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Abstract: This paper aims to propose and discuss a pathway to versatile, portable, and wearable
photonics devices in the mid-infrared region. We address the benefits and challenges of mid-
infrared spectroscopy in the fingerprint region and the development of low-cost mass production
devices for real-world applications in the near future. Firstly, the paper briefly introduces the
mid-infrared and fingerprint region and discusses the importance of the detection of mid-infrared
biomarkers for point-of-care medical applications, stressing the importance of multi-wavelength
probing systems. We also discuss the challenge of long-wavelength signals through the matter
and the benefits of photo-acoustic detection. The pathway we envisage is twofold: the first is
to improve and predict deviation from the standard Bouguer–Beer–Lambert approximation for
light propagation in tissue and matter. This approach requires calibrated and wavelength-specific
sources. Secondly, to address these requirements, the paper presents the potential for future
low-cost personalized devices based on an array of quantum cascade lasers developed on low-cost
C-MOS technology and using photo-acoustic detection. The technology was first developed
for gas analyses, but we report on a recent successful wearable device for glucose monitoring,
which passed clinical trials. This technology will allow the development of future widespread
portable mid-infrared devices with potential application not only in healthcare, addressed here,
but also in precise gas and environmental chemical monitoring. The ability to record mid-infrared
biomarkers at the point of care will be fundamental for the personalized optical digital twin,
which will be the cornerstone of future healthcare systems.
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1. Introduction

The Mid-Infrared (MIR) wavelength interval extends from 3 microns to 50 microns following
the Internation Organization for Standardization definition [1], yet in chemical spectroscopy if
often defined between 2.5 microns and 25 microns. Whatever the chosen definition is, MIR is
a spectral region of the utmost importance for spectroscopy. In this spectral range, complex
structures or even molecular species exhibit specific vibrational absorption bands with large
extinction coefficients. Hence mid-IR spectroscopy potentially provides extremely sensitive
chemical analysis. This wavelength interval includes the so called “fingerprint region” (above
about 6.7 micron or below 1500cm−1). It is the region in which even two isomers exhibit different
absorption and emission patterns due to the different vibrational modes (defined by the different
three-dimensional organization of the very same type and number of atoms) [2].

This difference is due to the fact that any change in a molecule three-dimensional arrangement
changes the vibrational mode frequencies and amplitudes and therefore provides a unique pattern
that allows us to recognize even a specific isomeric structure. For this reason, MIR spectra offer
molecular fingerprints of numerous gases, liquids and solids such as greenhouse gases, ground,
water and air pollutants, pharmaceuticals, toxic agents, oil, oil products and plastics, biological
tissue and many others [4–7].

Figure 1 highlights the potential as well challenges related to MIR spectroscopy. Figure 1
shows the absorption spectra of two isomers: the propan-1-ol (CH3CH2CH2OH) and propan-2-ol
(CH3)2CHOH), and atmospheric absorption. Up to above 6.5 microns the absorption spectra of
the two isomers are almost identical while between 6.5 microns and 12 microns are completely
different due to the different structure and vibrational modes, providing a unique fingerprint
interval with strong absorption peaks at different wavelengths. However, since all substances
have vibrational modes as soon as the target substance is embedded in a medium, here air but
can be serum or blood, or simply investigated under a surface, there is a huge overlap with
environmental absorption, which is often at a concentration several order of magnitude higher.
Therefore, even a far lower medium absorption coefficient origins a far higher absorption than
target substance. In addition, the signal extraction is also quite difficult due to environmental
absorption or scattering, see section three for a deeper analysis, and this prevents the use of low
power and single wavelength probe. Spectroscopy based on markers at several wavelengths is
therefore the most effective.

Fig. 1. Absorption Spectron of two isomer gases Propan-1-ol and Propan-2-ol and the
atmospheric absorption. Reprinted with permission from Ref. [3].
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We focus the paper on medical application of Mid-infrared spectroscopy [7] as one of the
most promising applications of wearable and portable MIR devices. For example, in the field of
chronic illnesses such as chronic obstructive pulmonary disease (COPD) [8] and viruses like
Zika [9], Hepatitis B and C [10] and Sars-CoV-2, samples [11] have been analyzed using MIR
and THz spectroscopy in Laboratory environmental looking at specific absorption patterns in
serum or blood samples. In fact, the presence of an illness can alter the components of serum or
blood and their vibrational modes intensity [9,10]. Another possibility is to look at changes in
vibrational modes of probes substances. Figure 2 shows how N, Cl-doped carbon (N,Cl-CD) dots
optical properties in the fingerprint region may change if vancomycin, a glycopeptide antibiotic,
is present. Vancomycin has affinity for Staphylococcus aureus and the attachment of the virus
to the N,Cl-CD@van modifies the fluorescence, Specific vibrational spectral features that can
be therefore used as a probe of Staphylococcus aureus presence [12]. The group of one of the
authors has also been able [13] to detect and discriminate Covid-like viruses from other types of
viruses, by using a femtosecond laser system.

Fig. 2. FTIR spectra of A) Carbon Dots, B) vancomycin, and C) Carbon Dots@vancomycin.
Reprinted with permission from Ref. [12]

However, all above results were laboratory-based investigation and on very expensive probe
equipment [13] and/or very sensitive scanning Fourier-transform infrared (FTIR) interferometers
[8–11] using broadband sources to probe at different wavelengths. Broadband excitation sources
are based either on a low power density thermal emitter or, more efficiently and powerfully, on
supercontinuum generation [14,15]. In alternative FTIR/Raman spectroscopy is available but
it loses the ability of more specifically excite the target substance. In all cases the wavelength
selective element is usually a high-resolution Fourier-Transform monochromator to provide
enough signal-to-noise ratio due to low probe spectral power, which is so far complex and
expensive and therefore difficult to move from a laboratory and not suitable in terms of cost and
footprint for wearable photonics.

To try to develop compact devices extending capabilities from visible and IR to the MIR
[16,17] there are several possibilities, however since we deal with the fingerprint region we do
not consider technology such as silicon photonics platforms since they are usually limited in
wavelength [18]. Even if measurements show one can work up to 7 µm with high index contrast
platform, including the combination of Silicon and Silicon Nitride, this technology does not
cover the main part of the fingerprint region [19]. We briefly mention here other technologies
which are still in their infancy but can offer interesting functionalities in future. Detectors and
imagers are a very promising field for flexible photonics but yet at the initial stage [20,21],
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more recently black phosphorus-based technology demonstrated quite interesting results for
mid-infrared applications [22–25]. A further technology to mention is Mid-infrared Plasmonic
with a set of applications and benefitting from the ability of tuning the resonance using several
materials including phase-change materials [26,27]. Flexibility can be achieved using their
compatibility with flexible substrates. Plasmonic resonance applied to microfluidic devices was
also investigated for biomedical application such as the diagnosis of neurodegenerative disorders
in clinical environmental [28] and discuss later in section two.

Therefore, it is of the utmost importance to develop highly reliable real-world low-cost
wearable/portable devices eliminating the above limitations. With this respect Quantum-Cascade-
lasers (QCLs), which are based on transitions between electronic sub-bands due to quantum
confinement in a semiconductor heterostructure [29,30], are very interesting probe sources.
Room temperature was demonstrated only quite recently [31] and now they offer multimode,
single-frequency and tunable emission [32–34], while mode-locked operation [35] paved the
way to comb generation [36]. Their high-power spectral density with respect to any broadband
source joined to the ability to excite a specific absorption peak of the target substance makes them
ideal for spectroscopy. QCLs can be integrated with other functionalities [34,37], and several
fabrication methods have been investigated [31,34,38].

