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High resolution, accurate strain sensors find vital applications in civil, aerospace, and mechanical engineering.
Photonic solutions, especially fibre Bragg gratings, despite being promising platforms for strain sensing in harsh
environments, and achieving microstrain resolution, suffer from strong sensitivity to temperature fluctuations
and require expensive optical detection methods. To tackle these challenges, in this work we present a mode-

locked fibre laser strain sensor based on intracavity pulse interference. Our all-fibre sensor, using an intracavity
Mach-Zehnder interferometer architecture achieves 20 microstrain resolution with linear response over a 4
millistrain range. Our proposed sensor does not require external locking, and it is environmentally stable,
decoupling temperature and strain effects. Furthermore, through a full electronic read-out in radio-frequency
domain, our solution can bypass expensive and bulky optical detection. These features pave the way for low-cost
and robust photonic strain sensors technology with disruptive real world impact.

1. Introduction

Strain sensing plays a critical role in monitoring the structural health
of a wide range of practical applications in aerospace [1], civil [2]
and mechanical [3] engineering. A plethora of commercial strain sens-
ing techniques now exist for such applications including foil strain
gauges [4], piezoresistive sensors [5], vibrating wire gauges [6], fibre
Bragg gratings (FBGs) [7], and distributed optical sensing (e.g. Bril-
louin time-domain reflectometry [8]). Optical-based strain sensors, in
particular, have experienced rapid recent growth for their high sen-
sitivities, invulnerability to electro-magnetic interference and water
damage, multiplexing capabilities and long-term stability [9]. However,
undesirable thermal sensitivity remains a key challenge and is usually
tackled using intricate packaging or cumbersome temperature compen-
sation techniques [10]. This poses a significant barrier to their wider
deployment in industry such that there is significant motivation to de-
velop temperature-insensitive optical strain sensors.

Optical frequency combs (OFCs) are emerging in the photonic tech-
nology landscape as versatile light sources with prominent applica-
tions [11], including greenhouse gas detection [12], distance rang-
ing [13], precision metrology [14], molecular fingerprinting [15], fre-
quency synthesis [16] space exploration and exoplanets search [17,18],

* Corresponding authors.

optical communications [19], and in advanced phase-sensitive optical
time-domain reflectometry techniques for strain and temperature sens-
ing too [20]. OFCs comprise a set of equally spaced coherent frequency
laser lines which can be generated in a diverse set of platforms includ-
ing nonlinear optical resonators [21,22], highly-nonlinear fibres [23],
electro-optical modulators [24], optical parametric oscillators [25], hy-
brid platforms combining active and passive optical cavities [26,27],
and mode-locked lasers [28]. In the latter scenario, OFCs are the fre-
quency domain counterpart of ultrashort light pulses circulating inside
the optical resonator. A particularly attractive technique is dual-comb
spectroscopy [29] which employs two OFCs with slightly different line
spacing: one as a probe and the other as a local oscillator. Interfer-
ence between the OFCs produces a signal in the radio-frequency (RF)
domain, thereby circumventing expensive and bulky optical domain de-
tection whilst preserving OFC precision and measurement capability.
Despite the vast range of OFC applications, their use for strain sensing
has been, so far, limited. Previous research has demonstrated potential
for strain sensing using a single OFC. However, such an approach re-
quires an atomic clock for stabilisation, which is also strongly affected
by temperature [30], or is based on complicated external synchronisa-
tion mechanisms [31]. Various dual-comb mode-locked laser sources
have been instead used to interrogate FBGs strain sensors [32-37],
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Fig. 1. Sensor concept and experimental setup. a Schematic of experimental setup: a ring fibre laser consisting of a passive fibre (black line), Erbium-doped
fibre gain medium (Er80, green line) pumped by 980 nm laser (green rectangle) through a wavelength division multiplexer (WDM, grey rectangle), isolator (ISO),
carbon nanotube saturable absorber (SWNCT), polarisation controllers (PC1,2) isolator (black rectangle) and Mach-Zehnder Interferometer (MZI). b The laser optical
spectrum, resulting from intracavity pulse interference, exhibits spectral peaks grouping together multiple cavity modes: strain applied to the laser causes spectral
peak separation; ¢ temperature increase causes a collective spectral red-shift without affecting spectral peak separation.

and in optical time-domain reflectometry based strain sensing tech-
niques [20], but never as the sensing element itself to the best of our
knowledge.

