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Advances and new perspectives of optical
systems and technologies for aerospace
applications: a comprehensive review
Sandro Oliveira1, Jan Nedoma2, Radek Martinek3 and
Carlos Marques 1,4*

The aerospace industry is a very unforgiving field, where even the smallest error could have catastrophic consequences.
To reduce the risk of disaster, multiple systems are put into place to provide accurate information for informed decision
making. The field of optics has played a pivotal role in advancing space exploration and technology. From enabling pre-
cise observations of  distant  celestial  objects  to  facilitating communication across vast  interstellar  distances,  optics  has
become an indispensable tool in space science and supported by significant advances in the last few years, new and im-
proved applications continue to arise. This review aims to explore the diverse applications of optical systems and tech-
nologies in the aerospace industry, highlighting recent developments regarding navigation, communications, process and
structural health monitoring, as well as the monitorization of astronauts' health.

Keywords: astronaut well-being; structural health monitoring; navigation and optical communication in space

Oliveira  S,  Nedoma  J,  Martinek  R  et  al.  Advances  and  new  perspectives  of  optical  systems  and  technologies  for  aerospace
applications: a comprehensive review. Opto-Electron Adv 8, 250036 (2025).
 

 Introduction
The aerospace industry, which encompasses commercial
and military aircraft, space launch and in-space systems,
missiles,  satellites  and  general  aviation,  aims  to  develop
not only a cleaner means of transport, but also reduce its
associated  operating  costs1.  The  economic  pressure  re-
sulting  from  rising  fuel  prices  in  addition  to  govern-
ment-mandated environmental rules have motivated re-
searchers to focus on ways to create lighter and more ef-
ficient  aircraft,  as  fuel  consumption  is  significantly  re-
duced by using lightweight alloys2.

Advances  in  aerospace  systems  are  strongly  depen-
dent  on advances  in  materials  and processing  technolo-
gies. Modern components are being projected to be more
durable,  efficient  and have  better  performances.  For  ex-
ample,  gas  turbine  engines  for  aircraft  are  being  de-
signed  to  run  at  higher  pressures  and  temperatures  to
generate  more  thrust.  Similar  considerations  apply  to
spacecraft,  where  in-space  propulsion  and  power  sys-
tems  are  key  components  enabled  through  the  innova-
tion in material science3.

Although aluminum has been considered the primary 
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material for aerospace applications, there has been a sig-
nificant  demand  for  new  materials  that  are  high-
strength,  lightweight,  non-corrosive,  recyclable,  and  ul-
tra-violet  and impact  resistant4.  In  particular,  the  use  of
composite  laminates  has  increased  greatly  in  the  last
years.  Natural  composites  (such  as  wood  and  fabrics)
have found applications in aircraft from the first flight of
the  Wright  Brothers' Flyer  1.  With  the  years,  more  ro-
bust  materials  were  being  developed,  and  the  discovery
of  carbon  fiber  at  the  royal  aircraft  establishment  at
Farnborough,  UK,  in  1964  marks  the  first  step  towards
their  major  contribution  to  aircraft  structures5.  Carbon
fiber reinforced polymers (CFRP), and also glass fiber re-
inforced polymers (GFRP), possess remarkable thermal-
mechanical properties such as high specific strength and
stiffness, as well as being lightweight, corrosion resistant
and thermal insulators6. Given these remarkable proper-
ties, these materials have been applied to engine casings,
wing  sections,  tail  plane,  fuselage  and  control  surfaces,
and  it  is  estimated  that  composite  materials  represent
around  50%  of  the  weight  of  current  aircraft,  such  as
Boeing  787  and  Airbus  350,  whose  main  frames,  fuse-
lage/wing  skins  and  associated  stringers  are  manufac-
tured by CFRP7,8.

This shift into composite materials has created a need
for  lightweight  sensors  and  cabling  that  are  immune  to
electromagnetic  interference.  Multiple  sensing  parame-
ters are required in the aerospace industry and research,
including strain, temperature, pressure, acceleration, and
vibration,  among  others,  which  must  be  evaluated  at
multiple  steps  in  the  lifecycle  of  a  component,  from  its
fabrication to the testing and onboard missions9.

The  type  of  sensor  to  be  implemented  heavily  de-
pends on the measurand as well as the intended applica-
tion. Both aircraft and spacecraft need to be carefully tai-
lored  for  their  intended  missions  and  required  lifetime,
spanning  from  material  choice  to  design  and  the  final
manufacturing  process.  Closely  monitoring  these  sys-
tems  is  critical  to  ensure  a  successful  operation.  The
specifications for any sensor are derived from the type of
mission, namely altitude, operational lifetime, location in
the craft and intended measurement parameters10.

Space  remains  a  great  frontier  of  development,  as  it
can be seen as the most unforgiving type of environment
to explore. One significant challenge inherent to the space
environment  is  the  vacuum.  Considering  missions  that
occur on the so-called Low Earth Orbit (LEO) at around
200 and 1000 km in altitude, spacecraft need to be able to

withstand  10−9–10−11 Torr  (1  Torr  ≈  1.333  ×  102 Pa)  on
the  outside11.  At  these  altitudes,  thermal  cycling  is  also
concerning, where temperatures can rapidly oscillate be-
tween 100 °C and −100 °C12. Adding to the harsh condi-
tions  of  space,  both  UV  and  charged  particle  (ionizing)
radiation  effect  the  integrity  of  the  materials.  Consider-
ing missions at the altitude of the ISS, astronauts are ex-
posed to an annual dose-equivalent of about 0.3 Sv13, and
this  value  increases  as  destinations  extend  farther  from
Earth.  It  is  estimated  that  astronauts  embarking  on  fu-
ture  exploration  missions  to  Mars  will  receive  an  esti-
mated 1 Sv of radiation during a round trip26. These val-
ues  greatly  exceed  the  typical  annual  dose  the  general
population on Earth is exposed to (1 mSv). Furthermore,
the threat of impact also needs to be carefully considered.
In LEO, the typical velocities of space debris range from
about 7 to 10 km/s14,  and even relatively small  particles,
with sizes spanning from approximately 10 μm to a few
millimeters, can generate sufficiently high impact energies
to damage orbiting spacecraft. significant risk to both the
structural  integrity  and  operational  performance  of  the
systems15. From a logistic standpoint, one of the greatest
challenges  in  space  system  design  is  managing  size  and
weight  constraints.  Every  gram  saved  translates  to  re-
duced fuel consumption and lower launch costs, making
miniaturization a priority.  The goal is  to shrink compo-
nents  without  compromising  performance,  allowing  for
more  efficient  payload  allocation  and  the  integration  of
additional systems that would otherwise be unfeasible16.

Given  these  harsh  conditions,  the  design  and  plan-
ning of aerospace optical systems needs to address some
inherent  critical  factors  to  ensure  optimal  performance
and reliability in extreme environments.  Optical  aberra-
tions,  such  as  spherical  aberration,  can  degrade  image
quality and must be accounted for through precise opti-
cal  design,  advanced  mathematical  modeling,  and  high-
precision  manufacturing  techniques16.  Thermal  effects
pose another major consideration, as temperature fluctu-
ations  can  cause  material  expansion,  optical  misalign-
ment, and birefringence, requiring careful material selec-
tion, thermal compensation strategies, and structural de-
sign adjustments to maintain system stability17. Mechani-
cal  integration  also  demands  attention  at  the  planning
stage, as maintaining optical alignment in aerospace plat-
forms necessitates robust mounting structures, vibration
isolation  mechanisms,  and  stringent  tolerance  manage-
ment. Additionally, contamination control must be inte-
grated into the design process, as outgassing of materials
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and  residual  particulates  can  degrade  optical  surfaces
and  impair  system  performance,  necessitating  strict
cleanliness  protocols  from  fabrication  through  opera-
tional  deployment18.  Addressing  these  challenges  proac-
tively in the early stages of system development is crucial
to  ensuring  longevity,  accuracy,  and  efficiency  of
aerospace optical technologies.

Despite  these  challenges,  it  is  expected  that  the  next
decades will bring great developments, namely revolving
around  the  implementation  of  automated,  smart  and
reusable  spacecraft,  while  guaranteeing  proper  health
and safety conditions for the astronauts19,20. This can only
be  achieved  through  a  network  of  robust  sensing  ap-
proaches that can withstand space's  inherent harsh con-
ditions,  and  the  sizing  constraints  that  space  travel  en-
tails.  The  harsh  conditions  that  air  and  spacecraft  are
subject  to  heavily  condition  the  types  of  materials  that
may be used for aerospace applications. Although the ef-
fects these threats have on the materials vary greatly ac-
cording to the materials themselves, their thickness, and
stress levels, resistant materials need to be chosen to sur-
vive  them.  Also  to  be  considered  is  the  specific  mission
environment, including the altitude at which the materi-
als are used and for how long they remain there21.

Given  the  challenging  nature  of  space,  the  use  of  op-
tics  has  some  advantages  over  the  use  of  other  types  of
components. Optical signals are immune to electromag-
netic  interference  (EMI),  which  can  disrupt  or  degrade
electrical signals in electronic circuits22.

Optical  fibers,  in  particular,  are  especially  attractive
for  these  applications,  as  the  need  for  lightweight  and
miniaturized systems is paramount. Optical fibers are in-
trinsically  immune  to  electromagnetic  interference,  and
are thus often deployed in harsh environments. They are
also  lighter  than  copper  cables  and  allow  the  measure-
ment of multiple parameters at once23.