However, to fully address the requirement of biomarkers detection using wearable/portable
devices a low-cost integration-enabling process for mass production of array of QCLs is required.
It was recently demonstrated, by some of the authors, the possibility of transferring the fabrication
process of QCLs on a 200 CMOS pilot line [39]. This technology has also two significant
advantages with respect to broadband source-based systems: first it provides far higher power
at desired probe wavelengths, second it removes the necessity of a large and costly wavelength
selective detector. Within this framework wearable device for biomarker monitoring based on
QCLs has been studied [40] and a device for glucose monitoring [41] successfully went through
clinical trials. A Glucose device long term monitoring is important not only for diabetes but
is also fundamental for getting insight in glucose-level relationship with adrenal insufficiency
therapy and crises [42,43]. This highlights the potential of non-invasive wearable medical devices
for medical advancements.

This technology offers reliable set of stable wavelengths which fits the spectral wavelength
of interest and may also enable improved analytic and computational analysis of propagation
of MIR radiation into tissues and materials and of the possible deviations from standard
Bouguer–Beer–Lambert (BBL) Law. These refined analyses will further enhance the suitability
of MIR wearable photonics for biomedical applications including clinical trials.

In this paper we propose a comprehensive pathway to wearable and portable cost-effective
MIR photonics devices for biomedical applications. The focus is on two main approaches to
improve device compactness and sensitivity. In section two we discuss the need of multiple
wavelengths for detections while in section three the paper discusses deviation from the standard
Bouguer–Beer–Lambert approximation for light propagation in tissue and matter in order to
further improve measured data analyses. In section four the paper presents and discusses low-cost
personalized devices based on an array of Quantum Cascade Lasers developed on low-cost
C-MOS technology and using photo-acoustic detection. The technology is first discussed for gas
analyses and later we report on a recent successful wearable device for glucose monitoring. We
also remind that in most cases to extract a signal with strong background noise a large amount
of Machine Learning (ML) [22] and Artificial Intelligence (AI) [28] post processing [44,45] is
required. Computation load and use of ML and AI will be briefly discussed in the following
sections.

We believe this technological approach will pave the way for the development of future
cost-effective wearable and portable Mid-infrared devices with potential application not only
in healthcare but also in precise gases and environmental chemical monitoring. The ability in
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non-invasive long-term recording Mid-infrared biomarkers at point-of-care will be fundamental
for the future Personalized Optical Digital Twin, which will be the cornerstone of future healthcare
systems.

2. Mid-infrared biomarkers

2.1. State of art

This section we discuss the importance of being able to detect MIR biomarkers and in particular
the benefit of been able to use wearable and portable devices. The recent advances in healthcare
biomarker detection have notably featured photoacoustic- and mid-infrared, based technology
due to their sensitive, non-invasive, and real-time diagnostic characteristics [44,46]. These
technologies can revolutionize diagnostics, monitoring, and personalized treatment in healthcare
and are necessary for efficient PODT [47,48].

Photoacoustic imaging technology offers elevated spatial resolution and deep tissue penetration,
providing functional and molecular information [49]. For these reasons, it has been used in cancer
management with recent improvements such as dynamic modelling of sensor data for automated
blood sample classification and drug delivery monitoring [50–52]. These sensors allow precise
assessment of physiological changes and personalized therapy monitoring in clinical practice,
paving the way for point-of-care diagnostics [53]. In details, photoacoustic imaging shows high
specificity in hemoglobin, melanin, and lipids, as well as drugs and exogenous contrast agent
determination, for applications including tumor mapping, inflammatory status, and vascular
monitoring [49,54].

These biomarkers shed light on tissue structures, functions, and pathological conditions with
great tissue penetration and molecular sensitivity [55–57]. Digital and photonic biomarkers,
when combined with AI, represent the forefront of precision diagnostics and enable real-world,
personalized disease management [58,59]. For example, nanostructured photoacoustic probes
have been utilized to detect bacterial infections by targeting specific enzymatic activities or
membrane components, providing insights into pathogen localization and antibiotic response
[60].

In recent years MIR sensor technologies, based on, plasmonic and nano plasmonic metasurfaces-
based, have been developed for the detection of protein biomarkers, in particular between 2.5- 20
micron (wavenumber between 500 cm−1 and 4000 cm−1), for example in chronic kidney diseases
[46,61]. The high reproducibility and specificity of this technology, coupled with machine
learning, allow for early diagnosis and personalized disease treatment [62]. However, while
plasmonic and nano-plasmonic offer significant properties still the detection and probe require
the use of expensive and lab-based FTIR or attenuated total reflectance (ATR) spectroscopic
analyses [63]

The capacity to identify protein biomarkers, oligomeric and fibrillar aggregates, and to perform
simultaneous monitoring of multiple disease-associated biomarkers makes these technologies
extremely encouraging for early diagnosis and monitoring of complex pathologies such as
Alzheimer’s and Parkinson’s [64]. Biomarkers related to chronic diseases including hypertension,
dyslipidaemia, and diabetes can be identified by this technique: it is a promising tool for early
disease detection and health monitoring thanks to its high reproducibility and non-invasive nature
[62,63,65,66]. Cardiovascular research is based on multi-biomarker panels made possible by
MIR technologies, which can detect inflammatory markers, microRNAs, and proteins. These
panels aim to find early-stage disease and predict acute cardiovascular events before symptoms
appear clinically. Moreover, the development of portable and wearable FTIR-based sensors has
made continuous patient monitoring possible [67,68]. Most studies applied benchtop FTIR
instruments with ATR accessories for serum or plasma analysis, while recent works explored
portable mid-IR devices for point-of-care use.
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Mid infrared FTIR/ATR spectroscopy has been used to analyse biofluids for molecular
fingerprints characteristic of viral and bacterial infections. These techniques enable rapid
respiratory infections screening, identifying metabolic and proteomic alterations associated with
host response [62]. Plasma and interstitial fluid can be analysed, highlighting alterations in
metabolic profiles related to endocrine pathologies.

2.2. Mid-infrared wearable sensors for non-invasive biomarkers monitoring

As mentioned previously, MIR spectroscopy exhibits major advantages over traditional biomarker
detection methods in other wavelength intervals, providing a unique ‘fingerprint’ for an extensive
range of biological molecules [69]. Unlike other methods (e.g. Polymerase Chain Reaction or
Enzyme-Linked Immunosorbent Assay), that target specific analytes, MIR captures the entire
biochemical profile of a sample without needing labels or considerable sample preparation.
This allows a fast, multiplexed and simultaneous detection of multiple biomarkers, essential for
diagnosis and personalized treatment.

Moreover, MIR spectroscopy is able to differentiate minimal molecular changes that occur
in disease states, often at an early stage. For example, in cancer diagnosis, MIR has been used
to discriminate tumour tissue from healthy tissue based on their spectral differences, detecting
minor biochemical alterations before morphological changes become evident [70]. In the context
of neurodegenerative diseases like Alzheimer’s, MIR identifies protein aggregates and fibrils,
providing early biomarkers that are difficult to detect with traditional technologies [6].

In addition, MIR can analyse different matrices such as blood, urine, or saliva with little or
no preparation, allowing fast, point-of-care testing [71]. This offers significant clinical benefits,
especially for continuous monitoring or in resource-limited settings.

In light of these evidences, different MIR-based portable devices have been developed to
improve in situ and real-time measurements without sample preparation [72] and allow to probe
vibrational modes [7,18] present in various proteins, lipids, and other crucial biomarkers [73]
with compact devices [18]. Applications include monitoring molecules, like glucose and ketone
bodies, albumin or even drugs, enabling early diagnosis, therapeutic drug monitoring, and chronic
disease management with great accuracy [74].

As an example, vancomycin, a glycopeptide antibiotic, shows specific vibrational absorption
bands in the mid infrared spectrum, particularly a global shift of the amide I band around 1665
and 1689 cm−1, weak shoulders can be observed below 1665 cm−1. These spectral fingerprints
make possible precise vancomycin identification and mapping in biological tissues, revealing
heterogeneities in deposits due to drug interactions with cellular components [75].

MIR-based technology can be applied also in the field of biospectroscopy to identify cell
types based on characteristic biomarkers. For example, Fig. 3 shows cervical cells characteristic
vibrational pattern, which is labelled as follows: Amide I (∼1650 cm-1), Amide II (∼1550 cm-1),
Amide III (∼1260 cm-1), carbohydrates (∼1155 cm-1), glycogen (∼1030 cm-1), lipids (∼1750cm-
1), symmetric phosphate stretching vibrations (νasPO2 -; ∼1225 cm-1), symmetric phosphate
stretching vibrations (νsPO2 -; ∼1080 cm-1), protein phosphorylation (∼970 cm-1) [76].