2. Materials and methods

In this work we present a mode-locked all-fibre laser static strain
sensor based on intracavity pulse interference. The sensor is environ-
mentally stable, it does not require any external locking mechanism,
and its strain response is decoupled from temperature variations due to
a specific intracavity Mach-Zehnder interferometer (MZI) architecture.
The key operational principle is as follows. A light pulse generated in
a passively mode-locked laser is split into two pulses (OFCs) at the in-
tracavity MZI input, and the two pulses travel inside the MZI along
slightly different optical paths, interfering and recombining at the MZI
output (the setup is shown in Fig. 1a). The resulting structure of the
laser optical spectrum consists of multiple equally spaced peaks due to
the mutual interference through the MZI, where each peak envelope
contains several cavity modes. A similar multi-peak structure also man-
ifests in the RF domain. Strain, applied by stretching one of the MZI
arms, causes a change in the interference pattern, inducing a separation
of the relative peaks in both the laser optical spectrum and RF spectrum,
thus enabling sensing capability (see Fig. 1b). In contrast, temperature
variations cause a collective red- or blue-shift of the whole optical spec-
trum without affecting the relative separation between peaks, as shown
in Fig. 1c. In this way, temperature and strain effects are decoupled. As
a comparison, traditional dual-comb measurement techniques employ
two synchronised OFCs, generated by different sources, which interfere
at a photo-detector following interaction between one of the OFCs and
the sample to be measured or characterised e.g. in spectroscopy appli-
cations. A key novelty of our setup centres on the existence of a spectral
interference pattern inside the cavity and it is the sensitivity of this in-
terference pattern that enables sensing capabilities.

We have built a net anomalous dispersion ring cavity fibre laser
using a 7.1 m long single mode optical fibre with nonlinearity y =
2 km™! W-! and group velocity dispersion B, = =20 ps? km™! at 1550
nm wavelength. The gain medium comprises a 1 m long high concen-
tration Erbium-doped fibre (Liekki Er80-8/125) pumped by a 980 nm
laser diode. A polarisation controller (PC) is used to tune the polari-
sation cavity state, while a 51 dB dual-stage polarisation-independent
optical isolator (ISO) is inserted in the laser cavity to ensure unidirec-
tional propagation. A single-wall carbon nanotube (SWCNT) is used to
achieve mode-locking operation. A 90:10 coupler allows extraction of

10% of the intracavity power, which is directed to a 2.5 GHz bandwidth
oscilloscope (Tektronix DPO7254), to a 20 pm resolution (Yokogawa
AQ6317B) optical spectrum analyser (OSA), and to a 13.6 GHz band-
width RF analyser (Rohde & Schwarz) with 3 Hz resolution bandwidth,
to characterise the laser output. We implemented an intracavity MZI
with 2 m long arms using two 50:50 fibre couplers.

3. Results

We observed stable fundamental mode-locking when either arm
of the interferometer was connected to the cavity in isolation. The
recorded optical spectra — corresponding to each pulse — were centred
at approximately 1559 nm, as shown in Fig. 2a; note that individual
comb lines of each spectrum could not be visualised as their spacing is
smaller than the OSA resolution. In this scenario, a single pulse circu-
lating inside the laser was observed, having repetition rates of 20.4415
MHz and 20.4465 MHz (see Fig. 2b), depending on which arm was con-
nected, and corresponding to total cavity lengths of 10.14238 m and
10.1399 m respectively. The oscilloscope temporal traces showing the
two light pulses are plotted in Fig. 2c.

When both MZI arms were connected to the cavity with a path dif-
ference of about 2.48 mm, we could observe the signatures of the two
pulses/OFCs interference in both the optical and RF spectrum with
a separation between consecutive peaks of 0.715 nm (Fig. 2d) and
45.7 kHz (Fig. 2e) respectively. The optical spectrum peaks are de-
termined by the maxima of the MZI transmission function (assuming
the linear phase-shift as the leading contribution, this yields a spacing
Ad=12/ (ngAL)~ 0.7 nm with 4 = 1560 nm, MZI arm length difference
AL =248 mm, and group index n, = 1.4). We highlight the excellent
noise properties of the interference spectrum which enable clear iden-
tification of the individual spectral features: the FWHM bandwidth of
the optical and RF beat note is approximately 56 pm and 8 kHz respec-
tively, with a high signal-to-noise-ratio (SNR) of about 60 dB and 50 dB
respectively. Fig. 2f and its inset show the temporal trace extracted at
the cavity output coupler, consisting in an amplitude envelope which
modulates — on a time scale of the order of 20 ps corresponding to
the inverse of the RF spectrum linespacing — a train of pulses repeat-
ing with the cavity round trip time periodicity of about 50 ns. To test
the mode-locked laser strain sensing capabilities, we extended one arm
of the MZI (the ‘sensor arm’) by AL using a micrometre bonded to the
fibre with a gauge length of L = 0.1 m. The resulting strain can be de-
fined as AL/ L. The applied strain induces a change in the delay of the
sensor arm pulse only, which in turn translates into a change of the
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Fig. 2. Laser operational regimes characterisation. a Optical spectrum, b RF beat note, c oscilloscope temporal trace corresponding to fundamental mode-locking
when either arm of the MZI is connected to the laser cavity in isolation. d Optical spectrum, e RF spectrum, and f oscilloscope temporal trace showing interference

