrimal passages. The model includes bilateral lacrimal drainage pathways and
adjustable duct angles [23].

Correct irrigation allows fluid to discharge through the nasal and oral cavities. The model also
supports simulated discharge within the lacrimal passages and can be disassembled and washed
for repeated use [23].

This trainer is mainly marketed as a procedural training device. Its published specifications do
not provide tissue mechanical properties or insertion-depth measurement accuracy. [23].
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Appendix B: Expense Sheet

Description Manufacturer Part Date |[QT |Cost |Total [Link

Number Y |Each

Component 1

A set of unmarked Bowman’s
probes used in duct

Set of procedures for the team to
Bowman’s  [practice fabrication and Premium BO777N3
probes testing Instruments 8SV 9/15/26 | 2 $16.99] $33.98| Link

Component 2

26


https://www.amazon.com/Pcs-Bowman-Lacrimal-Probe-Instruments/dp/B0777N38SV/ref=sr_1_1?crid=RKNL43HC0A21&dib=eyJ2IjoiMSJ9.vmX8268Yyzt0dWY3l2QJTYTaqebagnh_z6b95KPUeF6Wb0YVa172nRgQ6xv1MG4Hls5QchqhK0wCPRgOReorZA.b342vDHW7fCvxcInZFj1BsK_eIIYdB7Z-geScdTR8-w&dib_tag=se&keywords=Nasolacrimal+duct+bowman%27s+probes&qid=1772062277&sprefix=nasolacrimal+duct+bowman%27s+probes%2Caps%2C152&sr=8-1

BME Design: 200, 201, 300, 301, 400 and 402

Component 3

TOTAL:

$50.97
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