The evolution of optical systems in aerospace has been
marked by continuous advancements, driven by techno-
logical innovation and expanding mission requirements.
In the 1940s and 1950s, early aerial reconnaissance cam-
eras played a pivotal  role  in military surveillance,  laying
the  foundation  for  airborne  imaging.  By  the  1960s  and
1970s,  the advent of  satellite  imaging and infrared sens-
ing  revolutionized  remote  sensing,  enabling  more  pre-
cise  Earth  observation  and  defense  applications.  The
1980s and 1990s introduced adaptive optics,  significant-
ly improving image resolution and leading to the launch
of  space  telescopes  such  as  Hubble,  which  transformed

our  understanding  of  the  universe.  In  the  2000s  and
2010s, high-resolution satellite imaging and LIDAR tech-
nology  enabled  detailed  terrain  mapping  and  environ-
mental monitoring10,24. Today, advancements in AI-driv-
en  image  processing,  miniaturization,  and  novel  manu-
facturing  techniques  are  pushing  the  boundaries  of
aerospace  optics,  enabling  the  development  of  more
compact,  efficient,  and  intelligent  optical  systems.  This
review highlights recent breakthroughs, emphasizing the
interdisciplinary  nature  of  optical  technologies  in
aerospace applications.

 Applications of optical systems in
aerospace engineering
Optical systems have the potential to continue to revolu-
tionize  the  aerospace  industry,  offering  significant  ad-
vantages  in  areas  such  as  communication,  navigation,
environmental  sensing,  and  structural  and  human
health.  Multiple  different  technologies  can  be  employed
for this purpose, such as optical fiber-based sensing, laser
technology  or  imaging  systems,  to  name  a  few.  This
chapter  explores  recent  advances  on  the  application  of
optical  systems across  the aerospace sector,  highlighting
innovative  technologies.  At  the  end  of  this  chapter,  a
comprehensive  table  (Table 1)  summarizes  the  key  re-
search  articles  discussed,  categorizing  them  by  applica-
tion to provide a clear reference for further study.

 Navigation
A  robust  identification  of  a  vehicle's  position  is  crucial
for  its  navigation.  Optical  remote  sensing  cameras  play
an irreplaceable role in providing data for space altitude
measurements and provide a visual perception for scien-
tific  research.  With  the  recent  advances  in  technology,
the  performance  of  optical  remote  sensing  cameras  has
also increased greatly,  with significant  achievements  be-
ing accomplished in temporal,  spatial  and spectral  reso-
lution. To reduce mass and thus reduce costs associated
with  fuel  consumption,  multispectral  integrated  optical
systems have become a trend in deep space exploration,
which refers to space activities that explore celestial bod-
ies  both  in  and beyond the  solar  system.  This  paper  re-
ports  on  designing  and  constructing  a  common-aper-
ture  multispectral  imaging  system  that  can  simultane-
ously  obtain  ultraviolet,  visible,  mid-wave,  and  long-
wave infrared wavebands25.  This  system had a  full  field-
of-view of 6°, and a common entrance pupil with a diam-
eter of 60 mm.
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Table 1 | Overview of optical systems recently reported in the literature for aerospace applications.
 

Ref Year Application Results/Highlights Testing conditions Type

ref.25 2023

Navigation

Simultaneously obtain ultraviolet, visible, mid-wave, and
long-wave infrared waveband information

Laboratory experiments
(prototype)

Multispectral imaging
system

ref.26 2022 Real-time display of different terrains' coordinate system
Laboratory experiments

(prototype)
Vision-based electro-

optical

ref.27 2022 Excellent crater detection on the moon (~3px) Algorithm testing
Vision-based with

convolutional neural
network

ref.28 2018 Guidance and control of an unmanned helicopter
Laboratory experiments

and real flight test
Optical and inertial

sensors

ref.29 2017
Used in the controller to smoothly land a micro air

vehicle
Laboratory experiments

and real flight test

Optical flow
monocular camera-

based

ref.30 2022
Least-squares solution and analytical covariance to

solve observer position
Analytical/
Numerical

Multiple beacons
(line-of-sight)

ref.31,32 2021
Estimated position and velocity applied to the M-ARGO

mission
Laboratory experiments
and space deployment

Multiple beacons
(line-of-sight)

ref.33 2023
"Absolute" pointing and accurate inertial angular rate

Stabilized inertial reference unit
Laboratory experiments Imaging system

ref.42 2024 Three orthogonal accelerometers and gyroscopes
Laboratory experiments

(Scheduled space
deployment)

Interferometric
FBG

ref.46 2017

Temperature

Sensitivity of 25.8 pm/°C up to 1400 °C Laboratory experiments FBG

ref.47 2022
Maximum sensitivity of −850 pm/K between 100–200 K

−170 pm/K at 20 K
Laboratory experiments

Long-period fiber
gratings

ref.48 2022 Pre-tensioned fibers more accurate than free fibers Laboratory experiments FBG

ref.49 2022
Sensitivity 15.7 pm/°C
between 100–1000 °C

Laboratory experiments RFBG

ref.50 2018 Sensitivity of 10.54 pm/°C between −40 °C and 80 °C Laboratory experiments FBG

ref.51 2017 Tested on a rexus 22 sounding rocket
Laboratory experiments and

rocket testing
FBG

ref.10 2021
Tested on satellite FP7 PEASSS

Resistant up to 4 MGy
Laboratory experiments and

satellite testing
FBG

ref.53 2023

Radiation

A linear response between 10−3 and 102 Gy (SiO2) Laboratory experiments RIA

ref.54 2023 Lowest dose rate of 21 µGy (SiO2)/h
Laboratory experiments and

CERN tests
RIA

ref.56 2018

Gas

Proof-of-concept to measure CO2 during flight Laboratory experiments
Absorption

spectroscopy

ref.57 2018
CO, HCl, HCN, HF, CO2, and O2 within critical levels, at

pressures from 0.5 atm to 1 atm
Laboratory experiments

Absorption
spectroscopy

ref.58 2020 Gas/PM
CO and CO2

PM1, PM2.5, PM4, PM10 and PM15
Laboratory experiments

Electrochemical and
optical

(spectroscopy-
based)

ref.64 2018

Location

Extremely low resource optical identifier for low earth
orbit objects

Laboratory experiments and
flight test

Laser

ref.65 2022
Simultaneously determining precise orbits and

identifying space objects
Laboratory experiments Laser

ref.69 2024

Communication

Maximum downlink data-rate of 267 Mb/s
Aboard the Psyche
spacecraft (NASA)

Laser

ref.74 2020
Qualification of waveguides fabricated in glass by

femtosecond laser micromachining
Laboratory experiments Integrated optics
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The  issue  of  navigation  control  is  even  more  critical
when  it  comes  to  autonomous  vehicles.  Vision  sensors
employ specific features within the camera's field-of-view
to formulate object locations in the world and map them
to  the  corresponding  pixels  in  a  2-D  image.  A  vision-
based  relative  motion  sensor  called  OptoNav  (Optical
Landing Navigation), was developed using low-cost opti-
cal  components26.  This  system,  which  employed  three
laser  altimeters  and  a  camera,  was  shown  to  be  able  to
aid the vehicle  operator to land in a  controlled manner.

Another  paper  presented  a  vision-based  navigation  sys-
tem using a convolutional neural  network and its  appli-
cation in a moon landing scenario27, whose crater detec-
tion delivered outstanding center localization results (be-
low ~3 px, on average) with respect to database ones.

The  Autonomous  Terrain-based  Optical  Navigation
(ATON) project is a remarkable example of the applica-
tions of optical components for autonomous navigation,
including an inertial measurement unit, a laser altimeter,
a star tracker and navigation cameras.  Within the scope

Table 1 (Continued)
 

Ref Year Application Results/Highlights Testing conditions Type

ref.85,86
2020
2018

Structural
health monitoring

Determine cross-sectional forces and moments on wing Laboratory experiments FBG

ref.88 2024
Cantilever beam-based sensor for frequencies between

0 and 350 Hz
Laboratory experiments FBG

ref.89 2020
Supports can be designed to resonate at a given

frequency to increase sensitivity to small amplitude
vibrations

Laboratory experiments
Numerical simulation

FBG

ref.90 2024
Operating frequency range is 0–60 Hz, and sensitivity of

24.24 pm/g
Laboratory experiments

Numerical simulation
FBG

ref.91 2021
Detection of BVID on CFRP laminates (wing structure)

34–46 thermoset and 70 mm thermoplastic
Laboratory experiments FBG

ref.92 2019
Mean error for X coordinate is 18.36 mm and for Y

coordinate is 21.88 mm, for location prediction
Laboratory experiments FBG

ref.93 2020
Average localization error of 14.2 mm, with a training

time of 0.7 s
Laboratory experiments FBG

ref.94 2018
3-order sum of squares of deviations can predict the

impact point better
Laboratory experiments FBG

ref.95 2017
Resolution of the disbond

detection was approximately 2 mm
Laboratory experiments FBG

ref.96 2019
The sensors, packaging and installation were negligibly

affected (temperature, pressure, humidity, etc)
Laboratory experiments

(flight simulation)
FBG

ref.106 2016
Able to monitor crack growth and reconstruct the crack

surfaces in GFRP and profilometry in CFRP
Laboratory experiments OCT

ref.110,111 2014
Measuring 3D crack growth during delamination in

GFRP
Laboratory experiments

(Wind turbine)
OCT

ref.113 2023
Detect the most common defects in glass fiber

reinforced tapes
Laboratory experiments OCT

ref.119 2024
Measure defects in thermal barrier coatings (519 μm

depth and 100 μm width)
Laboratory experiments

OCT/Terahertz
pulsed imaging

ref.120 2020
Track

the compression displacements in composite
specimens

Laboratory experiments
OCT/Digital
holographic

interferometry

ref.123 2018

Astronaut's health

Portable system capable of measuring air temperature
and pressure, flow rates, O2 and CO2

Patented (NASA)
NDIR spectroscopy

(CO2)

ref.127 2024
Miniature cytometry-based analyzer, modified to fit

space travel
Onboard ISS

Flow cytometry (dual
laser)

ref.129 2018
Analysis of morphological changes in the optic nerve

head of 15 astronauts (pre and postflight)
Retrospective data (NASA) OCT
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of this project, different image processing techniques and
optical navigation methods as well  as sensor data fusion
were developed. The developed system was tested on an
unmanned  helicopter,  in  place  of  the  GPS-based  stan-
dard navigation system (Fig. 1)28.