when both MZI arms are connected to the laser cavity.
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relative peak separation in both the optical and RF spectra, as shown
in Figs. 3a and 3c respectively. For each value of strain applied, the
spectral spacing is calculated as the average spacing between closest
neighbour peaks in the optical and RF spectrum respectively, consider-
ing only the peaks with height exceeding the noise floor by more than
10 dBs: this corresponded to approximately 30/20 peaks per recorded
spectrum respectively. As the strain applied to the laser causes separa-
tion of spectral peaks, the spectral resolution of the optical spectrum
analyser or RF analyser used ultimately limits the fine tracking of spec-
tral peak position and hence strain measurement precision. In our work,
averaging over multiple spectral peak separations reduces further possi-
ble errors in single peak tracking. The optical wavelength and RF peaks
separation increased linearly with a change in strain, with a sensitiv-

ity of 43 pm/me and 350 Hz/me respectively over a strain range of 4
me (see Figs. 3b and 3d). In Fig. 3b and 3d we show that the spectral
response is linear with respect to the applied strain over a 4 me range,
both for optical and RF spectrum. The inset of Fig. 3b shows a finer scan
demonstrating 20 ue resolution. The achieved resolution was limited by
the smallest increment of the micrometre to apply strain rather than the
proposed sensing method. Further improvements in sensor performance
could be achieved by applying the strain with more advanced methods
such as using high precision motorised stage systems with longer gauge
lengths, and it will be the subject of future work. We have studied the
impact of temperature variations on the strain sensing capabilities of
our device by increasing temperature in the MZI sensor arm, starting
from lab background level (~27°C) to approximately 53 °C using a
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Peltier element. From Figs. 4a and 4b, there is a rigid collective shift
of the optical spectrum with an increase in temperature. From Fig. 4c
it can be seen that different temperature levels have an insignificant
influence on the linearity and sensitivity of the relationship between
applied strain and peak separation. Temperature has no relevant influ-
ence on the RF spectral peak separation either as it can be appreciated
from Fig. 4d. Furthermore, a global temperature change affecting both
MZI arms simultaneously, which is the most likely scenario to occur in
applications as the whole device would be immersed in a common en-
vironment, will not have an impact on the spectral peaks separation as
the interference properties depend on relative changes of optical path
between the two MZI arms. Spectral fringes drift due to temperature in
MZI devices has been extensively investigated in the literature [38-42].
In silica fibres this drift is caused by thermal dependence of the refrac-
tive index, and an analytical estimate of the phase shift can be obtained
by differentiating the accumulated phase (or group delay) with respect
to temperature and considering measured values of the thermo-optic
and thermal expansion coefficients [39,40]. Mitigation strategies for
this effect have been proposed too. However, in our setup the global
drift is not disturbing the operation of the sensor as strain is causing
changes in the relative position of the spectral peaks and not a drift.
Furthermore, possible residual changes in the relative position of the
peaks caused by temperature, if present, are negligible in magnitude
compared to that caused by strain.