MIR vibrational spectra of hepatitis infected serum samples vs. not infected show defined
peaks, as reported in Fig. 4, highlighted by the bands that have been used for hepatitis diagnosis
and monitoring [10].

An example of portable sensor to monitor metabolic syndrome biomarkers is the MiWear.
This wearable mid infrared sensor is able to non-invasively monitoring key biomarkers in the
interstitial fluid just beneath the skin. It uses a miniaturized mid-infrared spectrometer, based
on advanced Quantum Cascade Laser technology, to emit mid infrared light across specific
wavelengths corresponding to vibrational absorption bands of clinically relevant biomolecules,
as uric acid, albumin, ketone bodies, and other metabolites associated with metabolic syndrome
[40]
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Fig. 3. labelling of vibrational modes in the FTIR spectrum of cervical cells. Reprinted
with permission from Ref. [76].

Fig. 4. Normalized spectra of A). HBV vs negative samples, B). HCV vs negative samples,
C). IgG D). Mean control (negative) subtracted from mean of HCV (blue) and HBV (red),
respectively. Reprinted with permission from Ref. [10].
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2.3. Mid-infrared and photoacoustic sensors for therapeutic drug monitoring

One of the most important applications is therapeutic drug monitoring (TDM), which is crucial
across multiple clinical domains, oncology and neurodegenerative diseases, cardiovascular
disease, endocrinology, and infectious diseases, optimizing efficacy and minimizing toxicity.
TDM is the clinical tool which measures drug levels in patient bloodstream, optimizing the
individual dosage regimens. It allows to use difficult-to-manage drugs with narrow therapeutic
ranges, optimizing the clinical outcome in patients [77].

The quantification of drugs and their metabolites in biological matrices such as blood, plasma,
urine, or tissues is crucial for pharmacokinetic and pharmacodynamic studies, drug development,
TDM, and personalized medicine. Emerging photoacoustic and MIR sensor technologies offer
advances in non-invasive, real-time, and highly sensitive measurement of drug levels [78,79].

The high sensitivity of MIR sensors has been used to track neuroprotective and symptomatic
drugs such as acetylcholinesterase inhibitors or dopamine agonists in neurodegenerative diseases.
MIR spectroscopy of biofluids recognizes molecular fingerprints associated with therapeutic
drug levels and disease progression, enabling personalized treatment. Meanwhile, photoacoustic
nanoprobes targeting specific biomarkers provide imaging-guided tracking of drug delivery
across the blood-brain barrier, offering insights into pharmacokinetics within neural tissues [80].

In endocrinology, both photoacoustic and MIR technologies enable monitoring of hormonal
therapies, including insulin and thyroid medications. Photoacoustic sensors detect plasma drug
concentrations and metabolic changes at the tissue level, enabling personalized adjustment of
dosages in diabetes and thyroid dysfunction. MIR spectroscopy of interstitial fluids combined
with biophotonic hormone sensors allows continuous glucose and hormone level monitoring in
real time, enhancing management of chronic endocrine disorders [81,82].

For infectious diseases, TDM using photoacoustic sensors enable rapid and label-free quantifi-
cation of antiviral and antibiotic drugs in blood and tissues, crucial for acting against resistance
and ensuring therapeutic efficacy. Photoacoustic molecular probes track drug accumulation
and metabolism at infection sites, facilitating dynamic adjustments based on pathogen response.
Mid infrared biosensors analyse metabolic alterations in patient biofluids, providing indirect but
timely feedback on antimicrobial therapy effectiveness [77].

These advances in photoacoustic, and MIR platforms promise to revolutionize TDM by enabling
precise, timely, and non-invasive dosing optimization personalized to patient pathophysiology
across diverse clinical fields [48,78,83], and will be the cornerstone for the future Personalized
Optical Digital Twin concept, as better discussed in the following section.

3. From the Beer-Lambert law to the optical twin: analytical and computational
pathways in wearable MIR photonics

3.1. Beer–Lambert law in wearable mid-IR photonics

In this section, we focus on the necessity of accurate and physically consistent models to describe
the interaction of light with tissue and biological matter. The quantitative analysis of infrared
spectra is historically rooted in the Bouguer–Beer–Lambert (BBL) law, a formulation both elegant
and deceptively simple. Its development spans more than a century: Pierre Bouguer observed
in 1729 that light attenuation in an absorbing medium follows an exponential dependence on
path length [84]. Johann Heinrich Lambert generalized this in Photometria [85], formalizing the
relation between intensity and layer thickness, and August Beer extended it in 1852 by introducing
concentration as a variable [86]. Together, these contributions led to Eq. (1), which represents
the attenuation of light intensity and is familiar to every spectroscopist [87]:

−log10
I
I0
= A = ε · c · d (1)
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where absorbance A depends linearly on the molar absorption coefficient ε, the concentration c,
and the path length d.

This apparently simple relation revolutionized analytical chemistry. Long before electronic
detectors, it enabled quantitative assays using only visual estimates of transmitted light. Its
power lay in its accessibility: a single measurement could be read as directly proportional to the
amount of substance. For this reason, the BBL law remains the default framework of infrared
spectroscopy, underpinning classical least squares, partial least squares regression, and many
calibration models [88].

Its limitations, however, were recognized early. Beer already corrected for reflection losses
using Fresnel’s equations [89]. Maxwell’s electromagnetic theory reframed absorption as a
wave–matter interaction governed by the dielectric function [90], while Lorentz showed that
molecules experience both the external field and the influence of neighboring dipoles [91,92].
Planck demonstrated that strong oscillators deviate from the linear response predicted by the BBL
law, their band shapes modified by collective interactions [93]. These refinements established
that the BBL law is not fundamental physics but an approximation valid only for weak absorption,
weak coupling, optical homogeneity, and negligible scattering. Later treatments, such as in Born
and Wolf’s Principles of Optics, fully embraced the wave-optics description [94].

The law remains relevant today because wearable and flexible mid-infrared (MIR) devices for
preventive healthcare are still based on its central premise: absorbance scales with concentration.
Non-invasive glucose monitoring, for example, assumes that the intensity of glucose-related
bands in interstitial fluid correlates linearly with blood glucose levels [95]. Similar reasoning
guides sensors for tumor metabolites, drugs, or volatile organics, where quantitative success
depends on maintaining proportionality between concentration and spectral response.

However, these applications often operate in regimes where the BBL assumptions no longer
hold. Biological tissues are heterogeneous, anisotropic, and strongly scattering. Hydration levels
fluctuate, altering both baseline and band shapes. Device geometries involve bending, layered
substrates, and attenuated total reflection (ATR) configurations that modify the optical field in
ways simple linear models cannot capture. Uncorrected, such deviations obscure quantitative
evaluation and are particularly problematic in preventive healthcare, where the goal is to detect
subtle early biochemical changes rather than established disease. We propose a pathway to
enhance light detection for wearable photonic systems as summarized in Fig. 5.

Several classes of deviations can be identified, each reflecting a different physical mechanism
that causes departures from Beer–Lambert behavior.

3.1.1. Interference and standing waves

When light interacts with layered structures—polymer coatings, skin layers, or thin films—multiple
reflections create Fabry–Pérot resonances. These fringes redistribute the local electric field, so
the apparent molar absorption coefficient fluctuates with layer thickness or substrate properties,
even at constant concentration. A polymer layer on CaF2 can show intensity variations of ±20%
purely due to interference [96].

