<]
TUDelft

Delft University of Technology

Steering light in fiber-optic medical devices
a patent review

Losch, Merle S.; Kardux, Famke; Dankelman, Jenny; Hendriks, Benno H.W.

DOI
10.1080/17434440.2022.2054334

Publication date
2022

Document Version
Final published version

Published in
Expert Review of Medical Devices

Citation (APA)

Losch, M. S., Kardux, F., Dankelman, J., & Hendriks, B. H. W. (2022). Steering light in fiber-optic medical
devices: a patent review. Expert Review of Medical Devices, 19(3), 259-271.
https://doi.org/10.1080/17434440.2022.2054334

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1080/17434440.2022.2054334
https://doi.org/10.1080/17434440.2022.2054334

- Taylor & Francis
Taylor & Francis Group

EXPERT

REVIEW Expert Review of Medical Devices

OF MEDKCAL DENCES

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/ierd20

Steering light in fiber-optic medical devices: a
patent review

Merle S. Losch, Famke Kardux, Jenny Dankelman & Benno H. W. Hendriks

To cite this article: Merle S. Losch, Famke Kardux, Jenny Dankelman & Benno H. W. Hendriks
(2022) Steering light in fiber-optic medical devices: a patent review, Expert Review of Medical
Devices, 19:3, 259-271, DOI: 10.1080/17434440.2022.2054334

To link to this article: https://doi.org/10.1080/17434440.2022.2054334

8 © 2022 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

@ Published online: 17 Mar 2022.

N
C;/ Submit your article to this journal &

||I| Article views: 324

A
& View related articles '

(&) View Crossmark data &'

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=ierd20


https://www.tandfonline.com/action/journalInformation?journalCode=ierd20
https://www.tandfonline.com/loi/ierd20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/17434440.2022.2054334
https://doi.org/10.1080/17434440.2022.2054334
https://www.tandfonline.com/action/authorSubmission?journalCode=ierd20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=ierd20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/17434440.2022.2054334
https://www.tandfonline.com/doi/mlt/10.1080/17434440.2022.2054334
http://crossmark.crossref.org/dialog/?doi=10.1080/17434440.2022.2054334&domain=pdf&date_stamp=2022-03-17
http://crossmark.crossref.org/dialog/?doi=10.1080/17434440.2022.2054334&domain=pdf&date_stamp=2022-03-17

EXPERT REVIEW OF MEDICAL DEVICES
2022, VOL. 19, NO. 3, 259-271
https://doi.org/10.1080/17434440.2022.2054334

Taylor & Francis
Taylor &Francis Group

SYSTEMATIC REVIEW

a OPEN ACCESS W) Check for updates

Steering light in fiber-optic medical devices: a patent review

Merle S. Losch

2, Famke Kardux?, Jenny Dankelman? and Benno H. W. Hendriks®*

aDepartment of Biomechanical Engineering, Delft University of Technology, Delft, The Netherlands; *Department of In-Body Systems, Philips

ResearchRoyal Philips, Eindhoven, The Netherlands

ABSTRACT

Introduction: Steering light is relevant to many medical applications that require tissue illumination,
sensing, or modification. To control the propagation direction of light beams, a great variety of

innovative fiber-optic medical devices have been designed.

Areas covered: This review provides a comprehensive overview of the patent literature on light beam
control in fiber-optic medical devices. The Web of Science Derwent Innovation Index database was
scanned, and 81 patents on fiber-optic devices published in the last 20 years (2001-2021) were
retrieved and categorized based on the working principle to steer light (refraction/reflection, scattering,
diffraction) and the design strategy that was employed (within fiber, at fiber end, outside fiber).

Expert opinion: Patents describing medical devices were found for all categories, except for generating
diffraction at the fiber end surface. The insight in the different designs reveals that there are still several
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opportunities to design innovative devices that can collect light at an angle off-axis, reduce the angular

distribution of light, or split light into multiple beams.

1. Introduction
1.1. Background

Optical fibers are commonly integrated into medical devices
for remote light delivery and collection because of their high
flexibility, low propagation loss, compatibility, and tolerance
to electromagnetic interference [1]. The usefulness of fiber-
optic devices has been shown for various medical applications,
such as temperature, pressure and shape sensing [2-7], tissue
illumination and modification [8-10], and spectral tissue sen-
sing [8-10]. A conventional optical fiber is made up of a core
that carries the light, a cladding, and a buffer coating. The
refractive index of the cladding is slightly lower than the
refractive index of the core. Because of this difference in
refractive index, light incident on the core-cladding interface
with an angle greater than a certain threshold, known as the
critical angle, is reflected back into the core — a phenomenon
known as total internal reflection. Thanks to total internal
reflection, light can travel along the longitudinal axis of the
optical fiber core to the distal end of a device.

When using fiber-optic medical devices for illumination,
spectral tissue sensing, and cell modification, the light leaves
the distal end of the device and interacts with the surrounding
tissue. The optical characteristics and shape of the distal end
determine how light is emitted to or collected from tissue
[9,11]. A conventional distal end design is a flat polished
fiber tip [11]. As light leaves and enters the distal end of the
device in axial direction, the utility of such a conventional
fiber-optic device is limited.

Modified distal end designs for light beam control could
have great potential to expand the range of possible applica-
tions, for example: emitting and collecting light at an angle

off-axis allows for side-looking tissue spectroscopy, improved
laser ablation and tissue welding; the angular distribution of
light can be increased for uniform irradiation as required in
photodynamic therapy or for photodisinfection or, on the
contrary, decreased for beam focusing in laser surgery; finally,
splitting light into multiple beams allows for multi-spot pat-
tern generation as required in laser photocoagulation. For
these applications, new fiber-optic devices are needed that
can control the propagation direction of light beams and steer
them as desired to meet various challenges:

(1) emit light at an angle off-axis;
(2) collect incident light at an angle off-axis;
(3) increase the angular distribution of light;
(4) decrease the angular distribution of light;
(5) split light into multiple beams.

