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Abstract—Small form-factor sensors are widely used in 

minimally invasive intravascular diagnostic procedures. 

Manufacturing complexities associated with miniaturizing 

current fiber-optic probes, particularly for multi-

parameter sensing, severely constrain their adoption 

outside of niche fields. It is especially challenging to rapidly 

prototype and iterate upon sensor designs to optimize 

performance for medical devices.  In this work, a novel 

technique to construct a microscale extrinsic fiber-optic 

sensor with a confined air cavity and sub-micron geometric 

resolution is presented. The confined air cavity is enclosed 

between a 3 µm thick pressure-sensitive distal diaphragm 

and a proximal temperature-sensitive plano-convex 

microlens segment unresponsive to changes in external 

pressure. Simultaneous pressure and temperature 

measurements are possible through optical interrogation 

via phase-resolved low-coherence interferometry (LCI). 

Upon characterization in a simulated intravascular 

environment, we find these sensors capable of detecting 

pressure changes down to 0.11 mmHg (in the range of 760 

to 1060 mmHg) and temperature changes of 0.036˚C (in the 

range 34 to 50˚C). By virtue of these sensitivity values suited 

to intravascular physiological monitoring, and the scope of 

design flexibility enabled by the precision-fabricated 

photoresist microstructure, it is envisaged that this 

technique will enable construction of a wide range of fiber-

optic sensors for guiding minimally invasive medical 

procedures.  

 
Index Terms— Optical fiber sensors, biomedical signal 

detection, optical interferometry, blood pressure measurement, 

temperature measurement, microsensors, photolithography, 

optical waveguide. 

 

I. INTRODUCTION 

INIATURE  minimally-invasive sensors allow for fine 

spatial resolution and targeted point measurements at 

critical sites, particularly for biomedical diagnostics.[1], [2] 

These include intrasurgical measurement of pressure and 

temperature in cardiac vasculature during cardiovascular 

electro-surgery, intracranial physiological monitoring during 
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head trauma recovery, urological interventions, among 

others.[3]–[9] Particularly for minimally invasive surgical 

(MIS) procedures, electronic sensors or manometer-style 

catheters tend to be too large for in vivo use.[10] Moreover, the 

electromagnetic interference (EMI) sensitivity of electronic 

sensors and damping of pressure dynamics in manometric 

catheters can present challenges with intravascular applications. 

The risk of embolism, infection and thrombosis increases with 

the size of the sensor,[11] highlighting the importance of sensor 

miniaturization.  

Fiber-optic sensors present a favorable alternative for use in 

minimally invasive medical applications. Of particular interest 

is their immunity to EMI, magnetic resonance imaging (MRI) 

compatibility, and high mechanical flexibility.[2], [12], [13] 

When designed to have sub-mm lateral dimensions, these can 

be readily integrated within existing catheters, needles and 

guidewires.[6] 

Fiber-optic pressure and temperature sensors comprise one 

or more responsive optical cavities that are interferometrically 

interrogated to measure corresponding deflections. Such probes 

can be formed by affixing an optical cavity structure consisting 

of a deformable diaphragm extrinsic to a waveguiding optical 

fiber. Materials such as Si, SiO2, metal films, nano-diamond, 

ceramics, and organic polymers have been investigated in this 

regard.[14]–[21]  However, obtaining the geometric tolerances 

needed to reliably attach these optical cavity elements to fiber-

optic waveguides is challenging. Commercial fiber-optic 

interferometric sensors are typically formed by anodic bonding 

of a thin Si diaphragm onto a glass support structure or 

capillary.[22]  This method does not allow for freeform design 

or structural modification for prototyping and tends to be 

expensive in terms of both assembly time and capital equipment 

required. Inclusion of custom-designed optical elements for 

lensing or simultaneous multi-parameter measurements is also 

challenging using these methods. 

3D laser lithography is of interest for precision 

microfabrication of fiber-optic sensors. Early work on this 

paradigm was done by Hill et al. to form an SU-8 based 

cylindrical extrinsic structure with a single air-filled optical 

cavity.[23] To our knowledge however, a fiber-optic sensor 

with lithographically formed freeform monolithic extrinsic 
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sensing structure comprising a confined gas cavity and 

microlens is yet to be reported. A few combinatorial approaches 

with multiple integration steps have been investigated in this 

context,[19], [24]–[27] but a submicron resolution optical 

cavity structure capable of pressure and temperature sensing in 

a remote fluidic environment has been elusive.   

In this work, we demonstrate the precision microfabrication 

of such a fiber-optic sensor that is  simultaneously responsive 

to changes in both pressure and temperature within the 

intravascular physiological range.[28] A 3D monolithic 

freeform structure comprising a microscale deformable 

diaphragm, a confined air cavity, and an optimized lensing 

segment was designed for integration onto the cleaved end-face 

of a single-mode (SM) optical fiber, illustrated in Fig. 1A. A 

key step in the fabrication process of this extrinsic sensing 

microstructure involved the use of two photon polymerization 

(TPP) printing. TPP leverages two-photon absorption (TPA) of 

near-infrared (NIR) radiation for additive manufacturing with 

sub-diffraction limit resolution within the bulk of a 

photosensitive material.[29]–[33] This is typically realized by 

high-resolution scanning of a tightly focused femtosecond laser 

beam across the material to induce crosslinking in the exposed 

regions, followed by washing out of the unprocessed material, 

leaving the cross-linked geometry composed of the 

photopolymerized resin. 

TPP microfabrication of structures directly onto the cleaved 

end-faces of optical fibers have been reported to form lenses, 

gratings and micro-spring elements.[34]–[37] However, direct 

on-fiber TPP does not allow for confined air cavities distal to 

the optical fiber end-face, as open outlets with diameters 

exceeding 20 µm are needed to ensure complete removal of the 

unexposed resin during photoresist development. Additionally, 

the adhesion between the resist material and the fiber end-face 

does not ensure irreversible bonding of the TPP microstructure 

 
Fig. 1. Sensing probe design. A) CAD illustration of our multi-cavity fiber-optic probe for intravascular pressure and temperature sensing. B) Longitudinal cross-
section representation of the sensing element design of the probe with its major optical path lengths indicated as z1 and z2, (including the refractive index). The 

blue dashed rectangle indicates the region of significance of optical design optimization in the extrinsic sensing element. (SM: single mode, LS: lensing segment, 

AC: air cavity, PD: pressure-sensitive diaphragm). C) Illustration of the ray-tracing optimization of the forward and back-reflected trajectories of the interrogation 
beam within the extrinsic sensor element; the forward and return beam trajectories are shown side by side; the geometry of the sensing element is flipped 

horizontally for the back-reflected trajectory, so that the direction of propagation of the rays is left-to-right in both images. D) Schematic of the Low-Coherence 

Interferometry (LCI) interrogation setup used to interrogate the integrated fiber-optic sensor (SLD: super-luminescent diode). 
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to the optical fiber as required for intra-surgical use. Moreover, 

the presence of low-reflectance deformable polymer interfaces 

forming low-finesse cavities presents a challenge in obtaining 

adequate signal to noise ratio (SNR) at low optical illumination 

in interferometric sensing probes.  