3.1.2. ATR-specific effects

ATR introduces characteristic deviations from Beer–Lambert scaling. Often described by
evanescent fields, ATR absorption is better understood as reflection minus transmission into an
absorbing medium [97]. Once absorption occurs, field intensity varies smoothly with incidence
angle and absorption index, without discontinuities at the critical angle. Strong bands are
therefore shifted and distorted relative to transmission spectra, and polarization further amplifies
deviations. Correction models based on “effective thickness” are valid only for weak absorbers
and fail for strong oscillators such as carbonyl or amide bands [96,98–103]. In layered systems,
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Fig. 5. From the Beer–Lambert law to the optical twin: Analytical and Computational
Pathways in Wearable MIR Photonics. The schematic summarizes how deviations from the
Beer–Lambert law (for instance, interference, ATR effects, local-field interactions, mixture
non-idealities, biological scattering) motivate progressively more advanced analytical
strategies—from classical chemometrics to complex-valued regression and physics-informed
neural networks—ultimately enabling reliable MIR wearable operation.

ATR may also couple with interference, producing even stronger deviations from the BBL
approximation.

3.1.3. Local-field effects

Molecules in condensed phases interact with the near fields of their neighbors, shifting resonance
frequencies and modifying oscillator strengths. Planck described such deviations more than a
century ago [93], and they remain evident in concentrated solutions where C=O vibrational
bands shift inconsistently with linear scaling. These effects are approximately described by
the Lorentz–Lorenz relation, which contains Beer’s law as a limiting case for weak oscillators
[91,92].

3.1.4. Non-ideal mixtures

Even thermodynamically ideal binary mixtures defy linear additivity. Principal component
analysis of benzene–toluene or acetone–chloroform spectra reveals more than two components,
while two-dimensional correlation spectroscopy exposes asynchronous features indicative of
solvatochromism and environment-dependent polarizabilities [104]. Mixture spectra therefore
cannot be reconstructed as simple linear combinations of their pure components.

3.1.5. Complex biological matrices

Scattering from cells, anisotropy from lipids and proteins, and wavelength-dependent path lengths
from hydration collectively invalidate linear models. Water dominates large regions of the MIR
spectrum, overlapping with weaker biomarker bands. In such matrices, deviations from the BBL
approximation are the rule rather than the exception.

Mitigating these effects requires a two-pronged strategy. Some deviations can be addressed an-
alytically. Fresnel-based multilayer models can reconstruct dielectric functions from interference-
dominated spectra [88]. For ATR, rigorous wave-optics corrections that account for incidence
angle, polarization, and refractive index contrast—often combined with Kramers–Kronig anal-
ysis—allow geometry-independent evaluation [88]. Once geometry and optical constants are
known, these methods require no empirical calibration.
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Other deviations, particularly those from local-field interactions and non-ideal mixtures, resist
analytical solutions. Here, chemometric methods provide the most effective remedy.

3.2. Classical chemometrics: CLS, ILS, PCR, and PLSR

The limitations of the Beer–Lambert approximation, particularly in wearable and biological
contexts, demand more advanced regression strategies. A major step forward is the transition from
real-valued to complex-valued chemometrics, where both the absorption index (k) and refractive
index (n) are analyzed together. These quantities are linked by the Kramers–Kronig relations,
meaning that every absorptive feature in k is accompanied by a corresponding dispersive response
in n. Conventional chemometrics, based solely on absorbance, ignores this complementary
information. By exploiting the full complex refractive index, regression models gain not only
accuracy but also internal consistency checks and error-detection capabilities.

Classical Least Squares (CLS) remains one of the most transparent approaches in quantitative
spectroscopy [105–107]. It assumes that a mixture spectrum is a linear combination of pure
component spectra, each weighted by concentration. When extended to complex-valued spectra,
CLS yields complex concentration estimates whose real parts represent physical concentrations,
while the imaginary components capture systematic deviations from linearity [108]. These
deviations reflect local-field interactions or wave-optical effects and can be used for internal
correction: correlations between the imaginary part and prediction errors allow mean absolute
errors to be reduced substantially. Case studies on benzene–toluene and benzene–cyclohexane
mixtures show error reductions of up to 75% compared to conventional CLS, demonstrating how
the dispersive dimension sharpens quantitative analysis [108].

Inverse Least Squares (ILS) addresses one key limitation of CLS—the requirement for pure
component spectra—by inverting the relationship between spectra and concentrations [105–107].
This enables calibration even when not all mixture components are known. Traditional ILS,
however, often suffers from ill-conditioning when applied across entire spectra. Incorporating
refractive index information mitigates this instability: complex-valued ILS smooths spectral
variability and integrates concentration-dependent dispersion, producing more stable regressions.
In benzene–toluene systems, complex ILS reduced prediction errors by more than half relative to
classical CLS and ILS, and in some cases by an order of magnitude [109].

Principal Component Regression (PCR) combines dimensionality reduction with regression,
projecting spectra into a low-dimensional subspace defined by principal components before
correlating them with concentrations [105–107]. The complex extension of PCR adds flexibility
by generating eigenvectors either from complex singular value decomposition (SVD) or by
pairing the eigenvectors of the imaginary part with their Kramers–Kronig transforms [110]. The
latter creates superpositions that better represent the coupled absorption–dispersion behavior
of real spectra. Studies on binary mixtures confirm that complex PCR generally outperforms
conventional PCR in both predictive accuracy and robustness, though eigenvector selection in
the complex plane remains an open question.

Partial Least Squares Regression (PLSR) is the most widely applied regression method in
spectroscopy because it maximizes covariance between spectral data and concentration profiles
[105–107]. Complex-valued PLSR extends this principle by including both n and k spectra,
thereby accounting for dispersion as well as absorption [111]. Several implementations exist: (i)
NIPALS algorithms that process real and imaginary parts separately, (ii) brute-force superpositions
of real and imaginary eigenvectors optimized through cross-validation, and (iii) direct SVD of
the complex cross-product matrix. Brute-force approaches ensure unbiased component selection,
while SVD provides a computationally elegant alternative. In systems where refractive index
variations dominate at high wavenumbers, complex PLSR achieves prediction errors an order of
magnitude smaller than conventional PLSR based on the absorption index function alone.
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Collectively, these methods establish complex-valued chemometrics as a unifying framework
for quantitative spectroscopy. Each approach exploits the absorption–dispersion interplay
differently: CLS offers transparency and internal error correction; ILS provides calibration without
pure spectra and enhanced stability; PCR improves robustness through complex eigenvector
combinations; and PLSR delivers exceptional predictive power in challenging systems. A shared
advantage is their ability to quantify deviations from the Beer–Lambert law instead of treating
them as random noise—an essential feature for wearable spectroscopy, where such deviations are
inevitable.

Finally, when refractive index data are unavailable, the same complex-valued framework can
be applied to absorbance spectra alone. Although this sacrifices some accuracy due to missing
dispersive information, the imaginary component of the regression output can still serve as an
internal indicator of model reliability, providing valuable error estimates and maintaining a
degree of robustness.

3.3. Convolutional neural networks in infrared spectroscopy

The transition from classical and complex-valued chemometrics to machine learning mirrors
the growing complexity of data generated by wearable and flexible infrared devices. While
regression methods such as CLS, ILS, PCR, and PLSR can accommodate many deviations
from the Beer–Lambert approximation, they remain fundamentally linear. Biological tissues,
heterogeneous mixtures, and flexible architectures introduce nonlinearities that may resist
such frameworks. In these cases, deep learning—particularly convolutional neural networks
(CNNs)—offers a more adaptive, end-to-end alternative.

Originally developed for image analysis, CNNs are well suited for infrared spectroscopy, where
spectra can be treated as one-dimensional signals. Convolutional filters extract local spectral
features such as characteristic band shapes, correlations between adjacent wavenumbers, and
distortions caused by scattering or mixture effects. Unlike classical chemometrics, CNNs require
no handcrafted pre-processing, as they learn directly from raw data.

One of their earliest and most compelling uses lies in artefact correction. Scattering—especially
Mie scattering from cells or particles—has long limited quantitative analysis. Physically based
corrections demand detailed optical modeling and are often restricted to ideal geometries. CNNs
can instead learn these transformations empirically. Guo et al. trained a one-dimensional U-Net
on synthetic PMMA sphere spectra generated via Mie theory, showing that the network could
restore distorted spectra and compensate for resonant sphere modes without explicit optical
parameters [112]. Similar autoencoder networks successfully mimicked RMieS correction, even
outperforming it in robustness [113]. Such approaches demonstrate how CNNs can replicate
complex physical models in real time, an important step toward automated correction within
wearable systems.