In recent years, micro air vehicles have become popu-
lar.  However,  due  to  their  size  and  weight  constraints,
there needs to be a careful planning process for a limited
amount of  payload and sensors to be implemented,  and
the development of  more robust  algorithms.  To address
these concerns, and by taking inspiration from flying in-
sects,  an  optical  flow-based  approach  was  developed29.
Optical  flow  can  be  understood  as  the  apparent  visual
motion of an object in reference to the observer, and this
can  be  obtained  using  a  monocular  camera.  Thus,  one
can obtain information regarding both velocity and dis-
tance to the object the camera captures. This team devel-
oped an  algorithm that  allowed them to  accurately  esti-
mate the velocity of a test drone, and also land it smooth-
ly, even in windy conditions.

This  interest  in  miniaturization also  extends  to  inter-
planetary spacecraft,  which, coupled with constant tech-
nological  advances,  has  resulted  in  an  increase  in  the
number of satellites being launched into space.  This has
caused a problem for ground facilities that relied on tra-
ditional  radiometric  tracking.  Autonomous  navigation
has been proposed as a solid alternative to enable a sus-
tainable  deep-space  exploration.  This  paper  tackled  the
deep-space optical navigation problem, which consists of
the  estimation  of  an  observer  position  exploiting  the
line-of-sight (LOS) directions to a number of objects, or
beacons,  acquired  by  on-board  optical  sensors  such  as

navigation  camera  and  star  trackers.  This  team  focused
on the use of multiple beacons to derive the least-squares
solution and analytical covariance30.

CubeSats is an example of a class of nanosatellites with
standardized  measurements,  where  1U  equals  a  cube
with  a  10  cm  edge.  M-ARGO,  the 'Miniaturized-Aster-
oid  Remote  Geophysical  Observer',  is  European  Space
Agency's  first  stand-alone  CubeSat  mission  for  deep
space, and consists of determining the spacecraft state in
deep space by tracking the LOS directions to a number of
known  navigation  beacons.  The  LOS  directions  are  ac-
quired for one beacon at a time using available miniatur-
ized  optical  sensors  and are  given as  input  to  a  Kalman
filter31.  It  is  important  to  note  that  the  accuracy  (under
good  observation  conditions)  in  terms  of  position  and
velocity  reaches  values  of  1000  km  and  0.1  m/s.  Differ-
ent strategies have been adopted to enhance the solution
accuracy  of  the  autonomous  navigation  problem  for
deep-space  CubeSats,  either  through  the  optimal  bea-
cons selection method or by introducing light effects cor-
rections inside the model equations. A detailed overview
of this problem can be found in ref.32.

Precision line-of-sight  control  is  also essential  for  de-
fense applications, namely where sub-microradian to mi-
croradian  pointing  accuracies  are  required  against  dy-
namic  targets.  This  paper33 addressed  these  particular
challenges,  comparing the tradeoffs  between stable  plat-
form  and  strapdown  stabilization  mechanizations.  Even
though both are made up of gyro sensors and accelerom-
eters and include an optical reference for alignment, on-
ly  in  the  stable  platform  is  the  optical  reference  stabi-
lized.  This  system  can  become  a  stabilized  inertial
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Fig. 1 | Setup used for the control of an unmanned helicopter under the ATON project, highlighting its most relevant components. Figure repro-

duced with permission from ref.28, Springer Nature.
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reference unit, providing a stabilized optical reference for
the pointing and control systems. The authors reported a
gyroscope angle error as small as (0.05–1.0) × 10−6 rad.

Gyroscopes are a requirement for many missions and
are used for maintaining the attitude and orbital control
of spacecraft. Optical fiber gyroscopes (FOGs), in partic-
ular, have become essential for spacecraft navigation and
attitude  control,  offering  high  precision,  reliability,  and
resistance to environmental disturbances. Their develop-
ment stems from the Sagnac effect, first demonstrated in
1913,  which  describes  how  rotational  motion  induces  a
phase  shift  in  counter-propagating  light  beams within  a
closed-loop  optical  system.  In  the  absence  of  rotation,
the resulting interference fringes are stationary, however,
their  position  shift  according  to  the  angular  velocity  of
the system34. While early spacecraft relied on mechanical
gyroscopes,  the  emergence  of  FOG  technology  in  the
1970s  and  1980s  provided  a  superior  alternative,  elimi-
nating  moving  parts  and  reducing  power  consumption,
while having shorter reaction times and a higher accura-
cy35−37. The first in-space demonstration of an optical gy-
roscope  occurred  aboard  NASA's  X-ray  Timing  Explor-
er (1995-2012), validating its feasibility for space applica-
tions.  Since  then,  advancements  in  radiation-hardened
fiber optics and miniaturized designs have led to the de-
velopment  of  space-qualified  FOGs,  such  as  VOBIS,
which  is  optimized  for  long-duration  missions  in  deep
space and geostationary orbits38. The system demonstrat-
ed an in run bias stability better than 0.03 deg/hr, and the
tests showed no degradation of VOBIS accuracy parame-
ters after a 21 month flight. Today, FOGs are integral to
spacecraft  like  the  International  Space  Station  (ISS),
satellites,  and  planetary  exploration  probes,  ensuring
precise  orientation  and  stability  in  the  harsh  conditions
of space.

FOGs use special fibers, such as rare-Earth doped opti-
cal  fibers  (REDFs),  which,  coupled  with  an  accelerome-
ter, can provide rotational speed measurements and iner-
tial positioning. While commonly used for navigation on
earth,  their  advantages  have  been  leveraged  for  many
state-of-the-art  satellites,  such  as  Attitude  and  Orbit
Control  System  (AOCS)  for  planetary  landing  or  for
electric propulsion and deep space exploration. Another
example  is  a  microsatellite,  the  SLOSHSAT-FLEVO
(Sloshsat Facility for Liquid Experimentation and Verifi-
cation in Orbit), launched to investigate the dynamics of
fluids in microgravity, which integrates a 3-axis FOG39.

Efforts have been made to improve the effectiveness of

FOG.  To  amplify  the  Sagnac  effect,  FOGs  use  several
kilometers of fiber per coil, which increases the vulnera-
bility  to  radiation,  as  the  radiation-induced  attenuation
effects quickly escalate at these lengths. Additionally, due
to  the  rare-earth  doping,  the  fibers  (typically  erbium-
doped), are more sensitive to radiation. To mitigate this,
radiation hardening strategies are crucial, and their effec-
tiveness has already been demonstrated in satellites such
as the Planck or Galileo40.  Other efforts have been made
to  decrease  associated  costs.  For  example,  Nunes  and
Sakamoto  developed  a  passive  FOG  configuration  that
does not require modulation41.

Coupled with gyroscopes, accelerometers are also par-
ticularly useful in aerospace applications. Sakamoto et al.
reported an optic inertial measurement unit, comprising
three  orthogonal  closed-loop  interferometric  FOGs  and
a  triaxial  fiber  optic  accelerometer  for  determination  of
attitude  and  heading  in  3D-space42.  The  developed  sys-
tem was reported by the group to be in-line with the cur-
rently  available  FOGs  and  to  be  the  first  triaxial  ac-
celerometer version able to accurately measure accelera-
tion  in  the  three  axes.  Additionally,  the  developed  sys-
tem is set to be deployed in space in July 2025, on board
of  a  satellite  launch rocket,  which will  allow the  evalua-
tion of performance in real space conditions.

 Environmental monitoring

 Temperature
Aerospace  vehicles,  especially  aircraft,  are  subjected  to
both  extremely  high  and  low  temperatures,  ranging  be-
tween −150  °C  to  2000  °C.  However,  the  available  un-
packaged  commercial  fibers  used  for  temperature  sens-
ing  cannot  typically  withstand  such  high  temperatures.
However,  they  have  been  demonstrated  to  work  on  ex-
treme conditions, such as monitoring heat pipes43. Thus,
new  approaches  need  to  be  implemented  to  use  optical
fibers as sensors for these applications.