We have overcome these challenges through a combination 

of freeform 3D multi-cavity sensor design, optical path 

raytracing, TPP and single-step microstructure bonding to an 

SM optical fiber. Optical path length changes of the low-finesse 

cavities in these sensors were interrogated by phase-resolved 

low-coherence interferometry (LCI). We then characterized 

these devices to evaluate their structural design fidelity and 

application potential for sensing pressure and temperature 

changes in the range of minimally invasive interventions in a 

simulated intravascular environment. 

II. FIBER-OPTIC SENSOR DESIGN 

The extrinsic sensing element of our fiber-optic probe 

comprised a cylindrical cap structure with three optically 

reflecting interfaces along the beam path forming two distinct 

low-finesse optical cavities (Fig. 1B). Here, the pressure 

response is indicated by the deflection of the distal diaphragm 

segment at the end of this cap structure. Further, to enable 

sensitivity in the intravascular temperature range, the design 

included a 75 µm thick central polymer block segment 

positioned adjacent to the cleaved end-face of the SM optical 

fiber, to which the sensor element would be bonded. This 

polymer block segment is shielded from the external 

environment, and consequently the ambient mechanical 

perturbations. As a result, while being insensitive to pressure 

changes in the biomedical/physiological range of interest, it 

would be responsive to temperature changes due to the inherent 

thermal expansion and the thermo-optic coefficient of the 

monolithic polymer microstructure.  

A. Ray tracing design optimization 

This multi-cavity design was further modified with the aim 

of improving detection sensitivity and reducing the super-

luminescent diode (SLD) illumination power required for LCI 

interrogation (see Fig. 1D and MATERIALS AND METHODS section). 

Using low SLD illumination power is desirable as it reduces the 

likelihood of beam-induced heating effects in the extrinsic 

sensor element, and/or the surrounding media beyond the 

partially transmissive distal deformable diaphragm (for 

instance blood when considering the intravascular space). To 

enable LCI signal detection at lower illumination power, the 

sensor element design was modified to enhance coupling of the 

back-reflected beam from each cavity surface into the core of 

the SM optical fiber. In contrast, within the case of parallel 

reflecting surfaces as is the design norm for FP cavities in fiber-

optic pressure sensors,[19], [38]–[40] only a small fraction of 

the reflected interferometric signal can couple back into the SM 

fiber to be detected by the spectrometer. This is a result of 

progressive divergence during both the forward and back-

reflected trajectories within the optical cavity when passing 

through the extrinsic sensor element.  

 
Fig. 2. Illustration of interrogating beam spot image at the distal deformable diaphragm (PD) obtained through raytracing simulations in the A) optimized curved 

distal surface Slensed (radius of curvature 30 µm) vs B) flat lensing segment Sref. Only the forward beam propagation is indicated here. The respective multi-cavity 
designs are indicated under i. and the beam spot notations simulated at the corresponding PD denoted under ii., with the measured beam spot sizes outlined by the 

dashed white lines (beam spot diameters 20 µm and 39 µm respectively). The X and Y coordinate values are indicated in µm units. The irradiance values were 

normalized to the maximum intensity in i. 
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To address this loss of signal when coupling the interrogation 

beam back into the optical fiber core, ray-tracing optimization 

of the sensor element optics design was performed. 

Accordingly, the central segment geometry was modified to 

reduce beam divergence in forward propagation, and aid 

coupling of the back-reflected beam into the optical fiber core 

on the return path. The optimized optical design, as per the 

raytracing simulations, is shown in Fig. 1C, comprising a 

proximal circularly-symmetric plano-convex lensing segment 

(radius of curvature: 30 µm; thickness: 75 µm), an air cavity 

(length: 80 µm), and a deformable diaphragm (thickness: 3 µm) 

at its distal end.  

Furthermore, the lensing capability of this integrated sensor 

(Slensed) was evaluated against a comparable reference sensor 

design (Sref) where the polymer block segment had a flat surface 

instead of a curved lensing surface, shown in Fig. 2.  It was 

observed in raytracing simulations (details in MATERIALS AND 

METHODS section) that the beam spot at the outer surface of the 

deformable diaphragm (indicated as PD) was found to diverge 

significantly more in Sref compared to Slensed., yielding an almost 

4-fold larger beam spot irradiance area with Sref. 

B. Optical interrogation system 

These fiber-optic sensors were designed for interrogation by 

phase-resolved low-coherence interferometry (LCI). The 

Michelson interferometer sensor interrogation setup used in this 

study is based on the miniaturized setup described by Coote et 

al.[19] This is schematically shown in Fig. 1D and described 

further in the MATERIALS AND METHODS section. Light from the 

optical fiber is guided to the extrinsic sensing element, where 

each interface forms a reflective surface owing to the refractive 

index contrasts. Light passing through each interface is partially 

reflected, and returns to the waveguiding optical fiber to be 

analyzed by an optical spectrometer along a common path. Our 

sensor was designed to yield two prominent low-finesse optical 

cavities discernable with the interrogating LCI system (see 

MATERIALS AND METHODS). The presence of low-finesse optical 

cavities causes the interference pattern observed at the 

spectrometer in the LCI interrogation system, and the changes 

in optical path length of each cavity can be monitored as 

variations in this interference pattern.[19] A change in the 

external temperature and/or pressure results in a change in the 

lengths of the optical cavities (termed Δz1 and Δz2, considering 

the optical cavities highlighted in in Fig. 1B). Referring to the 

design requirement laid out for our sensor earlier in this section, 

variation in both external temperature and pressure is expected 

to induce changes in z2, while z2 would only respond to changes 

in temperature due to thermal expansion of the TPP-printed 

extrinsic sensor element material. 

III. CONSTRUCTION OF THE FIBER-OPTIC SENSOR 

A. Precision microfabrication of the extrinsic sensing 

element 

Using the results of the raytracing optimization, a freeform 

3D computer-aided design (CAD) of the sensor element was 

formulated for TPP microfabrication. To simplify maneuvering 

the extrinsic microscale sensor element for fiber integration 

(indicated in Fig. 1A) following fabrication, an additional 

lateral holding element was added to the design (Fig. 3B).  

This CAD design formed the basis of defining the 

femtosecond laser beam trajectory for TPP microfabrication. 

 
Fig. 3. Extrinsic sensor element microfabrication. A) Schematic illustration of the microfabrication process. TPP: two-photon polymerization, ITO-Indium Tin 
Oxide. B) Isometric view of the microstructure CAD of the consolidated design for TPP. C) SEM view of the TPP-fabricated microstructure following detachment 

from the glass substrate. 
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TPP processing parameters were modified in order to achieve 

smooth surface topography, in addition to reducing the X-Y and 

Z scanning tolerances to below 0.3 µm each. Microstructure 

fabrication involved laser illumination to induce TPP within a 

proprietary IP-S photoresist droplet (Nanoscribe) on an ITO-

coated glass substrate. Photoresist development, i.e. washout of 

unilluminated resist, was performed by immersing in 

propylene-glycol-monomethyl-ether-acetate (PGMEA) 

(further details in MATERIALS AND METHODS). Thereafter, these 

structures were safely detached from the substrate for 

integration to the 125 µm diameter SM optical fiber. A 

summary of these fabrication steps is shown in Fig. 3A. A 

complete CAD view is shown in Fig. 3B, while Fig. 3C is an 

SEM image of the final microfabricated structure following 

detachment from the ITO-glass substrate, indicating excellent 

geometric correspondence between the CAD design and the 

fabricated sensor element. 