1.2. Goal and structure

This review provides a comprehensive overview of the patent
literature on light beam control in medical devices. It investi-
gates how various distal end designs can steer light in the
desired direction and identifies new design challenges in this
field of research. All selected patents are categorized based on
the underlying working principle to steer light and the
employed design strategy to incorporate this principle into
the distal end of a fiber-optic medical device to provide
insights into future technological directions for the identifica-
tion of new design challenges for steering light. Section 2
reports the method of the patent search and the search
results. Section 3 explains the categorization of the fiber-
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Article Highlights

-Remote light delivery is an issue relevant to various applications
involving tissue diagnostics and therapeutics.

«The four working principles for steering a light beam in the
desired direction are refraction, reflection, scattering, and
diffraction.

«In fiber-optic medical devices, light can be steered by modifying
the total internal reflection pattern inside the optical fiber, by
modifying the optical fiber core end surface, or by adding an
optical element outside the optical fiber.

«The preferred working principles to emit and collect light at an
angle off-axis are refraction and reflection.

«The preferred working principle to increase the angular distribu-
tion of light is scattering; the preferred working principle to
decrease the angular distribution of light is refraction.

«The preferred working principle to split light into multiple beams
is diffraction.

«There are still several opportunities to design innovative devices
that can collect light at an angle off-axis, reduce the angular
distribution of light, or split light into multiple beams.

optic devices. Section 4 treats the different distal end designs
found for devices employing refraction and reflection.
Section 5 treats the different distal end designs found for
devices employing scattering. Section 6 treats the different
distal end designs found for devices employing diffraction.
The types of distal end designs and their effect on the light
beam propagation direction are discussed in relation to the
temporal distribution of the categorized patents in Section 7.
Finally, Section 8 provides the conclusion, and Section 9 pre-
sents our expert commentary on this topic.

2. Method
2.1. Patent search method

A patent search was conducted on distal end designs of fiber-
optic medical devices for remote light delivery and collection,
using the Web of Science Derwent Innovation Index (Dll)
patent database. The search query consisted of a logical con-
junction (AND) of keywords in two categories: object (target-
ing devices including a light guide for remote light delivery
and collection) and location (targeting patents describing
specifically the distal end of fiber-optic devices). The patent
search was not restricted to devices with one specific func-
tion; however, a combination of keywords within a third cate-
gory, imaging applications (targeting imaging devices
disposing of complex optical systems for light beam focus-
ing), was added to the search query as a logical complement
(NOT) to exclude patents irrelevant to this review. Moreover,
the search query was limited within classification P3: Health
and amusement, levels P31-P34. These levels of the DIl classi-
fication system are comparable with classification A61:
Medical or veterinary science; hygiene of the general coopera-
tive patent classification (CPC). The search was restricted to
patents linked to the World Intellectual Property Organization

(WO*), the United States (US*), or Europe (EP*), published
within the last 20 years. The entire search query was:
Tl = ((light* OR laser* OR optic*) AND (fiber* OR *guide OR
probe OR needle OR delivery)) AND Tl = (end OR distal OR tip
OR exit OR aperture) AND DC = (P31 OR P32 OR P33 OR P34)
AND PN = (WO* OR US* OR EP*) NOT Tl = (imag* OR tomo-
graph* OR scan* OR camera OR microscop*) Timespan: 2001-
2021.

2.2. Eligibility criteria

The search was restricted to devices for use inside the body
with direct light-tissue interaction for illumination, spectral
tissue sensing, or cell modification via laser surgery or light-
induced therapy. The following eligibility criteria were applied:

e application domain: patent describes an optical fiber for
remote light delivery or collection in the human body

e function: light directly interacts with tissue for illumi-
nation, spectral tissue sensing, or cell modification

e direction control: patent describes an optical feature at
the distal end of the device that steers light in the
desired direction

e language: patent is available in English

2.3. Patent search results

The patent search query returned 1197 patents from the DIl
database (last update 1 December 2021). The titles,
abstracts, and figures of these patents were manually
checked based on the eligibility criteria. All criteria need to
be fulfilled for the patent to be included in the review. This
selection resulted in 166 patents being potentially useful. All
search results from the DIl database included a link to the
Espacenet database, which allows for users to access the
complete text. The full text of the 166 potentially valuable
patents was further examined by reading the patents’ claims
and descriptions, and by in-depth analysis of the figures.
After checking these patents, 15 duplicates were identified,
and 84 patents were excluded. The final selection resulted in
67 relevant patents. For all relevant patents, the cited
patents were scanned for new relevant information, result-
ing in 14 additional patents that met all of the criteria.
Finally, 81 patents were included in this review, see
Figure 1a.

3. Categorization

There are four working principles for steering a light beam in
the desired direction [12]

(1) refraction;
(2) reflection;
(3) scattering;
(4) diffraction.

Refraction is defined as the change in direction of a transmitted
light beam after it enters a second medium. Reflection is defined as
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Figure 1. a Schematic representation of the patent selection method. b Distal end designs of fiber-optic medical devices that can steer light in the desired direction,
categorized based on the working principle to steer light (Level 1) and the design strategy that was employed (Level 2). References are given in brackets.

the change in direction of a light beam at an interface that returns
the light beam back to the original medium. The angle of incidence
of the light beam on the surface and the material properties of the
two media determine the intensity and direction of the refracted
and reflected light beam. Another way to steer light is scattering:
multiple changes in refractive index force the light beam to ran-
domly change direction in a series of reflection events, resulting in
diffuse light scattering. Lastly, a fundamentally different method to
steer a light beam is diffraction. Diffraction is defined as the bending
of light after encountering a small opening or obstacle. The light
beam does not bend in one direction; instead, a diffraction pattern
is generated by the interference of different wave fronts. Diffraction
is predominant for apertures and obstacles with sizes in the range
of the wavelength of the incident light.