Beyond pre-processing, CNNs excel in classification and regression. Chen et al. used a
one-dimensional CNN to distinguish aristolochic acids and analogues with higher accuracy than
support vector machines or conventional chemometrics [114]. Zhang et al. extended this to
two-dimensional CNNs for classifying tobacco leaf origins, where CNNs surpassed PLS-DA
in accuracy and robustness [115]. CNNs can also perform quantitative regression, learning
nonlinear mappings between spectral features and concentrations and thus outperforming PLSR or
PCR, particularly for overlapping or distorted spectra. Their resilience to background absorption
and scattering makes them well suited for wearable applications.

The strengths of CNNs lie in automated feature extraction, nonlinear modeling, and scalability
with dataset size [113]. However, they require large, diverse datasets to generalize reliably. Their
“black-box” nature limits interpretability, and while they can reproduce physical corrections, they
do not inherently provide mechanistic insight. These limitations motivate hybrid approaches such
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as physics-informed neural networks (PINNs), which embed constraints from Fresnel relations
etc. or Kramers–Kronig consistency into the learning process [116,117].

Unlike conventional CNNs, complex-valued neural networks (CVNNs) operate directly on
complex quantities such as electromagnetic fields or refractive indices, allowing them to capture
absorption and dispersion simultaneously. This integration of optical physics with deep learning
could yield interpretable, causal models ideal for real-time correction and diagnosis in future
infrared wearables.

3.4. Infrared wearables within the personalized optical digital twin

The evolution from the Beer–Lambert law through complex-valued chemometrics to physics-
informed complex-valued neural networks marks a continuous broadening of spectroscopy—from
simple analytical laws to adaptive learning systems. Yet these methodological advances achieve
their full impact only when embedded in devices capable of continuous, non-invasive health
monitoring. Within this framework, infrared wearables have emerged as cornerstone technologies
of the Personalized Optical Digital Twin (PODT).

The PODT is envisioned as a continuously updated, light-based digital representation of an
individual’s health, designed to detect risks and deviations before symptoms appear and a pictorial
representation is given in Fig. 6. It integrates multiple information layers: physiological signals
such as heart rate and oxygenation, structural imaging from modalities like OCT, and molecular
fingerprints of metabolites, proteins, and lipids. Among these, IR spectroscopy uniquely provides
the molecular layer, directly probing vibrational modes in the fingerprint region to yield specific
biochemical signatures.

Fig. 6. Schematic representation of the Personalized Optical Digital Twin (PODT) concept as
envisioned by Photonics21. The diagram illustrates the integration of physiological, structural,
and molecular optical data—including MIR spectral biomarkers—into a continuously
updated digital model of individual health, used to enable early risk detection and predictive,
personalized interventions.

Wearable mid-infrared devices—implemented as skin patches, microneedle platforms, or
textile-integrated sensors—can generate continuous spectral streams reflecting an individual’s
biochemical dynamics. Sampling sweat, interstitial fluid, or breath condensates, such sensors
enable high-frequency molecular monitoring. Subtle metabolic fluctuations preceding diabetes,
or spectral markers associated with early tumorigenesis, could thus be detected long before
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conventional diagnostics. Flexible IR badges may also track environmental toxin exposure,
linking external stressors directly to personal health trajectories.

Achieving this vision demands major technical progress. The light–tissue interface must
remain stable despite motion, hydration changes, and skin variability. MIR sources and detectors
must be miniaturized, power-efficient, and fabricated on flexible substrates without loss of
sensitivity. Long-term, unsupervised operation requires embedded intelligence to manage drift,
noise, and artefacts. Here, complex-valued chemometrics and physics-informed complex neural
networks can serve as on-board analytical engines—stabilizing spectra, performing plausibility
checks, and estimating concentrations in real time.

Equally important are regulatory and societal factors. For PODTs to gain clinical acceptance,
they must comply with medical device regulations, ensure cybersecurity, and provide transparent
audit trails for AI-driven decisions. Clinicians need interpretable outputs rather than raw spectra,
while patients must trust that their molecular data are securely managed and clinically meaningful.
Building this trust depends as much on governance, interoperability, and long-term maintainability
as on photonic innovation.

Infrared wearables are therefore not auxiliary tools but fundamental enablers of the PODT.
They supply the biochemical data layer that anchors digital twins in molecular reality, ensuring
that predictions reflect true physiological processes rather than abstract models. In combination
with Raman spectroscopy, OCT, fluorescence imaging etc., and complementary biosensors, MIR
wearables will provide a holistic view of health.

As healthcare systems confront chronic disease, aging populations, and the need for resilience
against pandemics, the potential of infrared wearables becomes unmistakable. By continuously
monitoring molecular fingerprints at the body’s surface, they transform the PODT from a digital
mirror into a proactive guardian—detecting subtle biochemical changes before symptoms arise
and guiding timely intervention. The trajectory from Bouguer-Beer-Lambert’s exponential law
to the optical digital twin thus comes full circle: what began as a study of light attenuation now
illuminates a future where light itself safeguards human health.

Realizing these analytical and computational concepts in practice requires light sources
capable of delivering spectrally selective, high-power mid-infrared radiation within compact and
manufacturable architectures—a challenge addressed in the following section through hybrid
III–V/silicon Quantum Cascade Lasers.

4. From hybrid III–V/silicon quantum cascade lasers for integrated mid-infrared
photonics

4.1. Hybrid III–V/silicon quantum cascade lasers

The analytical and computational advances outlined in Section 3 define quantitative and al-
gorithmic requirements that directly influence the design of MIR light sources. Accurate
complex-valued chemometric and neural-network analysis relies on stable, spectrally pure, and
intensity-calibrated illumination at well-defined wavelengths. In wearable configurations, the
optical power must remain high enough to overcome scattering and interference losses while
avoiding thermal or phototoxic effects.

These criteria naturally guide the hardware concept toward spectrally agile, multi-wavelength,
and power-efficient sources—capabilities that are uniquely offered by Quantum Cascade Lasers
(QCLs). Moreover, algorithmic models exploiting Kramers–Kronig-consistent dispersion data or
multi-spectral CNN inputs benefit from the ability to tune the emission wavelength precisely
across molecular resonances. Consequently, the integration of QCL arrays within CMOS-
compatible platforms provides the technological foundation for implementing the spectral
modeling framework in practical, miniaturized devices.

As discussed in previous sections there is a strong need for efficient low-cost devices which
could monitor biomarkers using several marker wavelengths. With this regard we believe that the
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Fig. 7. Process flow for the fabrication of a QCL device transferred onto silicon: (a)
molecular bonding of the III–V epitaxial stack onto Si, (b) removal of the native substrate,
(c) DFB grating etching, (d) ridge definition, and (f–g) successive metallization steps.

integration of quantum cascade lasers (QCLs) with silicon-based photonic circuits represents a
decisive milestone for mid-infrared (MIR) optoelectronics. In particular we address the issue of
integrating an array of laser sources to probe the samples at multirole wavelengths. As discussed
in previous sections the MIR spectral range most interesting part, extending from roughly 3 µm
to 12 µm, encompasses the fundamental vibrational resonances of most molecules, making it
an essential domain for applications such as gas sensing, environmental monitoring, chemical
spectroscopy, and biomedical diagnostics. Despite their maturity and spectral agility, QCLs
fabricated on InP or GaAs substrates remain limited by small wafer diameters, high fabrication
costs, and poor compatibility with large-scale CMOS manufacturing. Bridging QCL technology
with silicon is therefore a strategic step toward scalable, cost-effective, and industrially viable
MIR systems [118].