Importantly, to promote complete removal of unwanted 

photoresist following TPP illumination from the region 

designated as the air cavity, tapering washout holes/outlets 

(labelled WH) with bean-shaped cross-section were 

incorporated along the periphery of the lensing segment (away 

from the sensor interrogation beam path, Fig. 1C). The distal 

end edges of these washout holes were modified to a chamfered 

design to avoid build-up of uncured resist around sharp rims 

and recesses (a corresponding transverse cross-sectional CAD 

view is shown in Fig. 4A). 

B. Assessment of fabrication fidelity 

Longitudinal and transverse cross-sections of the sensing 

element were fabricated with TPP using the same CAD design 

but bisected along its axes to expose the internal structure, to 

assess the internal fabrication fidelity of the sensor element. 

These cross-sectional sensor element structures were analyzed 

by optical microscopy, SEM and AFM. Optical microscopy and 

SEM of the fabricated microstructures (Fig. 4B and C), 

demonstrated excellent visual correspondence with the sensor 

element CAD cross-section depicted in Fig. 4A.  

Further, through TPP fabrication of the transverse cross-

section, and photoresist development using our modified 

protocol and microstructure detachment (see MATERIALS AND 

METHODS), complete removal of all unpolymerized photoresist 

material through the designated washout holes was verified (as 

shown in Fig. 4C inset). It was notable that presence of tapered 

washout holes with chamfered inner edges significantly 

improved the development process, compared to untapered, 

unchamfered cylindrical washout holes where significant 

unpolymerized photoresist material was observed. Moreover, 

surface roughness of 37.1 nm (root mean squared value) was 

measured by AFM on the proximal surface of the deformable 

diaphragm (detailed in the MATERIALS AND METHODS section), 

while surface discontinuities on the curved lens surface are 

estimated to be <350 nm by virtue of the TPP lithography 

system resolution[37], [41]. The fabrication fidelity of the 

 
Fig. 4. Optimized CAD geometry and cross-sectional SEM of the extrinsic sensing element. A) Longitudinal cross-section CAD view of the optimized sensor 

element design with the dimensions indicated in µm; the white dashed box indicates the intended position of the optical fiber after sensor assembly. B) SEM of a 

longitudinal cross-section of the sensor element following TPP microfabrication. C) SEM of a transverse cross section of the sensor element, excluding the distal 
section (region below the red dashed lines in Fig.4.A). The upper surface of the structure shown in this image corresponds to the cross-sectional plane indicated 

by the dashed red line in panel A, and the region labelled LS is the lensing segment, also shown in panels A and B. Complete washout of all excess unpolymerized 

photoresist can be seen in the inset [SM-OF: single-mode optical fiber, WH: washout hole, LS: lensing segment, AC: air cavity, DM: deformable diaphragm]. 
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functional elements of the microfabricated sensing structure 

was therefore verified to correspond well to the CAD design 

with the surface roughness along the beam path being lower 

than half the interrogation wavelength (see MATERIALS AND 

METHODS). 

C. Sensor element integration 

The TPP-printed extrinsic sensor element was bonded to an 

SM optical fiber (SM800, Thorlabs, NJ, USA) under an optical 

microscope, as illustrated in Fig. 5A. Following substrate 

detachment, the sensor element was temporarily affixed (held 

on by electrostatic force) to a vertical optical post connected to 

a 3-axis manual translation stage facing the distal end of the 

cleaved SM optical fiber (Fig. 5B). The relative position of the 

extrinsic sensor element to the optical fiber was controlled by 

manual manipulation of the translation stage. The position of 

the distal end of the optical fiber within the extrinsic sensor 

element can be monitored with the phase-resolved LCI system 

(see MATERIALS AND METHODS). Following SM fiber positioning 

as per design (position indicated as the shaded white rectangle 

in Fig. 4A), a small amount of transparent cyanoacrylate 

adhesive (Loctite 4902, Henkel Adhesives, USA) was applied 

to the proximal end of the sensor element and cured at room 

temperature by leaving it undisturbed for at least 15 minutes. In 

addition to bonding the microstructure to the fiber, this process 

helps seal the air cavity of the sensor. Thereafter, the lateral 

holding element was readily snapped off with ultrafine tweezers 

to yield the integrated sensor. Following the integration step, 

the SM optical fiber and the extrinsic sensor element were 

found to be well aligned by visual inspection (Fig. 5C). 

Furthermore, the lensing capability of this integrated sensor 

(Slensed) was evaluated against a comparable reference sensor 

design (Sref) where the polymer block segment had a flat surface 

instead of a curved lensing surface (described in Fig. 2). On 

inspection under a light microscope, the beam spot observed at 

the outer surface of the deformable diaphragm was found to 

diverge significantly more in Sref compared to Slensed.( Fig. 5 D). 

These experimental results are in agreement with the raytracing 

simulations corresponding to the optical designs for Slensed and 

Sref . Moreover, a reduced illumination was required in the 

interrogation of Slensed compared to Sref, while also showing an 

increase of ~8.6 dB in the phase peak signal corresponding to 

cavity z2 (the optical cavity formed by the confined air cavity 

segment bound on one side by the distal pressure-sensitive 

deformable diaphragm (PD), indicated in Fig. 1B). This 

confirmed the rationale for our micro-lensed fiber-optic sensor 

design optimization approach. 

 
Fig. 5. Sensor integration and characterization. A) Schematic illustration of the sensor integration, following from the process flow of extrinsic sensor element 

microfabrication depicted in Fig. 3A. B) Microscope image of the optical fiber placement into the precision microfabricated extrinsic sensing element. C) 

Microscope image of the integrated fiber-optic sensor. SE: sensing element, SM-OF: single-mode optical fiber. D) Microscope images indicating the LCI 

interrogation beam spot in a fiber-optic sensor with i. Slensed optimized lensed sensor design, and ii. Sref reference sensor design with a flat central segment. These 
microscope images were obtained at SLD source intensities where sensor response signals could be discerned in each sensor design case. The higher apparent 

brightness in ii. compared to i. is due to the significantly higher source power required to obtain the adequate sensing signal in Sref compared to Slensed. E) Schematic 

illustration of the characterization setup to evaluate the pressure and temperature response of the fiber-optic sensors. This arrangement was used to simulate the 
pressure and temperature environment within the intravascular environment in order to characterize the constructed fiber-optic sensors. 
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IV. SENSOR RESPONSE 

The temperature and pressure-dependent sensor signals were 

obtained from the optical interrogation system (Fig. 1D), by 

phase-resolved low coherence interferometry (LCI). Details of 

the LCI system, pressure-temperature response characterization 

setup and evaluation of sensor signals ϕ1 and ϕ2 are given in 

the MATERIALS AND METHODS section. 