New  packaging  designs  have  been  developed  in  the
last  years  to  increase  the  maximum  operating  tempera-
ture  of  these  sensors,  such as  employing sapphire-based
fibers  with  femtosecond  written  gratings44.  Sapphire
fibers are remarkable for this  kind of  application due to
this material’s high melting point of 2045 °C45, which has
resulted in the development of temperature sensors able
to withstand temperatures higher than 1400 °C46. On the
opposite  side  of  the  spectrum,  this  type  of  sensor  has
shown stability at low temperatures, having already been
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proposed for cryogenic applications47.
Fiber Bragg gratings are especially useful for tempera-

ture  sensing,  and  a  lot  of  work  has  been  done  to  verify
their stability, accuracy, and sensitivity to operating con-
ditions.  The  authors  of  ref.48 evaluated  the  influence  of
two different  methods  of  FBGs surface  application have
been considered (gluing with pre-tensioning vs. non-ten-
sioned bonding.

On top  of  being  lightweight,  another  great  advantage
of optical fiber systems is the possibility of simultaneous-
ly measuring more than one parameter at the same time.
Tian et al. reported a system made up of two RFBGs for
precise temperature and strain measurements under high
temperature  environments.  While  one  RFBG was  sensi-
tive to both strain and temperature, the other was made
insensitive  to  the  applied  strain.  Results  indicated  a  lin-
ear response between 100 °C and 1000 °C with the same
sensitivity of ~ 15.7 pm/°C for both RFBGs49.

To fully adopt this type of sensing in space applications,
it is also crucial to ensure that the sensors are able to not
only withstand the extreme temperatures,  but also work
properly  in  a  vacuum. To overcome the  lack of  convec-
tion in these conditions, in an effort to enhance the heat
conduction speed of the sensor, a team developed a new
type  of  package  for  an  FBG  temperature  sensor,  which
included quartz powder and modified resin as fillers and
adhesive to ensure stability50. Experiments show that the
sensor  developed has  faster  response  speed (<3.3  s)  and
could reach temperature resolution of 0.095 °C.

Regarding  the  specific  application  of  optical  sensors
for  monitoring  temperature  in  aerospace  systems,  there
have been reports on certain elements of antennas, where
temperature monitoring is important for early detection

of design problems. However, this is a challenging envi-
ronment  because  of  the  radio  frequency,  which  inhibits
the use of conventional sensors such as thermocouples or
thermistors.  Thanks to their  inherent  immunity to elec-
tromagnetic  interference,  FBG  sensors  are  an  ideal  op-
tion. This type of approach was demonstrated in two an-
tenna  samples  (Fig. 2):  a  stripline  Wilkinson  divider
breadboard used for the center divider of the NAVANT
(transmit  antenna  for  GALILEO  system)  and  a  1:3  Di-
vider used in a NASA's Mars ROVER antenna51.

Other  report  delves  into  the  advantages  of  multiplex-
ing provided by FBG sensors, when compared with ther-
mistors, for the temperature measurement in a satellite's
communication and service modules52.  For example, the
Geosynchronous  Telecommunication  Satellite  EU-
ROSTAR3000  (EADS  ASTRIUM’s  satellite)  requires
temperature reading on more than 180 locations,  so the
use of FBG sensors results in a 74% decrease in mass, and
cable length needed, from over 350 m to less than 100 m,
while also improving time for installation.  Another suc-
cessful example is the European FP7 PEASSS (Piezoelec-
tric Assisted Smart Satellite Structure) project that creat-
ed  a  3U  CubeSat  with  an  FBG  interrogator  and  6  FBG
sensors  for  strain  and  temperature  sensing.  It  was
demonstrated to work and resist without problems up to
4 MGy10.

 Radiation
Dosimetry,  the  measurement  of  ionizing  radiation  dose
absorbed  by  matter  or  tissue,  is  of  special  interest  for
space  applications,  where  different  types  of  particles,
broad  energy  spectra  and  solar  activity  need  to  be  ac-
counted  for.  Optical  fibers  have  been  used  for  these
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Fig. 2 | Left-FBG sensors on a Wilkinson divider from GALILEO's NAVANT antenna: (a) Input port of the Wilkinson divider. (b) Output ports of the

divider. (c) Region with embedded FBG sensors. (d) Surface-mounted FBG sensors. Right-FBG sensors on a Mars ROVER divider sample: (A)

Central connector or mechanical mount point; (B) Output lines or transmission lines. (C) Surface area with FBG sensors. (D) Embedded or inter-

nal sensing path. Figure reproduced with permission from ref.51, under a Creative Commons Attribution License.
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applications. Meyer et al. proposed a phosphorus-doped,
single-mode  optical  fiber  dosimeter,  with  an  embedded
interrogator operating at 1610 nm53. While under γ- and
X-rays, the proposed system evidenced a linear response
between 10−3 and 102 Gy(SiO2), with a performance com-
parable to other standard-sized systems.

Optical  fiber-based  dosimeters  have  already  been  de-
ployed  on  the  International  Space  Station,  under  the
scope  of  the  LUMINA  project  (Fig. 3).  P-doped  fibers
were  used  for  this  purpose,  and  before  deployment,  a
theoretical  model  was  developed  and  experimental  tests
were carried out at CERN, which allowed for the calibra-
tion curve of the flight model to be obtained54.
 
 

Fig. 3 | LUMINA  dosimeter  during  the  experimental  tests  at  CERN.

Figure reproduced with permission from ref.54, under the terms of the

Optica Open Access Publishing Agreement.

 

 Gas and particulate matter (PM)
Even  though  most  materials  used  in  the  interior  of
manned  spacecraft  are  non-flammable,  they  still  pro-
duce  smoke  when  overheated.  Fires  can  reveal  catas-
trophic  to  spacecraft  due  to  the  very  limited  options  to
extinguish  them,  so  detectors  should  be  able  to  detect
smoke  generated  by  oxidative  pyrolysis  (such  as  smol-
dering).  As  spacecraft  fires  differ  greatly  from  those  on
the  ground,  as  evidenced  by  a  study  performed  on  the
International Space Station55, smoke detectors need to be
optimized for this particular environment. A robust sys-
tem of  small  and low-power sensors  capable  of  measur-
ing different key compounds could allow early detection
and location of fires which in turn would allow early de-
ployment of fire suppressants.

Absorption  spectroscopy  can  be  used  to  detect  and
quantify  the  concentration  of  various  gases  relevant  to

combustion  and  pyrolysis,  as  they  have  absorption  fea-
tures  in  the  mid-infrared  range.  Terracciano  et  al.  de-
signed and tested a CO2 sensor, based on a 4.2 µm light-
emitting  diode56.  Through  amplitude  modulation  it  was
possible  to  obtain  species  concentration,  and  frequency
modulation  revealed  the  ambient  temperature.  The  sys-
tem was tested with total pressures between 10.1 kPa and
101  kPa.  The  authors  also  suggest  that  the  same princi-
ple could be applied to other hazardous gases.

The combustion Product Monitor is another example
of  absorption  spectroscopy,  this  time  using  a  tunable
laser.  This  six-channel  system  was  developed  as  part  of
the  Spacecraft  Fire  Safety  Demonstration  (Saffire)
Project, intended to measure concentrations of the target
gases during low-gravity, reduced pressure oxidative py-
rolysis of relevant test materials aboard a transfer vehicle
returning from low Earth orbit. Available results showed
the system was capable  of  measuring gas-phase concen-
trations of CO, HCl, HCN, HF, CO2,  and O2 within the
critical levels, at pressures from 0.5 atm to 1 atm57.

This paper58 delved into the performance evaluation of
gas and particle sensors when applied to the detection of
combustions of three commonly used spacecraft materi-
als:  cotton  lamp  wick,  Nomex  fabric,  and  Poly(methyl
methacrylate) (PMMA). The system used included a va-
riety of sensors, including a CO2 analyzer by non-disper-
sive infrared, and four light scattering-based equipment's
for  the  quantification  of  particulate  matter  of  different
sizes  (PM1,  PM2.5,  PM4,  PM10 and  PM15)  (Fig. 4).  CO2

alone  is  not  a  good  fire  indicator,  as  human  breath  can
cause  some  false  positives,  and  some  burning  scenarios
cause  CO2 levels  only  slightly  above  normal.  However,
results showed that PM sensors were responsive to both
smoldering  and  flaming  smoke,  and  that  the  low-cost
options were sensitive enough to detect smoke.

 Location and imaging
Optical imaging systems have been instrumental in space
exploration, with telescopes playing a crucial role in ob-
serving  celestial  phenomena  and  advancing  our  under-
standing of the universe59,60. Since the launch of the Hub-
ble Space Telescope (HST) in 1990, space telescopes have
provided  high-resolution  images  of  distant  galaxies,  re-
fined estimates  of  the  universe's  age,  and confirmed the
presence  of  dark  energy.  The  James  Webb  Space  Tele-
scope (JWST), launched in 2021, represents the next leap
in  space-based  observatories,  utilizing  a  6.5  m  primary
mirror  and  infrared  imaging  capabilities  to  study  the
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formation of the earliest galaxies and analyzing exoplan-
et  atmospheres  beyond  the  capabilities  of  visible-light
telescopes61.

Building  upon  these  advancements,  a  revolutionary
electro-optical  (EO)  imaging  sensor  has  been  proposed,
replacing  conventional  telescopes  with  photonic  inte-
grated circuits (PICs).  This approach integrates millions
of  direct-detection  white-light  interferometers  onto  a
single  chip,  eliminating  the  need  for  large  optical  ele-
ments while maintaining high-resolution imaging. Fabri-
cated  using  CMOS-compatible  photonic  technologies,
this  system  offers  a  scalable  and  cost-effective  solution
for  future  NASA  missions,  enabling  a  large-aperture,
wide-field  EO  imager  with  significantly  reduced  mass
and  volume.  Innovations  in  photonic  interferometry
hold  the  potential  to  transform  space-based  imaging,

making  deep-space  observations  more  accessible  and
efficient.