Hybrid III–V/silicon integration provides the technological foundation for this transition,
combining the spectral reach and gain of III–V semiconductors with the precision, yield, and
process maturity of silicon photonics. This approach aims to establish a wafer-level platform
where active sources, passive routing structures, and detectors coexist within a unified fabrication
ecosystem. Achieving this requires mastering three essential aspects: a thermally and optically
robust bonding interface, efficient optical mode transfer between dissimilar materials, and a
photonic design that guarantees single-mode operation and power efficiency across large wafers
[39,118].

A first level of integration establishes a mechanically and thermally stable III–V/Si platform
in which the entire laser cavity remains confined within the III–V epitaxial material, while the
silicon substrate serves as a passive mechanical and thermal carrier. The complete fabrication
process is illustrated in Fig. 7, summarizing the plasma-activated molecular bonding process,
substrate removal, DUV lithography for defining the DFB gratings and ridge, and the final
metallization sequence. This CMOS-compatible process, as demonstrated in a 200 mm CMOS
pilot line [39], enables the transfer of III–V epitaxial layers onto silicon with excellent planarity
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Fig. 8. Scanning electron microscopy (SEM) images acquired at successive fabrication
stages: top view of the DFB ridge (a), cross-section of the DFB grating (b), hard-mask
opening prior to metallization (c), and completed QCL devices after metallization (d–f).

and interface quality. The oxide-bonded route provides high interfacial reliability and uniformity
across the wafer, ensuring reproducibility and surface integrity. In parallel, a titanium-mediated
bonding variant is being developed to improve thermal conduction and electrical injections across
the interface, providing a complementary route for heat management.

Representative structural results for oxide-bonded devices are presented in Fig. 8. Scanning
electron and optical microscopy images reveal the accuracy of the DFB ridge definition, the
smoothness of the etched gratings, and the uniformity of the metallization layers across the
wafer. These results confirm the maturity of the lithographic and etching processes, as well as the
robustness of the molecular bonding interface. Such integration enables high-yield fabrication
of III–V/Si quantum cascade lasers directly on 200 mm silicon wafers, a decisive step toward
large-scale production.

Electrical and optical characterizations at wafer level are summarized in Fig. 9. Under
pulsed excitation, oxide-bonded devices exhibit threshold currents around 0.8 A for emission
near 4.05 µm, consistent with the design of the distributed feedback gratings. The emission
spectra show single longitudinal mode operation, with well-defined peaks and limited parasitic
modes, attesting to the spectral purity of both individual DFB structures and QCL-DFB arrays.
These measurements are performed directly on-wafer, prior to any packaging, demonstrating
the robustness of the oxide-bonded architecture and its potential for industrial testing. The
titanium-bonded configuration, although still under optimization, has recently shown quasi-
continuous-wave operation at wafer level (duty cycle ≈ 40%) and a more than 100-fold increase
in average optical power compared to the oxide-bonded baseline. These results underline the
crucial role of thermal management in hybrid QCL operation and open the path toward true
continuous-wave emission.

Building on this structural foundation, the silicon layer can evolve from a passive carrier to
an active photonic participant. In the functional hybrid configuration (see Fig. 10), the III–V
gain region is optically coupled to a phase-matched silicon-on-nitride-on-insulator (SONOI)
waveguide that implements distributed feedback and efficient out-coupling. The adiabatic
coupling along a ∼290 µm taper ensures gradual mode transfer between III–V and silicon with
minimal reflection and power loss. The calculated coupling strength provided by the silicon DFB
grating ensures single-mode operation with low optical losses and excellent modal confinement
within the hybrid cavity [19]. Finally, surface grating couplers enable direct wafer-level optical
access, facilitating collective electro-optical characterization.
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Fig. 9. Wafer-level electro-optical performance of oxide-bonded QCLs. Infrared imaging
reveals uniform device operation across the wafer (a), while current–voltage–light (IVL)
measurements confirm lasing at 4.05 µm with well-defined thresholds (b). Characterization
of QCL bars incorporating different opto-geometrical configurations (c–d) demonstrates
the design flexibility and process reproducibility of the oxide-bonded platform (each color
corresponds to a single-mode laser emitting at a distinct wavelength).

The experimental validation of this functional approach is illustrated in Fig. 11. Light–current–
voltage measurements demonstrate a threshold current density of approximately 3.5 kA·cm−2 at
12 °C, with a driving voltage around 16 V. The output optical power reaches 340 µW per facet
(around 500 µW on-chip) when measured through the silicon surface coupler. The emission
spectra are centered at 4.315 µm with a side-mode suppression ratio exceeding 25 dB, confirming
robust single-mode operation. These performances, reproducible across the wafer, demonstrate
that hybrid III–V/Si devices could equal the performance of conventional InP-based QCLs while
benefiting from the scalability and integration potential of silicon photonics [19,119].

The convergence of these two integration routes—structural and functional—defines a coherent
technological framework for MIR photonics. The oxide-bonded platform provides high yield,
reproducibility, and interface quality, while the titanium-bonded variant introduces improved
heat spreading and enhanced current injection for near-continuous operation. The SONOI-based
functional integration extends this foundation by enabling photonic routing, spectral control,
and wafer-level optical access within a unified architecture. Together, these technologies pave
the way for compact, efficient, and scalable MIR laser sources monolithically compatible with
large-volume silicon photonic manufacturing.
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Fig. 10. Functional hybrid integration on a phase-matched SONOI platform. Transverse (a)
and longitudinal (b) schematic views of the hybrid laser cavity show that the optical mode is
predominantly confined within the III–V active region while interacting with the underlying
silicon grating, which provides distributed feedback for single-mode operation. At each end
of the active region, a silicon taper ensures an adiabatic transfer of optical power from the
III–V section to the silicon waveguide. Grating couplers positioned at both ends of the laser
extract the emitted light from the chip for collection by an optical fiber. (c–e) Simulated
evolution of the fundamental TM00 optical mode along the taper: (c) taper input, (d) taper
midpoint, and (e) taper output, highlighting smooth modal transition and high coupling
efficiency. Reprinted with permission from Ref. [19].

Fig. 11. Experimental validation of the functional hybrid III–V/Si QCL architecture.(a)
Visible and (b) infrared microscope images of the laser under pulsed operation at peak
output power. Light generated within the III–V active region is adiabatically coupled into
the silicon waveguide and extracted through a 350 µm-long surface grating coupler. (c)
Single-facet light–current–voltage (LIV) characteristics measured at 12 °C (300 ns pulses,
0.6% duty cycle). (d) Corresponding emission spectra as a function of injection current
density, confirming stable single-mode operation and efficient optical coupling through the
silicon grating. From Ref. [19].
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From a manufacturing perspective, all the approaches described rely on CMOS-compatible
processes encompassing bonding, lithography, metallization, and wafer-level testing. The repro-
ducibility achieved across 200 mm wafers establishes a realistic path toward industrial fabrication
of MIR sources and their integration into complete on-chip systems for spectroscopy, free-space
communication, and sensing. Ongoing work focuses on quantitative thermal modeling of Ti-
assisted bonding, time-resolved thermos-reflectance measurements, and packaging optimization
to achieve continuous-wave operation at room temperature.

Beyond these technological advances, hybrid III–V/silicon integration unites materials science,
photonic engineering, and industrial processing into a single scalable platform. By combining
the reliability of oxide bonding, the thermal efficiency of metallic interfaces, and the optical
sophistication of silicon photonics, this technology enables high-performance, manufacturable
MIR lasers at wafer scale. The experimental results summarized in Fig. 7–11 establish a
continuum from material transfer and process optimization to photonic integration and system-
level validation, marking a decisive step toward fully integrated mid-infrared photonic systems
combining on-chip sources, routing, and detection.

The modeling approaches developed in Section 3 place quantitative demands on the light-source
architecture. Accurate chemometric calibration requires sub-cm−1 spectral reproducibility, while
physics-informed neural networks benefit from tunable, multi-wavelength input to resolve corre-
lated absorption–dispersion features. Furthermore, real-time data pipelines impose constraints
on source modulation bandwidth, duty cycle, and thermal stability. These considerations inform
the choice of QCL arrays as the enabling hardware for the envisioned wearable MIR systems.