For refraction and reflection, an interface between two
media is required; for scattering, a volume causing many
reflection events is required; for diffraction, a small aper-
ture or obstruction is required. Within a fiber-optic medi-
cal device, these design requirements can be met by
changing the geometry or material of the optical fiber
core and cladding, resulting in a change in the total

internal reflection pattern within the fiber itself. Another
option is changing the shape and material properties of
the optical fiber core end surface. Finally, a regular optical
fiber can be used with an extra optical element added
outside the fiber. In summary, there are three design
strategies for steering a light beam in the desired direc-
tion:

(1) modifying the total internal reflection pattern inside the
optical fiber;

(2) modifying the optical fiber core end surface;

(3) adding an optical element outside the optical fiber.

Hence, all distal end designs of the fiber-optic medical
devices included in this review are categorized based on the
working principle to steer light (Level 1) and the design strat-
egy that was employed (Level 2), see Figure 1b. Some patents
describe various designs for achieving light beam steering
using the same underlying working principle. Likewise, one
device can include multiple optical features to steer the light
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in the desired direction using different underlying working
principles. Therefore, a single patent can be assigned to multi-
ple categories.

4. Refraction and reflection

4.1. Modifying the total internal reflection pattern inside
the optical fiber

Ten patents describe devices with customized distal ends that
use the existing interface between the core and the cladding
within an optical fiber to steer light in the desired direction
[13-22]. Usually, the longitudinal axis of an optical fiber within
a medical device is parallel to the longitudinal axis of the
device itself. However, fiber-optic medical devices can have
one or more optical fibers with a bent distal section inserted
into a curved path within the housing of the device [13-18].
The total internal reflection of light along the bent section
enables light to leave or enter the optical fiber at an angle off
the device’s longitudinal axis. In other words, the bent seg-
ment generates a fiber terminating tip that faces the side. The
most basic designs use one optical fiber, which is curved away
from the central axis to emit light to the side, see Figure 2a
[13-15]. Kern et al. [16] describe a unique design where the
fiber is first curved away from the central axis and then curved
toward it to achieve a larger curve radius. Two other patented
devices include distal end designs with numerous bent optical
fibers, one or more of which emit light and one or more of
which collect light [17,18].

It is also possible to twist several optical fibers around the
central axis of the device [19,20]. As described by Farley [19],

several fibers can be twisted to form a helix, with the termi-
nating tips of all optical fibers being angularly separated. This
produces a multi-spot pattern of light on the target tissue.
Cottrel and Foster [20] describe a device that can both emit
and collect light from the side using twisted optical fibers. This
device includes seven optical fibers in a six-around-one con-
figuration. The six outside fibers are twisted into side-fire
fibers and arranged along the device’s longitudinal axis in
a linear array. At least one of the optical fibers acts as a light
source, while the other fibers collect the light after interaction
with the tissue, see Figure 2b.

Instead of bending the optical fiber, it is also possible to
remove the material of the cladding at the distal section of the
fiber to generate a side-facing tip [21,22]. The slot within the
cladding generates an interface where light does not reflect
entirely, allowing it to exit the fiber in radial direction. Multiple
slots in the optical fiber allow light to leave at multiple loca-
tions along the length of the fiber, see Figure 2c.

4.2. Modifying the optical fiber core end surface

Twenty-six patents describe devices with a modified optical
fiber core end surface [23-48]. The core end surface is the
distal end of the core where the light beam leaves or enters
the fiber. Different core end surface designs can cause differ-
ent light propagation patterns.

Fifteen patents describe distal end designs including opti-
cal fibers with a slanted core end surface [23-37]. When light
reaches the fiber tip, it is redirected by the slanted core end
surface, causing light to leave or enter the optical fiber at an

T m
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Figure 2. Distal end designs of fiber-optic medical devices to steer a light beam toward the tissue with refraction and reflection. In the design sketches, blue lines
delimitate the fiber core; dashed red lines indicate the center of the light beam within the fiber; red arrows indicate the light leaving the fiber. a Bent fiber with path
curved away from the central axis of the device (adapted from [14]). b Twisted fibers in six-around-one configuration (adapted from [20]). c Fiber with removed fiber
cladding (Orange) that forms a side-facing tip (adapted from [21]). d Fiber tip with slanted core end surface with reflected (bright red) and refracted (dark red) light
beam (adapted from [24]). e Fiber tip with cone-shaped core end surface (adapted from [40]). f Fiber tip with multiple slanted surfaces in axial direction (adapted
from [46]). g Fiber with micro-sphere coating (pink) at core end surface (adapted from [48]). h Distal tip (green) with slanted surface (pink) (adapted from [49]).
i Distal tip (green) with varying bevel reflecting surface (pink) (adapted from [55]). j Distal tip (green) with semi-spherical lens (pink) (adapted from [49]). k Fiber with

prism (pink) (adapted from [66]).