Sensor response was characterized in a simulated 

intravascular environment, in the form of a water-filled tube 

where the pressure and temperature could be controlled within 

the physiological range. The characterization setup 

implemented in this study is described in the MATERIALS AND 

METHODS section, and schematically illustrated in Fig. 5E. The 

optical cavity formed by the lensing segment of optical path 

length z1 was found to be non-responsive to changes in pressure. 

This demonstrated the strong adherence of the microfabricated 

structure to its SM optical fiber, shielding the lensing segment 

from external hydrodynamic pressure variations. Concurrently, 

the distal deformable diaphragm was found to be responsive to 

these changes in external pressure. 

The pressure response of this sensor was tested and found to 

approximate linear behavior in comparison to the bulk pressure 

reference sensor in the characterization setup. Evaluating the 

response of these microfabricated sensors in the range of 760 

mmHg to 1060 mmHg (absolute pressures, with an atmospheric 

pressure of 760 mmHg; intravascular pressure sensors are 

typically tested in the range of 0 to 300 mmHg above 

atmospheric pressure), the pressure sensitivity of cavity z2 was 

found to be 0.019 rad/mmHg with a noise floor of 0.042 rad, 

resulting in a pressure resolution of 0.11 mmHg. Moreover, 

measurements with a simulated arterial pulse pressure 

waveform at 72 pulses per minute were obtained and calibrated 

as per the above mentioned linear fit, plotted in Fig. 6A. It can 

be observed that the pressure signal of cavity z2 (i.e. distal 

deformable diaphragm) agrees well with the reference pressure 

sensor. Over longer duration measurements exceeding 30 

minutes however, signal drift was found to be present (similar 

to other polymer-based interferometric sensors in 

literature).[23], [42], [43] 

Response of the sensor to temperature changes was evaluated 

by applying controlled thermal gradients to the sensor by 

implementing a programmable temperature feedback in the 

outer water bath (Fig. 5E). Care was taken to place the reference 

thermocouple as close as possible to the sensor-under-test (<1 

mm apart by visual inspection) to minimize the effects of local 

thermal gradients during testing/calibration measurements. 

Temperature changes in the range spanning 21 ˚C to 55 ̊ C were 

induced (reference thermocouple signal and sensor response 

signals φ1 and φ2 are plotted in Fig. 6B). Within this range, the 

response was found to fit a quadratic relationship with the 

reference thermocouple. On closer inspection, the sensor 

signals’ response to temperature in the range of 35 ˚C to 50 ˚C 

 
Fig. 6. A) Pressure response of the TPP printed sensor element under simulated arterial pulse response (72 pulses-per-minute). The pressure values are absolute, 

with an atmospheric pressure of 760 mmHg. B)  Temperature response of the TPP-printed sensor element under constant atmospheric pressure. i. Reference 
thermocouple response; ii. Sensor signals corresponding to the distal end of the lensing segment, and the proximal surface of the distal deformable diaphragm (φ1  

and φ2 corresponding to optical path lengths z1 and z2, as described in the MATERIALS AND METHODS section); the region bound by the dotted lines indicates temperature 

response in the range 34 ˚C to 50 ˚C. 
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(marked by the grey dotted lines in Fig. 6Bi), was found to 

approximate linear behavior with an R2 value of 0.981. In this 

temperature range, the sensitivity of φ1 (corresponding to cavity 

z1) was found to be 0.052 rad/ ˚C, with a noise floor value of 

18.9 mrad (standard deviation of signal over a measurement 

duration of 10s). The temperature resolution was found to be 

0.036 ˚C in this case.  

The temperature response in these optical probes depend 

upon the thermal expansion and thermo-optic coefficient 

(change in refractive index with response to temperature) of the 

extrinsic sensing element material, in this case the proprietary 

IP-S photoresist. Non-linear temperature response beyond 50 

˚C could be attributed to the thermal expansion of the polymeric 

sensor element in 3D not being completely anisotropic along 

the optical axis in our sensor design. These dynamics could be 

varied and studied in detail by implementing modified TPP-

printed multi-cavity sensor designs ensuring anisotropic 

thermal expansion in a large temperature range, or by using 

alternate materials, such as glass or metallic composites. High 

resolution TPP fabrication of these materials was recently 

reported and could be modified for implementation to fiber-

optic probes.[44], [45] Moreover, it is expected that the 

pressure response of the sensor could be tuned through sensor 

design modifications, particularly the distal deformable 

diaphragm dimensions.  

Further, these fiber-optic sensors were found to be robust 

following multiple measurement cycles by varying the pressure 

and temperature in the physiological range (stated in the 

MATERIALS AND METHODS section). The bonding of the extrinsic 

sensing element to the optical fiber (as viewed under an optical 

microscope) and the sensor response (interrogated using the 

LCI system) were found to remain undamaged even after 

immersion in a water bath for a duration of 14 days. 

Additionally, the sensor signals were observed to be intact 

following mechanical impacts against the inner walls of the 

sealed water-filled polycarbonate tubes in the characterization 

setup (Fig. 5E), attesting to the sensor’s structural ruggedness. 

Furthermore, for in vivo use, these sensors would be built into 

a catheter, guidewire or neede, lending additional mechanical 

robustness to the sensors. 

The sensor response, robustness, geometry and chemical 

inertness in an aqueous environment is promising for its use as 

a pressure-temperature probe within human vasculature. 

Although blood differs from water in its viscosity, surface 

tension, refractive index and chemical composition, the authors 

are not aware of any particular concerns with the use of this 

sensor in blood. Though use of inert materials for the sensor 

construction, i.e. inert polymer, bonding adhesive and glass 

optical fiber, chemical interactions can be avoided. Further 

since the sensor interrogation is based on reflectance of the 

distal deformable diaphragm, the effects of optically scattering 

components of blood on its outer surface are expected to be 

negligible, given the low refractive index difference between 

red blood cells and blood plasma compared to the refractive 

index difference between air on the inner surface of the sensor 

and the distal polymer diaphragm [46].  

 

V. SUMMARY AND FUTURE PERSPECTIVES 

This work demonstrates the construction of a fiber-optic 

interferometric probe made as a monolithic extrinsic FP 

structure consisting of a confined gas-cavity and lensing 

segments with freeform geometry. The confined gas (air) cavity 

was constructed using a novel method that involved high 

resolution TPP 3D printing, with a freeform design suited to 

simple and irreversible bonding to an SM optical fiber for 

measurements in a remote fluidic environment. The optical 

design of the monolithic multi-cavity extrinsic sensing structure 

was optimized through raytracing simulations to minimize 

beam divergence within its optical cavities to improve sensor 

SNR for efficient performance. Importantly, the fiber-optic 

integration was performed using non-hygroscopic transparent 

cyanoacrylate adhesive to enable irreversible bonding of the 

sensing element to the optical fiber to enable prolonged 

operation within an aqueous environment, for instance the 

intravascular space. The technique described here lends well to 

high resolution micro-sensor prototyping with superior 

structural fidelity and design flexibility. Moreover, 

interrogating these low-finesse cavity fiber-optic sensors with 

phase-resolved LCI in a simulated intravascular environment 

yielded pressure and temperature sensitivities well within the 

range required for intravascular sensing catheters and 

intracranial pressure measurements as per medical device 

standardization requirements (FDA title-21B  §870.1200 and 

§882.1620 respectively).[28] The sensor constructed in this 

work is capable of measuring both parameters simultaneously 

with minimum detectable values of pressure and temperature 

being 0.11 mmHg and 0.036 ˚C respectively, albeit with some 

drift in long-duration measurements.  