4.2. Application to QCL and photo-acoustic measurements

Photoacoustic (PA) spectroscopy relies on the localized heat release within a gas sample
following the absorption of modulated light energy. When a gas absorbs light at specific
wavelengths—characteristic of its molecular composition—non-radiative relaxation processes,
primarily through molecular collisions, convert the absorbed optical energy into heat. This
localized heating induces transient thermal expansion and contraction, generating both thermal
and acoustic waves.

The acoustic wave is produced as a result of the periodic modulation of the incident light
intensity or wavelength, typically at a frequency matching the acoustic resonance of the PA cell,
often in the kilohertz range. The resulting pressure fluctuations are then detected as an acoustic
signal by a sensitive microphone housed within the PA cell. The light source may be either a
pulsed laser or a continuous-wave light beam, with the modulation frequency selected to optimize
the acoustic response of the cell.

This approach enables highly sensitive and selective gas detection, as the PA signal is directly
proportional to the absorbed optical energy and, consequently, to the concentration of the target
gas species [120,121].

4.2.1. Photoacoustic positioning versus direct absorption detectors

During the direct absorption of light through a gas sample, the incident optical power P0 is
attenuated according to the Beer–Lambert law as follows:

P = P0e−αCgL (2)

While Eq. (1) expresses the Bouguer–Beer–Lambert relation in its analytical-chemistry form
- using absorbance as a linear function of molar absorptivity, concentration, and path length
- the same principle can also be written in terms of the transmitted optical power. In this
representation (Eq. (2)), the exponential attenuation of the incident power P0 is described through
the absorption coefficient a(Cg), which implicitly includes both molecular absorption properties
and concentration. This formulation assumes a homogeneous medium and a collimated beam
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without divergence or scattering losses, so that the decrease in power directly reflects pure
absorption along the optical path.

The photoacoustic signal is derived from the Beer-Lambert’s law applied to the Helmholtz
resonator according to the expression [122]:

SPA = RcRMPαCg (3)

Where the quantity RC is

Rc =
(γ − 1)LQ
ω0 Vc

(4)

And the definition of ω0 and Q are
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)︃3
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Where RM is the microphone constant Rc is the acoustic cell constant, g is the ratio of the specific
heats of the gas, L the length of the photoacoustic cell, Q quality factor of the resonator, Vc
the critical volume of the PA cell which is Vc = (1/V1 + 1/V2)−1 for our differential Helmholtz
resonator (DHR), S is the neck (capillary) section, l the length of neck, c the celerity of sound,
Fig. 12.

Fig. 12. Helmholtz resonator schematic. Left: Main quantities important for the design
and optimization of the differential Helmholtz resonator photoacoustic cell; Middle: PA
cell fabricated in CEA-Leti clean rooms in Silicon (left part with a microphone on top and
opened on the right side); Right: Schematic of the gas response in the two arms (opposite
phase) and view of a PA cell with connecting gas input and output.

While the direct absorption technique requires a large optical path length L, to maximize the
measurable attenuation of light, the photoacoustic (PA) method yields a signal amplitude inversely
proportional to the chamber volume [123]. This property makes PA particularly advantageous
for miniaturized designs and compatible with microfabrication-based manufacturing.

4.2.2. Concept and dimension of differential Helmholtz photoacoustic

The DHR consists of two identical chambers linked by two capillaries, with gas inlet and outlet
at their midpoint. A laser excites one chamber, generating out-of-phase acoustic waves at the
Helmholtz resonance frequency in both chambers. Two microphones measure the chamber
pressures, and their differential signal provides a partial immunity to external acoustic noise. As
the PA sensor does not require an optical detector but a sound detector it is not sensitive.

Several generations of DHR have been fabricated in our laboratory at CEA-LETI, with the
same architecture [123,124]. Initially using 3D printing (metal or polymethylmethacrylate),
as proof of concept, with a Vc of approximatively 40mm3, and resonant frequency of 3kHz
embedding a pair of commercial top port microphone glued on the metal block. A second
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generation of DHR has been produced from two silicon wafers patterned, etched, and bonded by
the means of techniques commonly used in

MEMS foundries. The size and the critical dimensions have been adjusted in order to fit
with the angular divergence and the location of the laser source coupled to the cell without
optical lenses while having a resonance frequency in the range of 10 to 15kHz (Vc ∼2.3mm3).
Metal contacts are patterned on the upper wafer in order to weld and connect the microphones
and extract the electricals signal. After dicing the PA cells, two analogical AKU350 MEMS
microphones are welded and the electrical contacts are wire-bonded to an electronic interface
made with a printed circuit board (PCB) allowing the analogical signal processing. This namely
miniPA-Si design reaches a chip size of 10× 8 mm2 with a thickness of few millimeters because
of the commercial microphones added on top.

Reducing the volume of the PA chambers increases the resonance frequency and the influence
of the viscous and thermal surface losses. So that miniaturization reaches fundamental limits. To
ensure effective photoacoustic signal generation, the laser modulation frequency must remain
sufficiently low (typically ≤ 20 kHz) to allow thermal relaxation of gas molecules and the resulting
pressure fluctuations. This requirement is critical because relaxation times vary significantly
depending on the target molecule and gas matrix. Setting an upper frequency limit ensures
the photoacoustic (PA) cell design remains compatible with detecting multiple gas species. A
third generation of DHR device have been developed including its own dynamic pressure sensor,
designed to be fully integrated to the PA cell microfabrication and to provide a mechanical
resonance less sensitive to environmental conditions (pressure, temperature, gas matrix. . . ) than
the acoustic resonance, Fig. 13, left and center.

Fig. 13. 3D view of the silicon-integrated photoacoustic sensor (left),view of the manufac-
tured chip (center), and view of the photoacoustic multi-gas sensors, with four QCL coupled
with one silicon PA-cells (right)

4.2.3. Multi-laser coupling for multi-gas measurements

For multi-gas detection, several lasers tuned to the characteristic wavelength of the molecules
must be coupled to the PA cell. The mini-PA Si, with its four optical windows, allows direct
coupling of four different lasers targeting at least one gas per laser. Figure 13 right shows the
multi-gas sensor mechanical assembly with four Quantum Cascade Laser (QCL) coupled with
one Silicon Mini-PA. The mechanical parts are designed to enable self-aligning assembly of the
lasers on the PA cell windows, with an accuracy of± 50 µm, and the possibility of replacing each
laser unit in the event of failure. The copper base that connects all the components is soldered to
the rear to a Peltier element to ensure the thermoregulation of the lasers, Fig. 13, right.

The multigas measurement can be performed sequentially by activating the lasers one by one
for a few hundred milliseconds to a few seconds for each gas.
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4.2.4. System approach, transducer (microphone), laser power supply and modulation, syn-
chronous detection

In order to perform measurements using a portable, autonomous multi-gas sensor, we have
developed a specific, compact electronic system dedicated to outdoor photoacoustic data
acquisition. The independent components are the sensor power supply, multiplexing and
QCL control (in pulsed or continuous mode), temperature control, microphone data collection,
amplification, and signal processing. The entire system comprises several printed circuit boards
(PCBs) for each block, which facilitates modifications and repairs. The size of the electronics
remains large, typically 15 cm x 10 cm x 5 cm in its alpha version (see Fig. 14). Later, it could be
reduced to a few tens of cubic centimeters with stacked PCBs, and then to a few cubic millimeters
with integrated ASICS-type electronics.

Fig. 14. Left: Functional diagram of the control electronics for a multigas photoacoustic
sensor. Right: Photograph of the corresponding LETI electronic system (credit A. Aubert).