angle relative to the device’s longitudinal axis. Depending on
the angle and material properties of the slanted surface, which
vary among devices, the light beam can be reflected or
refracted, see Figure 2d. A standard design includes one opti-
cal fiber with a slanted core end surface. This surface creates
an interface between optical fiberglass, typically silica, and
a tissue region [23,24]. Because of the slanted fiber tip, light
approaches the surface at an oblique angle to the surface
normal and refracts into the tissue, leaving the device at
a small angle to its longitudinal axis. A reflective coating can
be applied to the surface to generate reflection, and thereby
increase the emitting angle [25-31]. A reflective coating can
be a metal coating or a multilayer dielectric coating. Another
method to generate a reflective surface at the slanted fiber tip
is by adding a thin layer of air between a beveled tip of a light
delivery fiber and a short stub fiber [32]. Total internal reflec-
tion occurs at the interface between the fiber core and the air
layer because the refractive index of air is significantly lower
than that of the optical fiber core. More advanced designs
include multiple optical fibers with slanted surfaces that can
emit light toward the tissue and collect light from the tissue
[33-37]. The emitting and collecting fibers’ core end surfaces
can be in the same cross-sectional plane [33,37] or separated
in longitudinal direction to increase the distance between
various core end surfaces [34-37]. The device described by
Huang et al. [33] contains a slanted collecting fiber tip without
a reflective coating. Therefore, light is collected from the tissue
at a small angle to the device’s longitudinal axis. The other
devices contain a reflective slanted surface to enable light
delivery to and collection from tissue off-axis.

Another possible fiber core end design is a conical shape as
described in seven patents [23,38-43]. The cone can be
polished either positively [23,38-41] or negatively [42,43]. For
a standard positively polished tip, the conical surface forms an
interface between two media: fiberglass and tissue [23,38-40].
Most light rays that strike the cone wall for the first time
reflect totally, as their incidence angle is greater than the
critical angle. These reflected light rays then strike the oppos-
ing wall of the cone with an incident angle lower than the
critical angle, causing radial refraction of the light beam into
the tissue, see Figure 2e. The device of Scheller [41] describes
a unique positively polished cone-shaped fiber tip design with
four slanted surfaces that split the light into four separate
beams that travel in individual directions. Two devices include
a design for a negatively polished tip [42,43]. This surface
always contains a reflective coating that ensures that all light
that strikes the cone is reflected into the tissue [42,43] or
collected from the tissue [43] in radial direction.

Four patents describe distal end designs with specifically
shaped core end surfaces [44-47] that enable light to leave
the optical fiber in axial and radial direction. In these devices,
the fiber core end includes a series of slanted or cone-shaped
surfaces. The light incident on these surfaces is reflected or
refracted into the tissue in radial direction, see Figure 2f.

Lastly, Auld [48] describes a special fiber core end surface.
In this device, the fiber tip is a conventional flat polished
surface perpendicular to the fiber's longitudinal axis.
However, a coating with a monolayer of hollow glass micro-
spheres is attached to the core end surface. These

EXPERT REVIEW OF MEDICAL DEVICES e 263

microspheres provide a significant change in refractive index
by the glass-air-glass interface. The light beam entering these
spheres refracts four times, resulting in light being emitted
into the tissue with a wide angular distribution, see Figure 2g.

4.3. Adding an optical element outside the optical fiber

Twenty-three patents describe distal end designs that redirect
light by an optical element outside the optical fiber
[26,29,33,34,39,49-66]. In these devices, light exits the optical
fiber in axial direction and propagates into an additional distal
tip of the medical device (said to be coupled to the distal end
of the optical fiber). For example, this can be done by affixing
the distal tip to the distal end of the buffer layer of the optical
fiber [49] or to the stripped fiber core [29]. The body of the
distal tip can consist of various bio-compatible and transpar-
ent materials. The distal tip can include different optical
elements.

Eleven patents describe designs including one or more
reflective surfaces fixed within an additional distal tip
[29,34,39,49-56]. In four of these devices, the distal tip has
one single inclined reflective surface that is optically coupled
to one optical fiber and redirects light off the fiber axis into
the tissue [29,49-51], see Figure 2h. This surface can consist of
various materials such as polymer, glass, metal, or ceramic. To
decrease leakage of light in undesired directions, it can have
a metal or dielectric coating, or it can be entirely made of
a highly reflective metal such as gold or silver. Alternatively, it
is possible to create a highly reflective surface by adding an air
cavity behind an inclined surface made of glass [51]. In three
devices, the reflective surface coupled to one optical fiber can
have a conical shape [39,52], directing light into the tissue in
radial direction, or a curved shape [53], converging or diver-
ging the light rays. In two patents, one single reflective surface
is coupled to multiple optical fibers [54,55], allowing for light
delivery to and collection from tissue off-axis. After exiting an
optical fiber, light is redirected off the fiber axis into the tissue
by a reflecting surface, and the scattered light from the tissue
is redirected back into another optical fiber by the same
reflective surface. The reflective surface can be convex [55],
straight inclined [54], or step-wise inclined [55], see Figure 2i.
In two more patents, multiple reflective surfaces are separately
linked to individual optical fibers [34,56]. These devices are
also used to emit and collect light at an angle off-axis.

Another optical component that can be added outside the
optical fiber to steer a light beam is a lens, as described in
twelve patents [26,33,57-66]. A lens redirects a light beam due
to refraction, changing its angular distribution. Lenses can be
divided into converging and diverging lenses. In six devices,
the distal tip includes a converging lens [26,33,57-60]. These
converging lenses can be semi-spherical [57,58] or convex
lenses [26,33,58-60]. In most standard designs, a converging
lens focuses a light beam on a specific tissue area [26,33,57-
60], see Figure 2j. The same converging lens can also collect
light from this specific tissue area to one or more collecting
fibers [33,57]. Smith [60] describes a special design including
a converging lens and a faceted surface. The faceted surface
receives light from the optical fiber and refracts it into
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different beam elements, which are then focused into multi-
spots by a convex lens. In six devices, the distal tip includes
a diverging lens [61-66]. This can be a semi-spherical [61-63],
gradient-index [64], or concave [65] lens. Diverging lenses
illuminate a wide area in the tissue. Nagale et al. [66] describe
a special type of diverging lens, which is a triangular prism.
The distal tip of this device consists solely of a prism that is
directly coupled to the optical fiber. A light beam entering the
prism refracts at the first face and then refracts again at
the second face. As a result, light is emitted radially with
a wide angular distribution. The prism can also rotate, allow-
ing light to be emitted into the tissue in a 360° range, see
Figure 2k.