We have investigated the spectral stability of the laser for a fixed
level of applied strain. The corresponding temporal evolution of optical
and RF spectra is depicted in Fig. 5a and 5b respectively. Data were ob-
tained performing one acquisition of RF and OSA spectrum respectively
every 5 minutes for 60 minutes, corresponding to a total of 12 measure-
ments. The results show that the optical and RF beat notes are stable
and experience negligible changes over the time interval considered. We
have measured the temporal evolution of the average peak spectral sep-
aration, which is the physical observable associated to strain sensing,
and obtained a standard deviation of 0.95 pm for optical spectrum and
5.55 Hz for RF spectrum (see Supplementary Material for more details).
While one can not a priori exclude spectral changes between consecu-
tive measurements, taking stability measurements with this granularity

was motivated by the fact that during the laser operation we never
observed any abrupt change in its emission spectral properties. The ex-
periment was also executed multiple times to quantify the repeatability
of the sensor performance: the standard deviations for the RF and opti-
cal measurements are ~0.1 kHz and ~0.01 nm respectively, as shown
Fig. 5¢c and 5d, and have been obtained from 5 data points for each
value of applied strain.

4. Discussion

The proposed sensor presents significant advantages over alternative
photonic-based strain sensing technologies in that it overcomes the lim-
itation of coupled temperature-strain sensitivity; despite the fact that
improvements are still needed to achieve resolution of the order of few
ne like for instance in [34]. Ideally, and particularly for civil engineer-
ing applications, the sensor resolution would require improvement to
achieve the micro-strain or even few hundreds of nano-strain level. To
improve the resolution limit one could either increase the gauge length
L, hence making the MZI arms longer, or reducing A L. While increas-
ing L too much (e.g. by several meters) will substantially affect the
overall laser performance, the most suitable way would consist in us-
ing a more fine grained approach to stretch the fibre (e.g. by means of
a motorised high precision micrometer) providing changes in strain in
much smaller steps. Compared to other approaches where dual-comb
sources have been employed to interrogate FBGs [32-36], our solution
decouples temperature and strain effects. This is because having FBGs
as sensing elements does not eliminate temperature-strain crosstalk, ir-
respective from the fact that the dual-comb source used to interrogate
them may be thermally stable or not. Furthermore, our sensor is en-
vironmentally stable and does not require complicated alignment and
synchronisation procedures [30,31,43]. As it can be built with low-
cost commercially available components, it does not require ad hoc
fabrication techniques either [44]. Compared to alternative non-mode-
locked MZI based laser sensors [45], our solution avoids the need for
a second interferometer or speciality multicore fibre hence providing
reduced complexity. An additional advantage of the proposed sensor
compared to other optical platforms relying on single wavelengths in-
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terrogation such as FBGs or non-mode-locked lasers, relates to the RF
domain readout and the potential reduction in readout errors too, as the
sensor output uses a statistical average over multiple spectral features.
We stress the fact that, while we have presented here results about the
sensor interrogation both from RF and optical spectrum to provide a
more complete characterisation of the device, from applications point
of view the RF domain interrogation is preferable due to lower costs (for
instance using commercially available portable RF spectrum analysers).

The sensor performance should be immune from undesired effects
due to group velocity mismatch for realistic operational configurations.
Indeed group velocity mismatch resulting from different lengths of the
two MZI arms — in case of very large optical path length — may affect
the possibility of interference between optical pulses travelling along
the two different arms. Our results suggest that with the present setup,
strain sensing in the millistrain and in the few tens of microstrain range
can be easily and reliably achieved. Most devices used for monitoring
strain in civil engineering applications are aiming at measuring strain
changes with much higher resolution — of the order of the microstrain
or below — which means that the path length difference will be much
smaller than what we considered in this work. Hence we would expect
that group velocity mismatch between the two arms will not have a
relevant impact on the sensor performance.

Our innovation creates new possibilities for robust temperature-
insensitive strain sensing for a wide range of practical applications
currently under-served by existing temperature-prone commercial sen-
sors. These areas include high value markets such as structural health
monitoring of civil infrastructure, oil and gas drilling, nuclear, and in-
dustrial machining. The proposed approach can be also deployed to
interrogate other physical parameters with insensitivity to temperature,
including pressure, curvature, torsion and displacement.

5. Conclusions

In conclusion, we have presented a mode-locked fibre laser static
strain sensor based on intracavity pulse interference, achieving 20 ue
resolution over a 4 me range, with the minimum observed resolution
limited by the strain steps achievable in the laboratory. Our stable,
all-fibre architecture, decouples strain and temperature response, en-
ables RF domain readouts and avoids the need for external stabilisation.
These unique selling points pave the way for a new generation of low-

cost and environmentally robust sensors suitable for deployment at
scale in civil, mechanical and aerospace engineering. These markets are
multi-billion dollar industries such that there is significant potential for
future impact.
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Appendix A. Supplementary material

In the Supplementary Material more information can be found on
the laser stability.
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