While the proof-of-concept design implemented in this paper 

comprised within a single microstructure - a microlens, air-

cavity and a robust microscale polymeric diaphragm supported 

only at its edges, there is scope for inclusion of additional cavity 

elements with tunable mechanical and optical functionalities.  

Instead of forming an air cavity, additional materials (high-

index resists, luminescent fluids, optical scatterers, or 

alternative gaseous substances) could be introduced into the 

TPP structure by micro-pipetting into the air cavity spaces of 

such fiber-optic probes for requisite optical, bio-chemical and 

mechanical sensing operations. Moreover, beyond the use of 

photoresists, this technique could be extended to multiphoton 

3D printed fiber-optic extrinsic probes where the microscale 

extrinsic sensing structures are formed using alternate materials 

such glass or metals to lower sensor drift, and/or for operation 

in other measurement ranges.  

In addition to extending this sensor construction paradigm to 

myriad materials for precision TPP-based microfabrication, 

design modifications for alternative sensing applications could 

be explored. For instance, a single air-filled optical cavity 

design could be adapted to form miniature high-finesse cavities 

for fiber-optic ultrasound sensing by metallizing the distal end 

of the optical fiber and proximal end of the deformable 

diaphragm to enhance cavity finesse. Along with the 

interferometric measurement of physiological pressure and 

temperature, such sensors could be modified for multiplexed 

sensing and biomolecule detection by including biochemically 

functionalized optically responsive external surfaces of the 
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distal deformable diaphragms. The optical design may also be 

modified to deliver focused optical energy for tissue ablation, 

light-guides for mm-scale endoscopic cameras and/or 

diffractive optical elements integrated to optical fibers for 

measurements in opto-genetics. Moreover, use of recently 

developed photoresist material with long-term biocompatibility 

(for instance IP-Visio) to form the probe microstructure could 

enable development of minimally invasive implantable devices. 

Combined with the ongoing innovation in parallelized 

femtosecond laser-based material processing and adaptive 

optics, these developments could enable large-scale production 

of precision microfabricated fiber-optic probes for use in a 

variety of areas within and beyond biomedical sensing. 

Therefore, this work presents significant inroads in the field of 

fiber-optic sensors in general, and MIS probes in particular. 

MATERIALS AND METHODS 

A. LCI setup 

Sensor interrogation was performed through phase-resolved 

LCI with the sensing fiber connected in a Michelson 

interferometer configuration (Fig. 1D), based on the system 

described by Coote et al.[19] Briefly, broadband light from a 

superluminescent diode (SLD) light source with full-width-at-

half-maximum (FWHM) bandwidth of 64 nm centered at 820 

nm and output power of 15mW (BLM-S-280-B-I-10; 

Superlum, Ireland) was guided to the fiber-optic sensor via a 

50:50 fiber coupler (TW850R5A2,Thorlabs, NJ, USA).  An in-

line attenuator (VOA-850-APC, Thorlabs) was placed between 

the source and the coupler to allow adjustment of the incident 

power. The back-reflected light from the sensor was directed to 

a spectrometer (Maya 2000Pro, Ocean Optics, FL, USA) via a 

fiber coupler. A custom LabVIEW (National Instruments, 

Newbury, UK) program was used to acquire and process the 

raw spectra, at a sampling rate of up to 250 Hz. 

B. Phase-resolved LCI 

The LCI sensing mechanism can be described by reference 

to the two-cavity design of the extrinsic sensing element, with 

optical cavity lengths indicated as z1 and z2 in Fig. 1B. Variation 

in local pressure and temperature induce changes in the lengths 

of these cavities. Increases in pressure in the surrounding 

medium cause the distal deformable diaphragm (PD) to deform, 

causing a change in the cavity length z2 by Δz2. A temperature 

increase causes the photoresist material to expand, modifying 

the cavity length z1 by Δz1. The distal deformable diaphragm 

also undergoes thermal expansion contributing to Δz2, 

depending on the design of the sensor element. These changes 

in optical path length can be monitored as variations in the 

complex argument of the inverse Fourier-transformed spectrum 

at its maxima, as detailed in our previous work.[19], [38].  

Briefly, an inverse Fourier transform (IFT) is applied to the 

intensity spectrum obtained from the spectrometer. The 

maxima of the complex magnitude of the IFT can be shown to 

be proportional to the baseline optical cavity lengths, z1 and z2, 

and small temperature and pressure-induced variations in these 

optical cavity lengths, Δz1 and Δz2, can be obtained from the 

complex argument of the IFT at these maxima, according to 

Choma et al, [47] 

𝜙𝑗(𝑡 − 𝑡0) = 𝑎𝑟𝑔{ℑ−1[𝐼(𝑘)](+𝑧𝑗)} =
2𝜋

𝜆𝑐
𝛥𝑧𝑗(𝑡 − 𝑡0) 

Where I(k) is the intensity spectrum as a function of 

wavenumber k, zj is the baseline optical cavity length, which 

includes the geometric length and refractive index, j is an 

integer equal to 1 or 2 signifying each of the two optical 

cavities, λc is the central wavelength of the SLD, and t is time, 

referenced to a start time t0. The complex argument signal, φj 

forms the output of the sensor. In this work, two such complex 

argument signals φ1 and φ2, corresponding to the optical cavity 

lengths z1 and z2 were analyzed. These signals were calibrated 

against reference pressure and temperature sensors, to allow 

measurement of absolute changes in pressure and temperature 

using this fiber optic probe.   

C. Ray-tracing simulation 

Ray tracing for the optical system representing the sensor 

design was performed on OpticStudio 15.6 software (Zemax 

LLC, Washington, USA) using the Physical Optics propagation 

method in the Sequential ray tracing mode. The basic design 

paradigm used for these structures is indicated in Fig. 1B. After 

emanating from the core of a SM optical fiber cleaved at normal 

incidence, the interrogation beam passes through the 

photoresist material (LS), then through the air cavity (AC), 

before being back-reflected along the same path to the optical 

fiber core. The SM optical fiber core was simulated as a 5.6 µm 

diameter Gaussian light source of wavelength 820 nm (the 

central wavelength of the SLD source in our LCI interrogation 

system), and a numerical aperture of 1.4 obtained from the 

technical specifications of the optical fiber used (SM800, 

Thorlabs). At this wavelength, the refractive index of the 

constituent photoresist material of our sensor (IP-S) was taken 

as 1.49 from the measurements conducted by T.Gissibl, et 

al.,[48] while the deformable diaphragm was modelled as a 

partial reflector (reflectance of 50%) of thickness 3 µm.  

The surface curvatures and dimensions of the various cavity 

elements were optimized, while also considering possible 

positioning errors during sensor integration by relative light 

source decentering (optical fiber core misalignment) by ±1 µm 

in the optical system Two cases of decentered source are 

depicted as the red and green paths and the case of centered 

source as the blue path in Fig. 1C. Moreover, in this illustration 

of the ray trace optimization, the forward and back-reflected 

beam trajectories are shown separately with the trajectory 

directions indicated by arrows (instead of geometrically 

superimposed forward and back-reflected trajectories after 

beam reflection at the distal air-diaphragm interface). 