5. Scattering

5.1. Modifying the total internal reflection pattern inside
the optical fiber

Devices that diffusely scatter light into the tissue by special
features within the core or cladding of the fiber are described
in seven patents [67-73]. In all of these devices, light is redir-
ected within an optical fiber through scattering events caused
by multiple changes in the refractive index. The scattering
causes light to strike the interface between the core and the
cladding from various angles. The angle can be lower than the
critical angle for total internal reflection, resulting in diffuse
light exiting the optical fiber in radial direction along its
length. In a simple design, a scattering region containing
scattering particles [67,68] or nanovoids [69] is incorporated
into the distal section of the optical fiber core. Examples of
scattering particles that can be embedded within the optical
fiber core are titania or silica. Nanovoids are small bubbles that
can be formed, for example, by focusing a high-power laser on
an optical fiber. Because the refractive index of both particles
and nanovoids is different from that of the host medium, they

generate scattering events, see Figure 3a. Luloh et al. [70]
describe a device with an entire core made of translucent
instead of transparent material. The changes in refractive
index within the translucent material cause scattering events
all along the core.

A device can also have a scattering region within the
optical fiber cladding, as described in two patents [71,72]. In
the device of Skutnik [71], a region of the cladding consists of
a nanoporous structure including scattering particles, which
can be diamond dust, titania, alumina, powdered sapphire,
powdered zirconia, or powdered quartz, see Figure 3b. In the
device of Mersch [72], a region of the cladding consists of
multiple rough surfaces.

Lastly, a distal end design can include a scattering region
that is formed by distorting part of the optical fiber core and
cladding [73]. A deformation pattern is created in parts of the
optical fiber by a series of controlled tension, heating, elonga-
tion and cooling cycles. This deformation pattern generates
light scattering within the distorted regions, see Figure 3c.

5.2. Modifying the optical fiber core end surface

Three patents describe distal ends with a redesigned optical
fiber core end surface that diffusely scatters light into the
tissue [70,74,75]. A transparent spherical portion can be
formed at the fiber tip [70,74]. Before the light beam refracts
into the tissue, the curved surface of the spherical portion
evokes several reflection events through total internal reflec-
tion. Due to the many reflection events of separate light rays,
light scatters in multiple directions, enabling wide dispersion
of light into the tissue, see Figure 3d.

Another approach to diffuse light is to create a rough fiber
core end surface: Hamada [75] describes a cone-shaped fiber
tip design with a rough surface finish that generates light
scattering due to light interaction with the irregularities on
the rough surface, see Figure 3e.

Figure 3. Distal end designs of fiber-optic medical devices to steer a light beam toward the tissue with scattering. In the design sketches, blue lines delimitate the
fiber core; dashed red lines indicate the center of the light beam within the fiber; red arrows indicate the light leaving the fiber. a Fiber with scattering particles
(black dots) within fiber core (adapted from [69]). b Fiber with scattering particles (black dots) within cladding (Orange) (adapted from [71]). ¢ Fiber including
distorted scattering regions (yellow) (adapted from [73]). d Fiber tip with sphere-shaped core end surface (adapted from [74]). e Fiber tip with rough, cone-shaped
fiber core end surface (adapted from [75]). f Diffuser tip with conical region (green) including scattering particles (black dots) (adapted from [80]). g Diffuser tip
(green) including scattering particles (black dots) and reflector surface (pink) (adapted from [84]). h Diffuser tip with multiple reflective surfaces (green) (adapted

from [87]).



5.3. Adding an optical element outside the optical fiber

Sixteen patents describe devices that achieve light scattering
by a separate diffuser tip joined to the distal end of an optical
fiber [67,68,76-89]. Light leaves the optical fiber core in axial
direction and enters the diffuser tip.

Thirteen devices describe a diffuser tip that consists of
a transparent host medium including scattering particles
[67,68,76-86]. The host medium can be composed of poly-
meric materials such as epoxy, polyurethane, or similar mate-
rials. Scattering particles used in diffuser tips are alumina,
silica, or titania. The most basic design of a diffuser tip
includes one region with scattering material [67,68,76-80],
see Figure 3f. When a light beam enters the scattering material
and strikes a particle, scattering events occur that cause light
to leave the diffuser tip diffusely. The region with scattering
material can have a cylindrical [67,68,76-78], semi-spherical
[79], or conical shape [80], which will affect the illumination
profile of the diffusely reflected light. A more advanced diffu-
ser tip can also include several layers of scattering particles
with different scattering properties [81,82]. These properties
are chosen to ensure uniform emission of light along the
length of the diffuser tip. The diffuser tip with scattering
particles can also include an additional reflective surface [84-
86]. In such devices, the reflective surface acts as a shield to
reflect the diffuse light exclusively in the desired direction. The
reflective shield can be designed such that the light diffuses in
axial direction with a wide angular distribution [86] or in axial
and radial direction [84,85], see Figure 3g. Smith [83] describes
a special diffuser tip containing a scattering region with
a polymer-dispersed liquid crystal. In the absence of an electric
field, the crystals in the polymer are randomly oriented, scat-
tering the incoming light. When an electric field is applied on
the diffuser tip, the crystal molecules within the polymer align
parallel to the electric field. Because the aligned crystal mole-
cules reduce the material’s scattering coefficient, light beam
diffusion is reduced when an electric field is applied.