In  addition  to  astronomical  imaging,  optical  sensors
are  playing  an  increasingly  important  role  in  on-orbit
servicing  (OOS)  and space  traffic  management62.  Active
sensors  such  as  LiDAR,  laser  rangefinders,  and  mi-
crowave  radars  provide  range  and  angle  measurements,
while  visible-light  and  infrared  cameras  enhance  high-
resolution imaging for autonomous docking and inspec-
tion61. However, challenges such as target motion, limited
observation  windows,  and  resource  constraints  necessi-
tate the continued refinement of these technologies. The
integration  of  machine  learning  algorithms  and  multi-
modal  sensor  fusion  is  expected  to  further  enhance  au-
tonomous  spacecraft  operations  in  future  missions.  The
rapid  rise  in  satellite  launches,  from  approximately  100
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in  2010  to  over  1,000  annually  by  2020,  has  resulted  in
growing  congestion  in  low  Earth  orbit  (LEO).  This  in-
crease is driven by advances in miniaturization and cost-
effective  satellite  manufacturing,  leading  to  both  higher
space  traffic  and  a  rising  density  of  space  debris63.  Effi-
cient  space  traffic  management  is  now  critical,  and  the
identification  of  satellites  and  debris  is  the  first  funda-
mental step.

Current  identification  methods  rely  primarily  on
RADAR  and  optical  observations,  but  many  objects  in
LEO  remain  unidentifiable.  Alternative  approaches  in-
clude  equipping  satellites  with  identification  hardware,
such  as  the  extremely  low-resource  optical  identifier  a
"license  plate"  consisting  of  an  array  of  laser  diodes,
which  emits  an  optical  signal  that  can  be  received  and
decoded  on  Earth64.  However,  this  active  technique  re-
quires  additional  power,  making  it  impractical  for  non-
operational  satellites.  Passive  techniques,  which  do  not
require an external power source, are increasingly attrac-
tive.  These  methods  often  involve  retroreflecting  tags
that remain functional even after a satellite's operational
lifespan.  A  promising  approach  is  satellite  laser  ranging

(SLR),  where  satellites  are  equipped  with  retroreflectors
that  reflect  ground-based  laser  pulses  for  precise  track-
ing.  Bartels  et  al.  proposed  an  advanced  polarization-
modulated SLR system, where specially designed retrore-
flectors  alter  the  polarization  state  of  received  photons
before reflecting them back to Earth, enhancing identifi-
cation accuracy (Fig. 5)65.

Additionally,  advancements  in  stray  light  (SL)  man-
agement  are  improving  optical  system  performance  in
space.  Traditional  SL  characterization  methods  struggle
to isolate individual contributors, limiting optical refine-
ments. Recent research has introduced ultrafast time-of-
flight (ToF) imaging, utilizing a pulsed laser and a streak
camera  to  map  and  differentiate  SL  components  based
on  their  optical  path  lengths  (OPL).  This  technique  en-
ables  reverse  engineering  of  SL  origins,  leading  to  more
effective mitigation strategies  and enhanced optical  pre-
cision in space telescopes and EO sensors66.

Finally,  progress  in  synthetic  aperture  radar  (SAR)
processing  is  further  refining  spaceborne  imaging.  A
novel  floating-point  imaging  chip  based  on  system-on-
chip  (SoC)  architecture  has  been  developed  for
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multi-mode  SAR  imaging  tasks.  This  system  incorpo-
rates  fault-tolerant  techniques,  such  as  fixed-point
pipelined FFT processors, error correction codes (ECCs),
and partial  triple  modular  redundancy (PTMR),  achiev-
ing real-time performance with low power consumption
and high reliability.  The system processes SAR raw data
at  6.9  W,  demonstrating  significant  improvements  in
computational  efficiency  and  resilience  to  radiation  ef-
fects,  making  it  a  viable  candidate  for  long-term  space
missions65.

 Communications
In the past few years, tremendous growth has been expe-
rienced  in  the  information  and  communication  field,
which has been accompanied by an intense growth in da-
ta,  leading  to  congestion  in  the  tried-and-tested  radio
frequency communications.  Optical  communication has
arisen as a fitting alternative, offering much higher band-
width,  ease  of  deployment,  unlicensed  spectrum  alloca-
tion,  reduced  power  consumption  and  size,  and  im-
proved security67.

This  same  problem  also  translates  into  deep  space
communications.  At  the  same  time  as  radio  frequency
communication is reaching its bandwidth limit, there are
enormous volumes of scientific data, including high res-
olution images and video, that need to be transmitted68.

Since 2023, NASA has assisted in an ongoing techno-
logical  demonstration  of  free-space  optical  communica-
tions  from  beyond  the  earth-moon  system.  Its  Deep
Space  Optical  Communications  payload,  which  was
launched  with  the  Psyche  spacecraft,  involves  a  DSOC
Flight Laser Transceiver, that can acquire a 1064 nm up-
link laser from earth, and return a 1550 nm signal.  This
system includes  a  22  cm unobscured  optical  transceiver
assembly,  a  4  W average power laser  transmitter,  actua-
tors,  sensors,  electronics  and  software69.  This  system  is
designed to transmit data from outer space at rates 10 to
100 times faster than the state-of-the-art radio frequency
systems.  Early  results  show a  maximum downlink data-
rate of 267 megabits per second –a bit rate comparable to
broadband internet download speeds70.

Research  into  optical  satellite  communication  has  fo-
cused  on  devices  operating  in  the  short-wave  infrared
(800–170  nm),  thanks  to  the  maturity  and  commercial
availability  of  such  components.  However,  longer  mid-
wave (3–5 µm) and long-wave infrared (8–14 µm) bands
have  gained  the  interest  of  investigators  due  to  reduced
atmospheric losses. Flannigan et al. have comprehensive-

ly  reviewed  this  topic71,  highlighting  future  prospects  of
practical demonstrations.

Intra-satellite  communications  can  also  benefit  from
integrated photonics for high-speed data transfer among
onboard  subsystems.  Similar  to  terrestrial  networks,
spacecraft require efficient data movement, and photon-
ic interconnects offer high data rates while reducing sig-
nal  loss.  Additionally,  photonics  can  enhance  electronic
operations  such as  mixing,  signal  generation,  and phase
shifting,  improving  overall  system  performance72.  The
adoption of Photonic Integrated Circuits (PICs) presents
a compelling alternative to conventional electronic inter-
connects, significantly reducing size, weight, and power -
a  crucial  factor  for  space  applications,  particularly  for
miniature satellites like CubeSats73.

A significant milestone in this field is the space qualifi-
cation of laser-written waveguides, which operate at 850
nm  and  1550  nm,  key  telecommunication  wavelengths.
Fabricated  in  borosilicate  Eagle  XG  glass,  these  waveg-
uides demonstrate state-of-the-art guiding performance74.
A total  of  294 integrated photonic devices were subject-
ed to proton and γ-ray irradiation to simulate LEO con-
ditions  at  700  km  altitude.  The  results  confirmed  that
their  propagation  losses,  waveguide  birefringence,
evanescent  coupling,  and  interferometric  stability  re-
mained  largely  unaffected.  This  validation  establishes
laser-written  photonic  circuits  as  viable  candidates  for
satellite-based  experiments,  particularly  in  quantum
communication,  where  satellites  are  essential  in  over-
coming distance limitations imposed by fiber optic loss-
es.  Beyond  quantum  applications,  these  circuits  hold
promise  for  space-based  astronomical  observations,
where  on-chip  interferometry  is  a  key  technology  for
high-precision imaging.

Integrated  optics  enables  the  miniaturization  of  opti-
cal  components,  including  waveguides,  lasers,  modula-
tors,  detectors,  and  filters,  onto  a  single  photonic  chip.
By  integrating  these  elements,  complex  operations  such
as  signal  modulation,  amplification,  and  routing  can  be
performed  within  a  compact  and  stable  platform,  en-
hancing the efficiency of space communication systems22.
Among  these  components,  optical  modulators  play  a
critical role in deep-space communication, encoding da-
ta, imagery, and telemetry onto radio or laser signals for
inter-satellite  transmission  or  communication  with
Earth75. Given the harsh space environment, modulators
must be radiation-resistant, reliable, and capable of with-
standing  extreme  thermal  fluctuations76.  Technologies
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such  as  electro-optic  and  acousto-optic  modulators  sig-
nificantly  enhance  deep-space  missions,  as  laser-based
communication offers high bandwidth and minimal sig-
nal attenuation. As future missions expand toward inter-
planetary exploration and human colonization, modula-
tors  will  remain  essential  for  real-time  communication,
remote sensing, and high-speed data transmission77.

Free Space Optical (FSO) communication represents a
high-data-rate alternative to radio-frequency links for fu-
ture  space  communication  systems.  However,  atmo-
spheric turbulence introduces significant challenges,  de-
grading signal  quality and limiting performance.  To ad-
dress this, a photonic integrated circuit (PIC) for turbu-
lence  mitigation  has  been  developed,  capable  of  coher-
ently  combining  32  input  optical  signals  into  a  single
output  fiber.  Fabricated  using  a  low-loss,  high-density
silicon-on-insulator (SOI) process,  this  device integrates
31  Mach-Zehnder  Interferometers  (MZIs)  and  31  Ger-
manium photodetectors,  achieving a  bandwidth exceed-
ing 80 kHz. The system is designed for LEO-ground and
horizontal  FSO links,  with further developments  under-
way  to  scale  up  to  64  input  channels  and  reduce  inser-
tion losses78.