D. TPP microfabrication and substrate detachment 

The complete sensor element, including the lateral holding 

element, was designed using computer aided design (CAD) 

software (Autodesk Inventor, Autodesk Inc., San Rafael, CA, 

USA).  This 3D CAD design for the sensor element was 

converted from Standard Tessellation Language (STL) format 

to the native General Writing Language (GWL) data format of 

the TPP system using DeScribe software (Nanoscribe GmbH). 



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JSTQE.2021.3054727, IEEE Journal
of Selected Topics in Quantum Electronics

JSTQE-CON-BP2021-08695-2020 

 

Subsequently, the GWL file was loaded into the system’s 

control software NanoWrite (Nanoscribe GmbH) for print 

execution.  

The extrinsic sensor element was fabricated on a glass 

substrate coated with Indium Tin Oxide (ITO), using a 

commercial TPP system (Photonic Professional-GT, 

Nanoscribe GmbH) and its 25x objective. During TPP printing, 

polymerization inside a droplet of liquid UV curable resin (IP-

S, Nanoscribe GmbH) was induced at the focus of a 780 nm 

femtosecond laser beam by two-photon absorption. The beam 

could be rapidly steered laterally (X-Y) within a hexagonal 

block (350 × 350 × 200 μm). For fabricating structures larger 

than the predefined microscale volume, printing was performed 

across multiple parallelepiped blocks angled along the z-axis at 

10˚. The complete structure was realized by stitching together 

individual blocks such that no slice lines fell along the path of 

the sensor interrogation beam path designated in the ray trace, 

with some additional allowance along the periphery (cylindrical 

region coaxial with the sensor element, of 50 μm radius). The 

average fabrication time for each sensor element was 54 

minutes (19 minutes when excluding the lateral holding 

element section) using the above mentioned commercial TPP 

system and print settings. 

Following TPP printing, the microstructures were developed 

by immersing in propylene-glycol monomethyl-ether-acetate 

(PGMEA) for 180 minutes to ensure complete washout of 

uncured resist from the complete structure, and subsequent 

rinsing in isopropyl-alcohol (IPA) for 15 minutes was 

performed to ensure removal of residual developer. The 3D 

printed structures were lifted-off the ITO-glass substrate with 

extra-fine tip, acid- resistant tweezers. These steps are 

represented schematically in Fig. 3A. 

E. Surface roughness measurement 

The surface roughness of the proximal surface of the 

diaphragm was characterized using an AFM (Veeco Dimension 

3100) in a transverse cross-section of a test sample consisting 

of only 45 µm of the distal-most section of the sensing element, 

to allow the AFM tip to access the measurement surface. The 

average surface roughness values were obtained by evaluating 

the AFM data on NanoScope Analysis software package in the 

tapping mode over an area of 5 µm square. 

F. Physical simulation of intravascular pressure and 

temperature variation 

The pressure and temperature responses of the sensor were 

measured with a pressure-sealed water chamber. Pressure 

within this chamber was varied with an electro-pneumatic 

regulator (ITV-0010-3BS, SMC, Japan) and monitored with a 

custom configured pressure transducer (MMA030-

USBHB3MC0T8A6CE, Omega Engineering, CT, USA). 

Pulsed pressure variations with different step sizes and duty 

cycles were induced within this chamber across the absolute 

range of 760 mmHg (atmospheric) to 1060 mmHg.  

For temperature sensitivity measurements, the chamber was 

placed in a programmable water bath with its temperature 

varied from 21 to 55 °C. The pressure within the sealed water 

chamber was kept constant during temperature sensitivity 

measurements. The reference temperature sensing 

thermocouple (409-4908, RS Components, UK), was 

positioned adjacent to the precision 3D printed fiber-optic 

sensor. Interferometric phase changes were calibrated to values 

from the corresponding reference sensor with a linear 

transformation 

ACKNOWLEDGMENTS 

The authors are grateful for the research funding from the 

European Research Council (ERC-2015-StG, Proposal 310970 

MOPHIM; IntelGlazing Grant no:679891), the Engineering 

and Physical Sciences Research Council (EPSRC) 

(EP/N021177/1; NS/A000050/1; EP/P030084/1), and the 

Wellcome Trust (203145Z/16/Z). This research was also 

supported by UCL Overseas Research Scholarship and Dean’s 

Award. The authors would also like to thank the Centre for 

Nature Inspired Engineering for access to their facilities, along 

with Prof. Paul Beard and Dr. Rehman Ansari for discussions 

on Zemax raytracing simulations. 

REFERENCES 

[1] K. Agarwal, S. Hwang, A. Bartnik, N. Buchele, A. Mishra, and J. H. 

Cho, “Small-Scale Biological and Artificial Multidimensional 
Sensors for 3D Sensing,” Small, vol. 14, no. 35, pp. 1–24, 2018, doi: 

10.1002/smll.201801145. 

[2] G. Rajan, Optical fiber sensors: advanced techniques and 
applications. CRC press, 2015. 

[3] M. C. Finlay et al., “Through-needle all-optical ultrasound imaging 

in vivo: a pre-clinical swine study,” Light Sci. Appl., vol. In Press, 
no. 12, pp. e17103-7, 2017, doi: 10.1038/lsa.2017.103. 

[4] J. Garich, N. Fritz, D. Kullman, J. Munoz, and J. M. B. Christen, 

“Minimally invasive intracranial pressure monitoring: An epidural 
approach with a piezoresistive probe,” in 2017 IEEE Biomedical 

Circuits and Systems Conference (BioCAS), 2017, pp. 1–4. 

[5] U. Kawoos, R. M. McCarron, C. R. Auker, and M. Chavko, 
“Advances in Intracranial Pressure Monitoring and Its Significance 

in Managing Traumatic Brain Injury,” Int. J. Mol. Sci., vol. 16, no. 

12, pp. 28979–28997, Dec. 2015, doi: 10.3390/ijms161226146. 
[6] S. Poeggel, D. Tosi, D. Duraibabu, G. Leen, D. McGrath, and E. 

Lewis, “Optical Fibre Pressure Sensors in Medical Applications,” 

Sensors, vol. 15, no. 7, pp. 17115–17148, 2015, doi: 
10.3390/s150717115. 

[7] S. Poeggel et al., “Fiber-optic EFPI pressure sensors for In Vivo 

urodynamic analysis,” IEEE Sens. J., vol. 14, no. 7, pp. 2335–2340, 
2014, doi: 10.1109/JSEN.2014.2310392. 

[8] J. H. Hett and L. E. Curtiss, “Fiber optics duodenoscope and 

ureterscope,” JOSA, vol. 51, no. 5, pp. 581–582, 1961. 
[9] J. Peterson and G. Vurek, “Fiber-Optic Sensors for Biomedical 

Applications,” Science (80-. )., vol. 224, no. 4645, pp. 123–127, 

1984, doi: 10.1126/science.7361116. 
[10] R. A. Wolthuis, G. L. Mitchell, E. Saaski, J. C. Hartl, and M. A. 