Four patents describe cylindrical diffuser tip designs that
generate light scattering by several reflection events within
a volume surrounded by reflective surfaces [78,87-89]. A basic
example is given by Henriksson [87]. This diffuser tip consists
of two or more materials with different refractive indices.
Therefore, there are at least two interfaces: one between the
two materials and another between the outer material and the
surrounding tissue. Light is reflected several times between
these interfaces before refracting into the tissue. This results in
a scattered light beam that leaves the diffuser tip in several
directions, see Figure 3h. In addition, one of the reflective
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surfaces within the diffuser tip can also have a rough texture
to increase light diffusion [78,89]. Kikuchi and Kobayashi [88]
describe a special diffuser tip. In this device, light that is
scattered in several reflection events passes through
a phosphor layer before leaving the diffuser tip, generating
photoluminescence in random directions.

6. Diffraction

6.1. Modifying the total internal reflection pattern inside
the optical fiber

One patent describes a distal end design with a modified
optical fiber core to induce diffraction [90]. This patent dis-
closes a device that includes an optical fiber with a diffraction
grating. A diffraction grating is an optical element with evenly
spaced slots or grooves that divide the element into sections.
Between the boundaries of the individual sections, there are
small openings. If the size of these openings is in the range of
the wavelength of the incident light, diffraction of light occurs.
The diffraction direction is strongly dependent on both the
shape of the diffraction grating and the wavelength of the
incident light. As a result, well-defined diffraction gratings can
steer light of specific wavelengths in the desired direction. In
the device described by Zerfas [90], the diffraction grating is
an angled optical grating aligned along a plane non-normal to
the longitudinal axis of the optical fiber. This grating can be
a fiber Bragg grating that is designed to redirect light of
a specific wavelength off the fiber axis while transmitting
light of other wavelengths, see Figure 4a.

6.2. Modifying the optical fiber core end surface

No patents were found in this category.

6.3. Adding an optical element outside the optical fiber

Seven patents describe devices where light is redirected by
diffraction outside the optical fiber [27,37,50,88,91-93]. Light
leaves the optical fiber in axial direction and propagates into
an additional distal tip containing a diffractive optical element.
A basic example of a diffractive optical element is a single
small aperture [37]. Size and shape of this aperture determine
how light propagates between the optical fiber terminating
end and the region lateral to the probe.

Another commonly used diffractive optical element is
a diffraction grating. The most basic designs include one
diffraction grating, which is optically coupled to the

Figure 4. Distal end designs of fiber-optic medical devices to steer a light beam toward the tissue with diffraction. In the design sketches, blue lines delimitate the
fiber core; dashed red lines indicate the center of the light beam within the fiber; red arrows indicate the light leaving the fiber. a Angled grating (pink) within fiber
core with reflected (bright red) and transmitted (dark red) light beam (adapted from [90]). b Distal tip (green) with transmission grating (pink) (adapted from [27]).
¢ Distal tip (green) with GRIN-lens (yellow) and diffraction grating (pink) (adapted from [93]).
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terminating end face of the optical fiber [27,50,88]. This grat-
ing can be a transmission grating [27,88] or a reflective grat-
ing [50]. Fairneny [27] gives a basic example of a device
including a transmission grating located in the outer part of
the additional distal tip. This grating can have a saw tooth
pattern or any other pattern, including one or more curves.
The device emits light to the tissue with a defined intensity
and a wide angular distribution, see Figure 4b. Kikuchi and
Kobayashi [88] describe a distal tip design including a Fresnel
lens. If the section sizes of the Fresnel lens are in the range of
the wavelength of the incident light, the control is predomi-
nantly diffractive. Yu et al. [50] describe a device including
a reflective grating. The reflective grating is an inclined sur-
face with a periodic pattern. This surface redirects light off the
fiber axis and can be used to shape the light beam to
a specific illumination profile such as a line, a donut, or split
beams.

Three patents describe more advanced distal tips [91-93].
In these designs, the optical fiber terminating end is optically
coupled to a gradient index (GRIN) lens, which is optically
coupled to a diffraction grating. The GRIN lens collimates
and expands the light that exits the optical fiber core. This
collimated light strikes the diffraction grating, which diffracts
every light beam into several narrow beams at a desired
angular separation to create a multi-spot diffraction pattern
with high intensity on the target tissue, see Figure 4c.

7. Discussion

This review provides an overview of all patents found on the
distal end design of fiber-optic medical devices that can steer
light in the desired direction before or after interacting with
tissue. The comprehensive titles and abstracts written by
experts based on the claims and the novelty of the patents
provided by the DIl database facilitated a complete overview
of the patent literature. Nine categories were identified based
on the working principle to steer light and the design strategy
that was employed. Of the 81 relevant patents, 80% have been
published and filed by companies, 16% by individual inven-
tors, and only 4% by academic institutions, indicating that this
research field is primarily industry-driven. Furthermore,
because 58% of the patents are still valid in the United
States or in at least one European country, light beam steering
by the distal end design of a fiber-optic device seems to be
feasible and a relevant research subject. The distribution of the
various categories across the active patents demonstrates that
light beam steering can be achieved using a variety of unique
designs.