A complementary advancement is a self-adaptive inte-
grated  photonic  receiver,  designed  to  mitigate  turbu-
lence  effects  in  FSO  communication.  Using  a  silicon
photonic chip with a 2D Optical  Antenna Array (OAA)
and a  Programmable  Optical  Processor  (POP) based on
MZIs,  the  system  can  coherently  combine  distorted
wavefronts  in  real-time,  mitigating  scintillation-induced
fading  and  improving  overall  signal  integrity.  Experi-
mental results at 10 Gbit/s demonstrate an 8.7 dB power
improvement  under  simulated  turbulence  conditions,
ensuring stable data transmission. Compared to conven-
tional  solutions,  this  compact,  energy-efficient  receiver
offers low latency, high scalability, and seamless compat-
ibility with fiber optics,  making it  particularly suited for
satellite  communications,  LiDAR,  and  quantum
networking79.

 Structural health monitoring
In the early days, the only method to monitor and man-
age  a  fleet  was  through  log  hours  and  landing  cycles,
which meant that an aircraft would retire after reaching a
certain  pre-determined  limit.  As  science  progressed,  a
link  between  load  cycles,  fatigue  and  stress  with  struc-
tural damage was established, and a general understand-
ing  that  flight  hours  are  not  the  only  relevant  factor  in

structure health was achieved80.
Nowadays,  these  concerns  have  culminated  in  the

concept  of  Structural  Health  Monitoring  (SHM),  which
aims at continuously scrutinizing the health status of the
structures81,  in  order  to  improve  reliability,  safety,  and
ultimately  maintenance  costs19.  Effective  structural
health monitoring leading to early detection of structure
deterioration  allows  a  proper  and  timely  repair  of  the
damage before it becomes irreparable, which ends up ex-
tended the safe life of the materials.

The use of advanced composite materials in aerospace
engineering  also  entails  the  progress  in  the  methods  to
evaluate  material  defects  or  damage,  the  most  typical  of
which are delaminations,  when there is  a  separation be-
tween  two  or  more  layers  of  the  material  (often  due  to
residual stresses during the manufacturing phase or due
to low-velocity  impacts  during machining or  in-service)
and debondings, which describe extensive separation be-
tween  two  elements,  typically  between  the  stiffener  and
the skin82.

 Optical fiber-based structural health monitoring
Optical  fiber  strain  sensors  are  capable  of  detecting
changes  in  strength  and  stiffness  as  a  result  of  damage
occurring  to  the  materials,  by  a  change  in  their  optical
properties,  such  as  intensity,  wavelength,  phase  or  state
of  polarization,  following  a  linear  relation  with  the  me-
chanical  strain83.  More  specifically,  FBGs  are  a  proven
approach in providing excellent solutions for a variety of
structural  health  monitoring  problems,  owing  to  their
low  weight,  immunity  for  electromagnetic  interference
and multiplexing capabilities. In addition, they can be ei-
ther  bonded to the surface of  a  composite  or  embedded
within the material.

Under the scope of the UK's "CONSTRUCT" and "In-
tegrated Wings" projects, an FBG based system has been
developed for in-flight monitoring, focusing on the harsh
conditions  of  a  composite  wingbox.  The  system operat-
ed  by  monitoring  acoustic  emission  to  assess  damage,
and load monitoring to predict the remaining lifetime. In
addition,  leveraging  the  inherent  capabilities  of  these
sensors,  multiplexed  sensors  for  strain  and  temperature
were developed84.

There are also reports of application in unmanned air-
craft's wings, with research focusing on the calibration of
a measurement system capable of  monitoring cross-sec-
tional forces and moments,  that included both electrical
resistance  and  FBG  strain  gauges.  The  calibration
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allowed  a  comparison  between  the  results  for  the  com-
plete  system,  consisting  of  three  sensor  units,  and  for
various  combinations  of  separated  measuring  points.  A
system built from only the gauges embedded in the wing
spar  caps  enables  measurements  with  accuracies  suffi-
cient  to  assess  the  behavior  of  the  structure  during
operation (Fig. 6)85,86.

Measurement  of  vibrations  plays  a  crucial  role  in
modern engineering applications, serving as an essential
diagnostic tool for detecting potential structural anoma-
lies and ensuring the safety and reliability of various sys-
tems. Unwanted vibrations often signal damage within a
system,  which  makes  their  detection  vital  for  predictive
maintenance  and  fault  prevention.  Among  the  various
techniques explored for vibration monitoring, FBGs have
emerged  as  a  highly  effective  sensing  technology  due  to
their high sensitivity, immunity to electromagnetic inter-
ference,  and  wide  frequency  response  range87.  A  recent
study  by  Vedova  et  al.  introduced  an  FBG-based  vibra-
tion  sensor  designed  specifically  for  the  extreme  condi-
tions  encountered  in  aerospace  environments88.  Their
prototype  consists  of  FBGs  affixed  to  a  cantilever-type
beam,  where  mechanical  vibrations  induce  an  inertial
load on the beam, leading to strain variations in the em-
bedded  FBGs  and  corresponding  shifts  in  the  Bragg
wavelength.  This  system  operated  on  frequencies  be-
tween  0  Hz  and  350  Hz.  To  enhance  sensitivity,  struc-
tural supports can be designed to resonate at specific fre-
quencies,  amplifying  the  induced  strain  and  improving
detection capabilities89. The performance of various sen-

sor configurations was systematically analyzed through a
combination of numerical simulations and experimental
validation  using  conventional  sensors  such  as  strain
gauges  and  accelerometers.  These  comparative  studies
provided valuable insights into the strengths and limita-
tions of different designs, paving the way for further op-
timizations in FBG-based vibration sensing technologies.

Acceleration sensors  are  essential  for  vibration moni-
toring  in  structural  health  assessment  and  environmen-
tal safety. Compared to traditional electrical accelerome-
ters, FBG-based sensors provide higher sensitivity, lower
noise,  broader  frequency  response,  and  immunity  to
electromagnetic interference, making them a compelling
alternative.  A  recent  study  proposed  a  low-frequency
FBG  acceleration  sensor  with  a  flexible  hinge,  spring
support,  and  symmetric  compensation  mechanism  to
improve  low-frequency  detection90.  The  sensor’s  reso-
nant  frequency  and  sensitivity  were  modeled  and  opti-
mized  through  finite  element  simulations,  initially  pre-
dicting  383.6  Hz  resonance  and  82.9  pm/g  sensitivity.
However,  experimental  tests  revealed  deviations,  with  a
natural frequency of 73 Hz and sensitivity of 24.24 pm/g,
likely  due  to  excitation  system  constraints.  While  these
results remain within acceptable limits, enhancing fabri-
cation precision and material purity is necessary for im-
proved performance, miniaturization, and broader appli-
cability in aerospace and precision sensing.

Barely  visible  impact  damage  (BVID)  poses  signifi-
cant risks to the integrity of carbon fiber reinforced poly-
mer  (CFRP)  aerospace  components.  BVIDs  typically
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Fig. 6 | FBG strain gauges integrated into a wing structure. Figure reproduced with permission from ref.85, under a Creative Commons Attribution
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result  from  impacts  such  as  tool  drops,  bird  strikes,  or
lightning,  leading  to  localized  fiber  or  matrix  cracking.
Although a BVID may only manifest as a subtle 0.3 mm
dent on the outside of the material, a substantially larger
delaminated  area  can  occur  between  the  different  plies,
which  can  propagate  under  structural  loads,  potentially
leading  to  component  failure.  Surface  mounted  optical
fiber  sensors  have demonstrated the capability  to moni-
tor  BVIDs over  regions  up to  34–46 mm wide  for  ther-
moset, and more than 70 mm for thermoplastic material
systems.  BVID  detection  on  larger  components  can
therefore be considered with a sensor density respecting
these detection ranges91.

Low-velocity impact events in CFRP structures, which
frequently result in BVID, are a major concern due to the
reduction in  strength  and stiffness  that  may follow.  Ac-
curate  detection  and  localization  of  impact  events,  in-
cluding their severity, would represent a critical advance-
ment  for  aerospace  SHM  applications.  This,  in  turn,
would enable more targeted inspection programs, signif-
icantly  reducing  the  time  and  cost  of  routine  mainte-
nance. Strain measurement has been identified as an effi-
cient  method  for  assessing  the  impact  response  of  a
structure92. To support this, the current work proposes a
Least Squares-Support Vector Regression (LS-SVR) algo-
rithm  to  localize  impact  events  on  a  CFRP  plate,  deter-
mining  their X and Y coordinates  and  energy.  The
LS-SVR model is benchmarked against other algorithms
in  the  literature,  highlighting  its  effectiveness  in  impact
localization.

A novel impact localization approach for CFRP struc-
tures  is  also  presented  in  the  literature,  using  FBG  sen-
sors  paired  with  narrow-band  laser  demodulation  tech-
nology.  Wavelet  packet  decomposition  is  employed  to
extract frequency band signals, with impact energies cal-
culated  subsequently.  Results  indicate  an  average  local-
ization error of 14.2 mm, with a training time of 0.7 s93.
Another  method applies  FBG sensors  to  acquire  impact
signals,  with  the  frequency  spectrum  analyzed  using  a
Fast Fourier Transform (FFT), providing an effective ap-
proach for low-energy impact localization94.