4.2.5. Gas/N2 and gas/air+Hr calibration results

An initial calibration step was performed for four target gases: CO2, CH4, N2O, and CO, as
shown in Fig. 15, using four different QCL delivering optical frequency tuned to match the
absorption peaks of CO2 (2361.4cm−1), CO (2190.0cm−1), CH4(1341.6cm−1), N2O(2192.5cm−1).
Dilution conditions were established using high-purity nitrogen as diluent and standard gas
cylinders calibrated to few hundred parts per million (ppm) for each gas. For all gases, the laser
temperatures were regulated to 35°C, and photoacoustic signals were demodulated at 2F using a
sinusoidal modulation frequency set to half the resonance frequency of the photoacoustic cell
(f0/2= 5000 Hz) with an amplitude of few percent of the nominal laser power.

While calibrations under nitrogen do not replicate real-world atmospheric conditions—particularly
variable humidity—they enable laboratory sensor qualification and the determination of detection
limits (LOD) using a simplified linear calibration model.

Despite consistent calibration conditions, including PA cell purging with N2, no cell constant
(Rc) could be established for direct sensor calibration (e.g., for atmospheric CO2). Linear
regressions revealed substantial variations in baseline signals, suggesting strong background
noise dependencies. Prior studies have reported gas-gas coupling effects (e.g., CH4 and CO2
interactions with N2, O2, or H2O), which may enhance or suppress photoacoustic signals
[125,126]. This was further confirmed by calibrations performed in air (N2+O2+CO2) with
variable relative humidity (Hr), Fig. 16.

An enhancement of the PA signals by a factor of 5 for CO2 in air was observed in samples with
60% of relative humidity compared to that in dry samples. Water provides a strong enhancement
in the CO2 molecular relaxation process increasing the slope of the calibration line as much as
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Fig. 15. Multigas calibration in nitrogen, for CO, N2O, CO2 and CH4 with a limit of
detection of few parts per million (ppm). Center: view of the PA module including PA
cell, 4 different QCL, connections, a copper base and a Peltier element at rear to ensure the
thermoregulation of the lasers. Around: graphs showing the calibration result for different
gases (CO, N20, CH4 and CO2) diluted in N2 matrix

Fig. 16. Left: Photoacoustic signal for CO: 2500, 1500, 500 ppm with different humidity
levels. Right: CO2 calibration lines for 0% to 90% of humidity.

the humidity is higher. The same type of behavior is observed for CO and N2O, while the PA
signal for CH4 is less affected by humidity.

4.3. Towards non-invasive glucose monitoring with QCL-based MIR spectroscopy and
photothermal transduction

Non-invasive glucose monitoring has been a relentless research topic for a few decades. It is
pushed by the patients, who wish for less invasive and stigmatizing monitoring devices, and an
alarming increase in diabetes prevalence [127,128]. Yet, no satisfactory solution has emerged,
and the field is often regarded as a startup graveyard [129]. Indeed, without direct physical access
to the glucose molecules (that for example a needle can provide), one has to deal with human
physiology and anatomy complexity. Whatever the technical solution retained, its interpretation
is not straightforward. In practice, it should be coupled with an acute biological knowledge of
the probed region, and often, complementary measurements.

MIR spectroscopy is still in the game to compete in this race [130]. It benefits from better
specificity than other electromagnetic spectral ranges [131], and the gain in maturity of quality
MIR optical sources: QCLs. We shall return to those two aspects limitations below. The main
MIR spectroscopy approach retained for embedded devices is photothermy. It consists of an
indirect detection of the heat released by the optically probed sample [132,133]. Transmission
spectroscopy is out, as the optical absorption length is typically a few tenths of micrometers, and
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ATR spectroscopy unfit since it only penetrates a few micrometers deep, where no glycemic
signal can be found on the human skin.

Figure 17 shows a typical MIR photothermy experiments on human skin. The optical beam
arrives perpendicularly to the skin, that is, at the scale of the beam diameter, approximated by a
succession of vertical biological layers. The light is absorbed according to the Beer-Lambert law,
which results in a heat source whose intensity decays with successive exponential trends, their
steepness depending on the source wavelength and the layers’ composition. There are multiple
ways to detect heat release. The scientific literature is concentrated on two of them. The first
consists of measuring the temperature fluctuation provoked by the heat released in a controlled
media affixed to the sample. This medium can be regarded as a thermal transducer. For example,
indirect photoacoustic uses a gas cavity to generate an acoustic wave [40,134–136] (see Fig. 17),
and thermal deflection uses a solid with a refractive index sensitive to the temperature coupled
with a probe beam [137]. The second detects the acoustic wave generated by the heat source
induced sample dilatation [138], either in transmission or reflection.

Fig. 17. a) Schematic diagram of a non-invasive glucose monitoring device with MIR
spectroscopy and photothermal detection (the figure is detailed in [40]). The device is set
on the skin, represented here as two homogeneous layers: at the top the stratum corneum,
and at the bottom the epidermis in which glucose is contained inside the interstitial fluid. b)
Example of a practical realization of the concept presented in a) (CAD cross-section view).
This device is a version close to the one presented in Ref. [40].

While glucose has a specific MIR signature, it is hard to detect on human skin. First, glucose
is mixed with other compounds whose signatures can be stronger (water, lactate), or of the
same order of magnitude (urea, albumin, cholesterol, etc). Those interferents have their own
temporal trend that is, or is not, correlated with the glycemic level. Second, the human skin, at
the scale of the optical absorption length, is not homogeneous (see Fig. 17). MIR light typically
penetrates down to 50 µm into the skin. It goes through the stratum corneum, where no glucose
characteristic of the blood glycemic level can be found, and ends in the epidermis, where glucose
is present inside the interstitial fluid. The layers’ thickness and composition change with time,
position on the patient, and from one patient to another. This variability induces a tremendous
complexity for signal interpretation. To tackle this problem, technical solutions are multiplying
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the optical sources (in order to decorrelate the contributions from the various skin compounds)
and developing strategies to retrieve spatial information (to separate the contributions from
the different skin layers). Also mandatory is a precise understanding of how this complex
environment acts as a whole. More precisely, how the skin structure and composition may have a
response correlated to the blood glycemic level. By doing so, we can benefit not only from the
glucose MIR specific signal, but also from the skin interferents signatures. A powerful way to
integrate this knowledge for measurement understanding and interpretation is to pass through the
development of a skin numerical twin [40,134].

Although QLCs are powerful and conveniently tunable optical sources, their opto-electrical
efficiency is low (typically a few percent). Therefore, the main issues when developing a wearable
system with QCLs are: how to deal with the device heat release, and how to manage its autonomy.
The problems are addressed by seeking any opportunity to minimize the lasers’ operating time
(while keeping the necessary information for further interpretation) and integrating ingenious
design strategies for heat dissipation (for example using the forearm as a heat sink). Incorporating
QCLs in embedded medical devices raises other issues, that however remain easier to tackle
than the heat issue: optical safety, the conception of MIR optics for beam management, the laser
temperature fine control, and the development of miniaturized high voltage pulsers.

Up to date, [40] is the first and only wearable QCL device that went through clinical trials.
The device data streams derived from QCL-based wearables, in turn, provide the empirical

foundation to refine and validate the complex-valued chemometric and neural-network models
described in Section 3, completing the feedback loop between optical modeling and hardware
development.

5. Conclusions

We discussed the importance of the Mid-infrared wavelength interval and in particular of the
fingerprint wavelength interval for spectroscopy and application to the biomedical field. We are
convinced that Mid-Infrared wearable and portable photonics devices will provide a giant leap in
the chemical and biomedical analyses once cost-effectiveness and compactness/integration is
achieved. We propose a pathway based on two research lines. The first is improved physical
light propagation models, with Artificial Intelligence and Machine Learning post-processing.
The second is to ensure low-cost mass production of arrays of Quantum Cascaded Lasers, using
C-MOS technology, with integrated photoacoustic detection. This technology may offer a reliable
approach for efficient devices in the very near future. A first glucose monitoring wearable devices,
here presented, has already been through clinical trial. Wearable and portable Mid-infrared
sensors will be important and necessary for supplying additional molecular fingerprint data and
creating the overall biochemical foundation of the Personalized Optical Digital Twin. This will
provide a dynamic representation of a person’s molecular state to shift healthcare from reactive
treatment toward predictive and preventive monitoring.
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