According to the temporal distribution of patents over the
different categories, see Figure 5a, it becomes clear that refrac-
tion/reflection is the most common method for light beam
steering at the distal end of fiber-optic medical devices in the
last 20 years. A possible explanation is that achieving refrac-
tion/reflection within a fiber-optic device is simple, and many
unique designs are possible, each with a different effect on
the propagation direction of light. As can be seen in the
temporal distribution, an optical element outside the optical
fiber and a modified core end surface are most commonly
used to achieve refraction/reflection. To accomplish scattering,

an optical element outside the optical fiber is the most pop-
ular strategy. The temporal distribution also shows that this
research involves only few devices that use diffraction to steer
light. This can be due to the high complexity of diffraction
gratings, which is not needed for the functionality of most
devices included in this review. However, devices with
a diffraction grating exist in a variety of other applications,
including imaging devices and pressure and temperature sen-
sors [6,94].

As previously stated, light beam control in medical devices
can be used to meet one of five challenges:

(1) emit light at an angle off-axis;
(2) collect incident light at an angle off-axis;
(3) increase the angular distribution of light;
(4) decrease the angular distribution of light;
(5) split light into multiple beams.

An overview of the challenges that can be met with different
distal end designs is given in Figure 5b.

Emitting light at an angle off-axis is a challenge that has
been thoroughly investigated. All designs include an optical
element that induces refraction/reflection or diffraction to
direct the light. However, an interface to reflect or refract
(96%) light in a specific direction is prevalent compared to
a diffraction grating (4%). Using diffraction to emit light at an
angle off-axis is a more complex method that could only be
useful if the emitted light must have specified features, such
as a specific pattern or wavelength. Among the devices that
use refraction/reflection, there is no clear preference for one
design strategy to emit light at an angle off-axis, as the best
strategy depends heavily on the function and the target area
of the fiber-optic device. A trade-off must be found between
the device's complexity and a number of desirable features,
including compactness, light intensity, longevity, reduced
overheating, and patient safety [32].

Light collection at an angle to the device’s longitudinal axis
is a challenge with little diversity in the developed designs: all
collecting devices included in this review were developed for
tissue spectroscopy and make use of refraction or reflection.
As refraction/reflection can equally direct a light beam con-
sisting of different wavelengths from a specific tissue region
into an optical fiber with a small cross-section, it is
a convenient approach for the collection of spectral informa-
tion off-axis. Patents exist for all of the design strategies.
However, none of the patents using the reflective surface
inside the optical fiber, such as bent and twisted fibers, are
active anymore. This indicates that the design may not have
given the desired results, since the respective patents were
not extended.

Emitting light with a wide angular distribution is a design
challenge that has been thoroughly investigated. The use of
a scattering element (76%) is clearly preferred over diverging
lenses or coatings (21%) and diffraction gratings (3%). This is
because the two latter only increase the angular distribution
of a light beam propagating in one specific direction, whereas
scattering elements offer the possibility of uniform light dis-
tribution over 360°, as required by various applications such as
light-induced therapy or illumination [11,9596]. Among
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scattering devices, the number of results within each design
category demonstrates a clear preference for using a diffuser
tip outside the optical fiber to scatter the light. This design
strategy has the advantage that it does not require complex
fabrication, and the use of scattering particles within an exter-
nal diffuser tip makes it possible to control the scattering
effect by varying the size, material or concentration of the
particles [97].

In contrast to the findings for increasing the angular distribu-
tion, there is little variation in the designs to decrease the
angular distribution of light: all seven devices include
a converging lens outside the optical fiber. Because light exiting
the optical fiber is always slightly divergent due to total internal
reflection within the fiber, placing an optical component outside
the optical fiber is the only design option to reduce the angular
distribution [11]. Variety exists in the choice of the converging
lens: it can be refractive (86%) or diffractive (14%). Using diffrac-
tion requires a more complex design; however, diffraction lenses
have the advantage of being compact and lightweight, and
allow to select a desired wavelength of operation.

The last challenge for light beam control is to split the
beam into multiple narrow beams, which is accomplished by
only seven devices included in this review. These designs can
use a diffraction grating (71%) or a faceted surface that
induces refraction/reflection (29%). A diffraction grating is
most frequently used because it can serve additional pur-
poses, such as separating light of different wavelengths or
creating a multi-spot pattern. Because diffraction gratings
include microscopic features that make them challenging to
fabricate within the optical fiber core or core end surface [98],

using an optical element outside the optical fiber is preferred
over other design strategies.

8. Conclusion

This review article provides a comprehensive overview and
categorization of the patent literature on distal end designs
of fiber-optic medical devices that can steer light in the
desired direction. The medical section of the Web of Science
DIl database was reviewed, and a total of 81 patents published
during the last 20 years were discussed. The possible distal
end designs were categorized based on the working principle
and design strategy for light beam control.

The most common way for steering a light beam in the
desired direction is by refraction or reflection. This working
principle is preferred to emit and collect light at an angle off-
axis and to decrease the angular distribution of light.
Scattering with an optical element outside the optical fiber is
preferred to increase the angular distribution of light, whereas
diffraction with an optical element outside the optical fiber is
preferred to split light into multiple beams.

This overview of different distal end designs can be used to
identify new design challenges. One of the challenges is to
implement diffraction gratings within the optical fiber or at
the fiber core end surface. Furthermore, this review reveals
that there are still several opportunities to design innovative
devices that can collect light at an angle off-axis, reduce the
angular distribution of light, or split light into multiple beams.
The focus of new designs must remain on optimizing light
beam control, mechanical robustness, and patient safety.



268 M. S. LOSCH ET AL.

9. Expert opinion
9.1. Design suitability for medical purposes

The retrieved patents show that remote light delivery is an
issue relevant to various applications involving tissue diagnos-
tics and therapeutics. Spectroscopic devices use light to assess
tissue type and status based on its optical properties [99].
Physicians apply spectroscopy to recognize diseases [100]
and to distinguish tumors from healthy tissue [101]. On the
other hand, photodynamic therapy is used to treat cancer by
destroying malignant cells with a combination of light energy
and a photosensitive drug [102]. Light can also provide treat-
ment for various other medical conditions, such as benign
prostatic hyperplasia [103], kidney and bladder stones [104],
or incontinence [105]. New designs can support tissue diag-
nostics and therapeutics in hardly accessible locations of the
body by providing light delivery to and collection from tissue
off-axis.