For  detecting  disbond  in  CFRP  double-lap  joints,  an
innovative diagnostic  method was developed using FBG
sensors  embedded  near  the  bondline.  The  FBG sensors,
experiencing  step-like  strain  distributions,  could  differ-
entiate  between  intact  and  disbonded  regions.  As  dis-
bond  grew  under  cyclic  loading,  the  sensors  exhibited
dual  reflection  peaks,  with  the  shorter  wavelength  peak

corresponding  to  the  unloaded  region.  The  gradual  in-
crease  in  the  intensity  ratio  between  these  peaks  effec-
tively tracked the progression of disbond length, provid-
ing  a  quantifiable  means  of  assessing  damage95,  with  a
resolution of approximately 2 mm.

Another  significant  contribution  is  the  development
and  validation  of  specialty-coated  FBG  sensors  for  per-
manent  installation  on  aerospace-grade  composites,  as-
sessing their compatibility under realistic in-flight condi-
tions. These sensors were thoroughly tested for response
consistency before and after exposure to conditions such
as  temperature  and  pressure  cycling,  humidity,  hy-
draulic  fluid  exposure,  and  fatigue  loading,  in  line  with
aerospace  standards.  Results  showed  negligible  impact
on  both  bond  line  integrity  and  sensor  signal  quality,
supporting  the  feasibility  of  FBG  sensors  for  SHM  of
aerospace-grade composite materials96.

These collective advancements demonstrate a promis-
ing future for impact detection and monitoring in CFRP
aerospace structures. Through a combination of innova-
tive sensor technologies and advanced data analysis tech-
niques,  these  methods  offer  practical  solutions  to  the
challenges  of  BVID  detection  and  localization,  thereby
enhancing  the  reliability  and  safety  of  aerospace
components.

 Optical coherence tomography for structural health
monitoring
Optical  coherence  tomography  (OCT)  is  a  non-contact
sensing  tool,  often  considered  analogous  to  ultrasound,
which operates  based on the  principle  of  low coherence
interferometry97,  and  relies  on  time  delays  and  magni-
tude of light echoes to generate images with microscopic
resolutions98.  Briefly,  laser  light  is  split  into  two  paths:
the  reference  (with  a  mirror)  and  the  object  (with  the
sample).  Light  from  the  object  path,  after  either  being
back  reflected  or  backscattered  by  the  structure  of  the
sample,  recombines  with the light  reflected in the refer-
ence  path,  and  this  interference  can  be  detected  by  a
photodetector unit99,100.

Ever since its  debut in 1991,  OCT imaging has found
many  applications  in  medicine,  but  it  has  truly  revolu-
tionized clinic ophthalmology101. It is currently used as a
routine clinical tool in the diagnosis and monitorization
of  several  eye  diseases99,  given the eye's  highly  transpar-
ent and low scattering structures102.  This success reflects
the  technological  developments  from  the  last  two
decades,  especially  the  emergence  of  frequency  domain
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OCT, which drastically increased the imaging speed and
sensitivity  when  compared  to  time  domain  OCT103.  As
technology continues  to  evolve,  increasingly  more com-
plex systems can be designed, and more applications can
be explored.

Given  its  non-invasive  nature,  OCT  imaging  is  espe-
cially useful for non-destructive testing (NDT). The ability
to  measure  layer  thickness,  and  detect  surface  and  sub-
surface  defects  such  as  cracks,  inclusions  or  delamina-
tions without damaging the object is an outstanding fea-
ture of NDT techniques104.  This is particularly useful for
the  aerospace  industry,  where  composites  are  being  in-
creasingly employed105.  Because of their semitransparent
property, OCT could be an ideal tool to inspect the internal
structures of these materials. It is still a challenge, howev-
er,  to  accurately  determine  crack  lengths,  or  obtain  3D
crack  surface  profiles,  which  are  of  great  importance  to
better understand the properties and limitations of these
materials106 to  ultimately  avoid  structural  failures  that
could result in catastrophic repercussions107. OCT, which
allows  depth  sectioning,  has  previously  been  applied  to

study delamination cracks in glass and carbon fiber com-
posites, showing promising initial results (Fig. 7)106.

As early as 2012, Ping Liu et. al aimed to expand OCT
applications  beyond  the  biomedical  field  and  into  the
aerospace industry. They developed an OCT system, using
a  broad  bandwidth  light  source  with  center  wavelength
of 1550 nm, to evaluate the quality of aerospace materials,
including  epoxy  coatings  and  glass  fiber  composites108.
This system was capable of evaluating thickness and ho-
mogeneity.  This  research  has  been  extended  to  evaluate
the  effects  of  different  signal  processing  methods  in  the
overall  performance  of  the  OCT system109.  These  devel-
opments allowed this team to later apply an OCT system
to  analyze  samples  of  a  glass  fiber  composite  and  study
their  delamination  under  a  tensile  loading.  The  cross-
sectional images clearly show the microstructure and the
crack  within  the  specimen.  The  3D  crack  profiles  show
the application of OCT to determine the evolution of the
crack structure inside the composite  material110,111.  They
also  characterize  polymers  and  polymer  composites  us-
ing  a  hybrid  OCT  system  that  coupled  time-domain
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Fig. 7 | OCT images from a delaminated glass fiber composite test after inflicted damage. (a) A cross-sectional perspective: 1) specimen surface,

2 and 3) reflections from upper and lower surfaces of the crack. White square: frontiers of the delamination crack. (b) Depth scan signal across

the  middle  of  the  white  square  in  (a).  (c)  Volumetric  image  reconstruction,  highlighting  the  crack  tip.  Figure  reproduced  with  permission  from

ref.106, under a Creative Commons Attribution-NoDerivs License.
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OCT  (TD-OCT)  and  Fourier-domain  OCT  (FD-OCT)
into  one  system112.  TD-OCT  can  take  advantage  of  a
large  axial  scan  range  while  FD-OCT  has  superior  per-
formance in fast imaging as no axial scan is needed.

Wenninger et al. demonstrated the successful applica-
tion  of  OCT to  detect  production  defects  in  glass-fiber-
reinforced  unidirectional  tapes  with  a  thermoplastic
polycarbonate  matrix.  Specifically,  OCT  was  employed
to  identify  common  defects,  such  as  dry  fiber  regions,
empty  gaps,  and  fiber  breakage,  highlighting  its  poten-
tial  utility  for  quality  assurance  in  composite  manufac-
turing processes113.

OCT has emerged as a powerful tool for material char-
acterization,  offering  valuable  insights  into  internal
structures,  which  are  essential  for  both  quality  control
and  the  development  of  new  materials  across  industrial
and  medical  fields.  Technological  advancements  have
significantly  expanded  the  use  of  OCT  in  non-destruc-
tive  testing  (NDT),  with  enhanced  capabilities  in  terms
of  faster  image  acquisition  and  higher  resolution114.  A
notable  advancement  in  OCT  technology  is  the
Master/Slave  (MS)  approach,  which  offers  several  bene-
fits  over  conventional  Fast  Fourier  Transform  (FFT)-
based  OCT,  including  the  elimination  of  pre-processed
data and a more balanced dispersion within the interfer-
ometer.  These  features  make  MS-enhanced OCT an ex-
cellent  candidate  for  NDT  applications  where  flexibility
is  needed,  particularly  concerning lateral  resolution and
axial imaging range115.

However, a key limitation of OCT is its shallow imag-
ing depth, constrained by the scattering of light through
inhomogeneous  media.  The  imaging  depth  typically
ranges  from several  hundred  microns  to  a  few  millime-
ters,  depending  on  the  properties  of  the  sample,  optical
probing scheme,  and wavelength.  Since scattering losses

are  inversely  proportional  to  the  wavelength  of  light  in
relation to the size of the scattering features,  it  has been
recognized  that  longer  center  wavelengths  could  en-
hance  penetration  depth.  Current  state-of-the-art  OCT
systems,  such as  those used in dermatology,  often oper-
ate at a wavelength of 1.3 μm due to favorable factors like
low  water  absorption  and  the  well-developed  optical
components  from  telecommunications.  Although  ex-
tending OCT to longer wavelengths may theoretically in-
crease  penetration  depth,  this  comes  with  challenges.
Light  sources  and  detectors  become  less  efficient  at
longer wavelengths, and there is a significant increase in
water  absorption  and  vibrational  absorption  bands  in
many  materials,  complicating  the  assessment  of  poten-
tial imaging benefits116.

OCT has  also  been  effectively  utilized  to  differentiate
between  ductile  and  brittle  fractures  in  metallic  materi-
als117,118.  These  studies  demonstrated  the  potential  of
OCT  in  analyzing  fractures  in  critical  metallic  parts,
which  could  lead  to  catastrophic  failures  in  aviation,
maritime,  automotive,  or  rail  industries.  Additionally,
the  prospect  of  a  mobile  OCT  unit  equipped  with  a
handheld scanning probe for in-situ fracture analysis was
discussed,  providing  a  flexible  solution  for  real-time  as-
sessment of damaged components.