Afromowitz, “Development of Medical Pressure and Temperature 

Sensors Employing Optical Spectrum Modulation,” IEEE Trans. 
Biomed. Eng., vol. 38, no. 10, pp. 974–981, 1991, doi: 

10.1109/10.88443. 

[11] W. Grossman, Grossman’s cardiac catheterization, angiography, 
and intervention. Lippincott Williams & Wilkins, 2006. 

[12] S. Noimark et al., “Polydimethylsiloxane Composites for Optical 
Ultrasound Generation and Multimodality Imaging,” Adv. Funct. 

Mater., vol. 28, no. 9, pp. 1–16, 2018, doi: 

10.1002/adfm.201704919. 
[13] J. A. Guggenheim et al., “Ultrasensitive plano-concave optical 

microresonators for ultrasound sensing,” Nat. Photonics, vol. 11, no. 

11, pp. 714–719, 2017, doi: 10.1038/s41566-017-0027-x. 
[14] W. N. MacPherson, J. M. Kilpatrick, J. S. Barton, and J. D. C. 

Jones, “Miniature fiber optic pressure sensor for turbomachinery 



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JSTQE.2021.3054727, IEEE Journal
of Selected Topics in Quantum Electronics

JSTQE-CON-BP2021-08695-2020 

 

applications,” Rev. Sci. Instrum., vol. 70, no. 3, pp. 1868–1874, 
1999, doi: 10.1063/1.1149682. 

[15] D. Donlagic and E. Cibula, “All-fiber high-sensitivity pressure 

sensor with SiO_2 diaphragm,” Opt. Lett., vol. 30, no. 16, p. 2071, 
2005, doi: 10.1364/ol.30.002071. 

[16] F. W. Guo, T. Fink, M. Han, L. Koester, J. Turner, and J. S. Huang, 

“High-sensitivity, high-frequency extrinsic Fabry-Perot 
interferometric fiber-tip sensor based on a thin silver diaphragm,” 

Opt. Lett., vol. 37, no. 9, pp. 1505–1507, 2012, doi: 

10.1364/OL.37.001505. 
[17] L. H. Chen, C. C. Chan, W. Yuan, S. K. Goh, and J. Sun, “High 

performance chitosan diaphragm-based fiber-optic acoustic sensor,” 

Sensors Actuators, A Phys., vol. 163, no. 1, pp. 42–47, 2010, doi: 
10.1016/j.sna.2010.06.023. 

[18] P.-I. Dietrich et al., “Printed freeform lens arrays on multi-core 

fibers for highly efficient coupling in astrophotonic systems,” Opt. 
Express, vol. 25, no. 15, p. 18288, 2017, doi: 

10.1364/OE.25.018288. 

[19] J. M. Coote et al., “Dynamic physiological temperature and pressure 
sensing with phase-resolved low-coherence interferometry,” Opt. 

Express, vol. 27, no. 4, p. 5641, 2019, doi: 10.1364/OE.27.005641. 

[20] E. Maciak, “Low-Coherence Interferometric Fiber Optic Sensor for 
Humidity Monitoring Based on Nafion® Thin Film,” Sensors 

(Basel)., vol. 19, no. 3, 2019, doi: 10.3390/s19030629. 

[21] D. Milewska, K. Karpienko, and M. Jędrzejewska-Szczerska, 
“Application of thin diamond films in low-coherence fiber-optic 

Fabry Pérot displacement sensor,” Diam. Relat. Mater., vol. 64, pp. 
169–176, 2016, doi: 10.1016/j.diamond.2016.02.015. 

[22] D. C. Abeysinghe, S. Dasgupta, H. E. Jackson, and J. T. Boyd, 

“Novel MEMS pressure and temperature sensors fabricated on 
optical fibers,” J. Micromechanics Microengineering, vol. 12, no. 3, 

pp. 229–235, 2002, doi: 10.1088/0960-1317/12/3/306. 

[23] G. C. Hill et al., “SU-8 MEMS Fabry-Perot pressure sensor,” 
Sensors Actuators, A Phys., vol. 138, no. 1, pp. 52–62, 2007, doi: 

10.1016/j.sna.2007.04.047. 

[24] S. Pevec and D. Donlagic, “Miniature all-fiber Fabry-Perot sensor 
for simultaneous measurement of pressure and temperature,” Appl. 

Opt., vol. 51, no. 19, p. 4536, 2012, doi: 10.1364/AO.51.004536. 

[25] H. Bae, D. Yun, H. Liu, D. A. Olson, and M. Yu, “Hybrid miniature 

fabry-perot sensor with dual optical cavities for simultaneous 

pressure and temperature measurements,” J. Light. Technol., vol. 

32, no. 8, pp. 1585–1593, 2014, doi: 10.1109/JLT.2014.2308060. 
[26] X. Tan et al., “Polymer Microbubble-Based Fabry-Perot Fiber 

Interferometer and Sensing Applications,” IEEE Photonics Technol. 

Lett., vol. 27, no. 19, pp. 2035–2038, 2015, doi: 
10.1109/LPT.2015.2449654. 

[27] B. Sun et al., “Simultaneous measurement of pressure and 

temperature by employing Fabry-Perot interferometer based on 
pendant polymer droplet,” Opt. Express, vol. 23, no. 3, p. 1906, 

2015, doi: 10.1364/oe.23.001906. 

[28] Association for the Advancement of Medical Instrumentation, 
“ANSI/AAMI BP22: 1994 Blood Pressure Transducers,” 2006. 

[29] M. Göppert-Mayer, “Elementary processes with two quantum 

transitions,” Ann. der Phys., vol. 18, no. 7–8, pp. 466–479, 1931, 
doi: 10.1002/andp.200910358. 

[30] X. Zhou, Y. Hou, and J. Lin, “A review on the processing accuracy 

of two-photon polymerization,” AIP Adv., vol. 5, no. 3, 2015, doi: 

10.1063/1.4916886. 

[31] T. Gissibl, S. Thiele, A. Herkommer, and H. Giessen, “Two-photon 

direct laser writing of ultracompact multi-lens objectives,” Nat. 
Photonics, vol. 10, no. 8, pp. 554–560, 2016, doi: 

10.1038/nphoton.2016.121. 

[32] S. Shukla, E. P. Furlani, X. Vidal, M. T. Swihart, and P. N. Prasad, 
“Two‐photon lithography of sub‐wavelength metallic structures in a 

polymer matrix,” Adv. Mater., vol. 22, no. 33, pp. 3695–3699, 2010. 

[33] J. Knoška et al., “Ultracompact 3D microfluidics for time-resolved 
structural biology,” Nat. Commun., vol. 11, no. 1, pp. 1–12, 2020, 

doi: 10.1038/s41467-020-14434-6. 

[34] M. Power, A. J. Thompson, S. Anastasova, and G.-Z. Yang, “A 
Monolithic Force-Sensitive 3D Microgripper Fabricated on the Tip 

of an Optical Fiber Using 2-Photon Polymerization,” Small, vol. 