In this review, it became apparent that some medical disciplines
are especially demanding of light beam control. Prevalent medical
disciplines mentioned in the patents are ophthalmology [13,
16,19,23,24,41,48,59-64,67,68,70,79,83,91,93], cardiovascular sur-
gery [15,39,40,42,43,46,52,55,65,80,84], and dentistry [21,22,74,
751.

Ophthalmology is a discipline in which optimal illumination
is crucial to guarantee surgical safety and effectiveness [106].
Therefore, light diffusion has found its way into surgical prac-
tice in the last decennia. New designs contribute to the grow-
ing diversity of surgical illumination options. A second
widespread ophthalmologic application is laser photocoagula-
tion, a surgery frequently carried out to prevent vision loss in
patients affected by diabetes [107], retinopathy of prematurity
[108], and other ocular indications. Nagpal et al. [109] have
shown that multi-spot photocoagulation leads to faster, less
painful procedures with less collateral damage than standard
laser treatment, while achieving similar retinopathy regression
in diabetic patients. New designs to create multi-spot patterns
therefore show great potential for application in laser
photocoagulation.

In cardiovascular surgery, light is employed for vessel abla-
tion, blood embolization and tissue welding. Laser procedures
for the ablation and reparation of blood vessels have been
carried out since the 1970s [110,111]. New designs help to
create more versatile tools for this standard surgical
procedure.

Dental applications of light beam steering include the
treatment of plaque (bacterial microfilms) and tartar (calci-
fied deposits) on teeth and gums by photodisinfection.
Photodisinfection employs light of specific wavelengths
to eradicate a broad variety of oral microorganisms to
prevent or treat oral diseases without inducing resistance
[112]. New designs provide better elimination of patho-
gens by monitoring dosimetry and direction of the admi-
nistered light.

In all of the abovementioned applications, light is already
being employed for illumination, spectral tissue sensing, or cell
modification, which shows the validity of the applications pro-
posed in the patents. Better light beam steering can improve

these procedures and make the innovative devices usable in
areas inaccessible with conventional fiber-optic probes.

9.2. Further research

This review focuses on the distal end of fiber-optic devices
that steer light toward the tissue or collect light after interact-
ing with tissue. The search was restricted to devices with
direct light tissue interaction for illumination, spectral tissue
sensing, laser surgery, or light-induced therapy. Therefore, this
research does not include other fiber-optic devices such as
imaging devices and temperature, pressure and shape sensors,
even though these devices also exert a high level of light
control. Especially diffraction is used in many imaging devices
to produce multi-spot patterns on tissue. Including imaging
devices could thus provide a more detailed overview of all
possible distal end designs. Furthermore, because fiber-optic
devices are not only used in the medical field, the results of
other fields could also lead to a more extensive overview with
new creative ideas for steering light in the desired direction.

This review was based on the patent literature published in
the last 20 years to provide an overview of the latest distal end
designs to steer a light beam. As patents do not present any
performance results, additional exploration of the correspond-
ing scientific literature will provide more insights in the tech-
nical feasibility for choosing the optimal design for a particular
application, and might even reveal certain designs that have
not been patented by their inventors.

Furthermore, many applications impose additional require-
ments on the device, such as certain mechanical properties,
prevention of overheating, removal of debris, and patient
safety. These are crucial factors to take into consideration in
future developments of fiber-optic medical devices.

9.3. Five-year view

The temporal distribution of distal end designs shows that
light beam steering has become more popular throughout
the 2000s, with a peak in the development of new devices in
2011-2012 when fifteen new patents were issued within two
years. Since then, the number of new inventions has remained
on a stable level of around ten new patents/two years, indi-
cating that this field is more consolidated now, but still very
active with new designs emerging all the time.

The distribution of patents included in this review over the
different categories reveals a gap in the development of
devices that use diffraction inside the optical fiber or at the
fiber core end surface to steer a light beam. This indicates that
these two design strategies still have innovative potential in
the development of fiber-optic devices for illumination, spec-
tral tissue sensing, or cell modification. For example, a slanted
core end surface including a diffractive grating could direct
light of a specific wavelength off the fiber axis with the desired
illumination profile or multi-spot pattern, while directing light
of another wavelength in axial direction.

The number of different designs for steering light, as well
as the number of designs disclosed in active patents show
that there are only few devices that can collect light at an



angle off-axis, reduce the angular distribution of light, or split
light into multiple beams. This implies that numerous new
developments are possible to address these design chal-
lenges. For example, only five designs described in active
patents can collect incident light under an angle
[33,34,36,56]. Of these designs, only the devices described in
three patents [34,36,56] can collect incident light perpendicu-
lar to the fiber's longitudinal axis. Because these patents only
describe collecting fibers that are integrated into biopsy
devices or catheters, a design for light collection off-axis can
still be developed for a wide range of applications.

Finally, next to the conventional optical fibers treated in
this review, there is an ongoing development of special fibers,
which has led to inventions such as microstructured optical
fibers [113,114], polarization maintaining fibers [115], and low-
loss optical fibers [116]. When such trends are picked up by
the medical industry, the combination of the light beam steer-
ing principles explored in this review with special fibers will
result in a great range of new medical devices.
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« Optical probe that combines diffraction grating with GRIN
lens to create a diffraction pattern with distinct dark and
bright spots. Multi-spot probe that requires only one single
fiber (most multi-spot probes require multiple fibers).
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