Further  demonstrating  the  versatility  of  OCT,  it  has
been combined with other inspection techniques for en-
hanced defect evaluation. One notable example is the in-
tegration of OCT with terahertz pulsed imaging to assess
defects  in  thermal  barrier  coatings  (TBCs),  which  are
commonly  applied  to  aero-engine  turbine  blades.  Dur-
ing engine operation,  these coatings can be damaged by
high  temperatures  and  strong  impact  forces,  leading  to
delamination and peeling. The combination of OCT and
terahertz imaging provided a comprehensive assessment
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Fig. 8 | Scanning images showing multiple perspectives of high-temperature oxidation cracks. (a) High-temperature oxidation crack on the OCT

sample table; the red box is the scanning area of the picture. (b) Near the focal point of 3D OCT imaging of the sample. (c) Volume standard

OCT imaging of the sample. Figure reproduced with permission from ref.119, under a Creative Commons Attribution License.

Oliveira S et al. Opto-Electron Adv  8, 250036 (2025) https://doi.org/10.29026/oea.2025.250036

250036-17

 

https://doi.org/10.29026/oea.2025.250036


of  the  TBC's  integrity,  both  internally  and  externally119,
making it possible to detect defects with 100 μm width at
519 μm depth.

Frausto-Rea  et  al.  developed  an  innovative  dual  opti-
cal  configuration  to  inspect  the  mechanical  response  of
composite specimens made from poly-methyl-methacry-
late  reinforced  with  metallic  particles.  This  configura-
tion  utilized  digital  holographic  interferometry  for  sur-
face  data  and  Fourier  domain  OCT  for  internal  inspec-
tion,  demonstrating  the  power  of  combining  comple-
mentary  techniques  to  provide  a  more  comprehensive
analysis of composite materials120.

Overall, these developments emphasize the expanding
role  of  OCT  in  NDT  and  material  evaluation  in  a  wide
range  of  applications,  from  quality  control  in  manufac-
turing  to  in-depth  structural  analysis  in  critical  safety
sectors.

 Optical monitoring of astronauts' health
Space  is  a  harsh  environment  which  exposes  astronauts
to  unique  health  challenges.  Some  of  the  most  promi-
nent examples are body fluid redistribution, muscle atro-
phy and loss of bone density, which can be attributed to
microgravity121,  while  the  enhanced  exposure  to  radia-
tion  can  pose  a  higher  risk  for  neurodegenerative  dis-
eases  and  cancer122.  Since  access  to  medical  equipment

and  specialized  personnel  is  very  limited,  the  future
prospect  of  longer  says  in  space  highlights  the  need  for
health monitoring tools that are simple, require minimal
bulk, and allow the astronauts autonomy while perform-
ing the measurements.  In this  sense,  breath analysis  has
emerged  as  a  promising  field,  due  to  the  vast  informa-
tion  that  can  be  obtained  through  it,  and  its  inherently
non-invasive  nature.  In  fact,  NASA  has  already  devel-
oped  a  breath  analysis  system  for  space  applications.
NASA's Portable Unit for Metabolic Analysis (PUMA) is
a wearable device that included a breathing mask,  capa-
ble of  quantifying fatty acid and carbohydrate oxidation
rates,  O2,  and  CO2123.  The  latter  could  be  quantified
through an optical  sensor based on NDIR spectroscopy.
Silva et al. highlighted multiple optical based sensors ca-
pable  of  detecting  other  substances,  such  as  acetone124,
ammonia125,  methane126,  and  their  potential  to  be  ap-
plied in aerospace applications.

In-flight clinical decision-making can benefit from im-
mediate  and  abundant  diagnostic  information,  available
from  drops  of  blood  or  other  biological  specimens  that
can  be  easily  and  frequently  obtained.  measure  a  broad
range  of  test  classes,  such  as  blood  counts,  hormones,
chemistry, enzymes, nucleic acid, proteins, and biomark-
ers.  Furthermore,  cytometry can allow for high levels  of
assay multiplexing,  allowing simultaneous measurement
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of  diagnostic  and  biological  parameters,  thus  increasing
the throughput and content of each sample analysis. Re-
cently, Rea et al. reported the demonstration of a minia-
ture cytometry-based analyzer (rHEALTH ONE) on the
ISS127.  Amongst  other  specific  spaceflight  modifications,
this system was customized to fit the limited size, weight
and  power  restrictions,  while  relying  on  alignment-free
optics for surviving rocket launch. Each sample was ana-
lyzed by two lasers (405 nm and 532 nm), and the num-
ber of photons collected by the five detectors in 10 μs in-
tervals  could  be  accessed  through  the  rHEALTH  Cap-
ture  software  program.  When compared to  the  ground-
based  benchmark  Gallios  cytometer,  this  approach  uti-
lized  517×  less  power,  183×  less  volume,  92×  less  mass,
and  166×  smaller  sheath  reservoir.  This  demonstration
provided a significant step forward for on-orbit biomedi-
cal analysis.

Another  significant  issue  caused  by  the  microgravity
environment  is  the  incidence  of  Spaceflight  associated
neuro-ocular  syndrome  (SANS),  which  refers  to  the
unique  neuro-ophthalmic  findings  that  have  been  de-
scribed  in  astronauts  during  and  after  long-duration
spaceflight.  The  imaging  and  clinical  findings  of  SANS
include  optic  disc  oedema  (ODE),  chorioretinal  folds,
hyperopic refractive shift, posterior globe flattening, and
total retinal and retina nerve fiber layer thickening128. To
further  understand  this  issue,  Patel  et  al.  studied  the
changes  in  the  optical  nerve  head  and  surrounding  tis-
sue  using  preflight  and  postflight  OCT  scans  from  ISS
astronauts129.

Additionally,  it  is  worth noting that  OCT has already
been  performed  in  space.  In  fact,  in  2013,  NASA  de-
ployed the  Heidelberg  Spectralis  OCT to  the  ISS130.  The
crew had OCT baseline examinations prior to their mis-
sions on space, and the follow-up examinations intend to
register  and  monitor  ocular  changes  throughout  long
term  missions.  More  recently,  a  Heidelberg  Spectralis
“OCT2” device has been activated on the ISS131. This up-
dated system represents  an increase  in  sensitivity,  offer-
ing  enhanced  resolution  and  depth  imaging,  on  top  of
being  more  user-friendly.  These  advances  provide  the
basis  for  a  better  future  understanding  of  SANS,  which
NASA has considered as one of the highest priority risks
to astronauts in space.

 Final remarks
Given  the  expected  increase  in  aerospace  activity  in  the
coming  years,  the  development  and  integration  of  new

and  improved  technologies  is  essential  to  continue  to
make  these  explorations  easier  and  more  effective.  The
inherent advantages of using optical technologies such as
the  resilience  to  harsh  environments  and  the  ability  to
construct  lightweight  systems,  while  maintaining  a  high
level or precision –position them as transformative solu-
tions to modernize the aerospace industry.

This  review  has  highlighted  numerous  remarkable
contributions to aerospace applications, showcasing a di-
verse  range  of  optical  sensors  and  systems  tailored  for
the  field.  While  some  innovations  have  already  been
adopted  for  operational  use,  many  more  are  still  in  ex-
perimental  stages,  requiring  further  refinement  to  meet
the  rigorous  industry  demands.  Despite  the  significant
progress  made,  some  challenges  still  remain.  Miniatur-
ization of components, enhanced resistance to the harsh
operating conditions,  and the  integration of  optical  sys-
tems with artificial intelligence for autonomous decision-
making  are  areas  that  require  more  intensive  research
and development. Furthermore, the interest in achieving
a more sustainable exploration, alongside the need to re-
duce the vehicles' weight and energy consumptions, will
continue to drive innovation and evolution.

Addressing these gaps will be essential to ensure opti-
cal  systems  can  fully  meet  the  complex  requirements  of
future  aerospace  missions,  especially  as  activities  extend
far  beyond  Earth's  orbit,  hopefully  leading  to  a  more
widespread adoption in real-world missions.

Future trends in aerospace optical systems are moving
towards  a  highly  integrated,  multidisciplinary  approach
that  leverages  emerging  technologies  such  as  nanopho-
tonics,  machine  learning,  and  additive  manufacturing.
Nanophotonics  promises  unprecedented  miniaturiza-
tion and enhanced performance through the use of sub-
wavelength structures and metamaterials, which can lead
to more compact and efficient optical components. Con-
currently,  machine  learning  techniques  are  being  em-
ployed  to  optimize  optical  design  parameters,  automate
calibration  and  fault  detection  processes,  and  enhance
real-time  data  processing,  thereby  streamlining  the  de-
velopment  and  operation  of  these  systems.  Additive
manufacturing  is  set  to  revolutionize  the  production  of
optical  components  by  enabling  the  fabrication  of  cus-
tomized, lightweight parts with complex geometries that
traditional  manufacturing  methods  cannot  achieve.
These  innovations  are  expected  to  drive  significant  ad-
vancements  in  key  aerospace  applications,  including
earth  observation,  deep-space  exploration,  and  in-space
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manufacturing. Moreover, the development of novel ma-
terials  and advanced coatings  will  be  critical  to  improv-
ing  the  durability  and  performance  of  optical  systems
under  harsh space  conditions  such as  extreme tempera-
tures, radiation, and mechanical stress. As the aerospace
industry  continues  to  expand  its  capabilities,  these  cut-
ting-edge technologies will play an increasingly vital role
in  enabling  more  resilient,  efficient,  and  cost-effective
optical  solutions  that  are  essential  for  future  missions
and for deepening our understanding of the universe.

In conclusion, multiple technologies have demonstrat-
ed great promise, thus continued investment in research
and  development,  strong  interdisciplinary  collabora-
tions, and industry-standardization efforts are critical to
unlock  their  full  potential  towards  full-scale  adoption
and optimization.
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