1703964, p. 1703964, 2018, doi: 10.1002/smll.201703964. 
[35] T. Gissibl, S. Thiele, A. Herkommer, and H. Giessen, “Sub-

micrometre accurate free-form optics by three-dimensional printing 

on single-mode fibres,” Nat. Commun., vol. 7, p. 11763, 2016, doi: 

10.1038/ncomms11763. 
[36] J. Li et al., “Two-photon polymerisation 3D printed freeform micro-

optics for optical coherence tomography fibre probes,” Sci. Rep., 

vol. 8, no. 1, p. 14789, 2018, doi: 10.1038/s41598-018-32407-0. 
[37] P.-I. Dietrich et al., “In situ 3D nanoprinting of free-form coupling 

elements for hybrid photonic integration,” Nat. Photonics, vol. 12, 

no. April, 2018, doi: 10.1038/s41566-018-0133-4. 
[38] R. K. Poduval, J. Coote, S. Mosse, M. Finlay, A. Desjardins, and I. 

Papakonstantinou, “3D printed micro-scale fiber optic probe for 

intravascular pressure sensing,” Biosensing Nanomedicine XI, Proc. 
SPIE, vol. 10728B, no. September, p. 10, 2018, doi: 

10.1117/12.2321980. 

[39] Y. Zhu and A. Wang, “Miniature fiber-optic pressure sensor,” IEEE 
Photonics Technol. Lett., vol. 17, no. 2, pp. 447–449, 2005, doi: 

10.1109/LPT.2004.839002. 

[40] S. Poeggel et al., “Femtosecond-Laser-Based Inscription Technique 
for Post-Fiber-Bragg Grating Inscription in an Extrinsic Fabry-Perot 

Interferometer Pressure Sensor,” IEEE Sens. J., vol. 16, no. 10, pp. 

3396–3402, 2016, doi: 10.1109/jsen.2015.2434772. 
[41] M. Carlotti and V. Mattoli, “Functional Materials for Two-Photon 

Polymerization in Microfabrication,” Small, vol. 15, no. 40, pp. 1–

22, 2019, doi: 10.1002/smll.201902687. 
[42] J. Eom, C. J. Park, B. H. Lee, J. H. Lee, I. B. Kwon, and E. Chung, 

“Fiber optic Fabry-Perot pressure sensor based on lensed fiber and 

polymeric diaphragm,” Sensors Actuators, A Phys., vol. 225, pp. 
25–32, 2015, doi: 10.1016/j.sna.2015.01.023. 

[43] W. P. Chen, D. N. Wang, B. Xu, C. L. Zhao, and H. F. Chen, 
“Multimode fiber tip Fabry-Perot cavity for highly sensitive 

pressure measurement,” Sci. Rep., vol. 7, no. 1, pp. 1–6, 2017, doi: 

10.1038/s41598-017-00300-x. 
[44] R. Calmo et al., “Monolithic glass suspended microchannel 

resonators for enhanced mass sensing of liquids,” Sensors 

Actuators, B Chem., vol. 283, no. August 2018, pp. 298–303, 2019, 
doi: 10.1016/j.snb.2018.12.019. 

[45] A. Vyatskikh, S. Delalande, A. Kudo, X. Zhang, C. M. Portela, and 

J. R. Greer, “Additive manufacturing of 3D nano-architected 
metals,” Nat. Commun., vol. 9, no. 1, p. 593, 2018, doi: 

10.1038/s41467-018-03071-9. 

[46] A. K. Amerov, J. Chen, G. W. Small, and M. A. Arnold, “Scattering 

and absorption effects in the determination of glucose in whole 

blood by near-infrared spectroscopy,” Anal. Chem., vol. 77, no. 14, 

pp. 4587–4594, 2005, doi: 10.1021/ac0504161. 
[47] M. A. Choma, A. K. Ellerbee, C. Yang, T. L. Creazzo, and J. A. 

Izatt, “Spectral-domain phase microscopy,” Opt. Lett., vol. 30, no. 

10, pp. 1162–1164, 2005. 
[48] T. Gissibl, S. Wagner, J. Sykora, M. Schmid, and H. Giessen, 

“Refractive index measurements of photo- resists for three-

dimensional direct laser writing,” Opt. Mater. Express, vol. 7, no. 7, 
pp. 2293–2298, 2017. 

 

Radhika K. Poduval received an MSc 

from Trinity College Dublin in 2014, an 

MSc from Ghent University in 2015 and a 

PhD from the University College London in 

2019. She is currently a Postdoctoral 

Research  Fellow at the Wellman Centre for 

Photomedicine, Massachusetts General 

Hospital, working on miniaturization of 

OCT-based endoscopy probes.  

 

 

Joanna M. Coote received a BSc in Physics from Imperial 

College London in 2004, and a PhD from the University of 

Surrey in 2009. She is currently a Postdoctoral Research 

Associate at University College London, researching optical 

sensors for physiological monitoring in minimally invasive 

interventional procedures.  



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JSTQE.2021.3054727, IEEE Journal
of Selected Topics in Quantum Electronics

JSTQE-CON-BP2021-08695-2020 

 

Charles A. Mosse received an MSc in 

applied mechanics from the Cranfield 

Institute of Technology in 1980 and a PhD 

in Medical Physics from University 

College London in 1999. From 1980 until 

his retirement in 2019 he worked at 

University College Hospital and University 

College London as a medical physicist 

providing support for clinical trials and 

working on the design and development of a wide range of 

medical devices. He is a member of the Association of Laser 

Safety Professionals and is a registered clinical scientist with 

the UK Health and Care Professions Council. 

 

Malcolm C. Finlay read Medicine at 

Oxford University (BA 1998, BMBCh 

2001). He was awarded his PhD in the 

mechanisms of cardiac arrhythmia in 2014 

from University College London and 

appointed as a Consultant Cardiologist at 

Barts Heart Centre in the same year, with 

honorary positions at University College 

London and Queen Mary University of London.  

His research interests include the translation of basic 

engineering and bioengineering principles to commercial 

realisation and patient benefit. He has founded three spin-out 

companies: Epicardio Ltd, Echopoint Medical Ltd and Rhythm 

AI Ltd. He has particular clinical interests in atrial fibrillation 

and in the development of treatment strategies and technologies 

for this common cardiac condition. 

 

Adrien E. Desjardins received his BSc 

from the University of British Columbia in 

2001 and his PhD from the Harvard 

Biophysics and the Harvard/MIT Health 

Sciences and Technology Program in 

2007. He is a Professor of Biomedical 

Engineering at the University College 

London and the Principal Investigator of 

the Interventional Devices Group. The 

Group’s research are centered on the development of new 

imaging and sensing modalities to guide minimally invasive 

medical procedures.  

 

 

Ioannis Papakonstantinou received his 

Diploma in Electronic and Computer 

Engineering from the National Technical 

University of Athens, Greece, followed by 

MSc in 2002 and PhD in 2007 from 

University College London. He worked for 

Sharp Laboratories of Europe and CERN-

European Organisation for Nuclear 

Research before being appointed as a 

Lecturer at the Department of Electronic and Electrical 

Engineering, University College London. He is currently a 

Professor of Photonics and Nanofabrication and the Principal 

Investigator of the Photonic Innovations Lab whose mission is 

to advance the fundamental understanding of light and its 

interaction with matter at the nanoscale.   

 

 

 

 

 

 

 

 

 

 


