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Abstract: Diabetes mellitus is a prevalent disease with a rapidly increasing incidence projected
worldwide, affecting both industrialized and developing regions. Effective diabetes management
requires precise therapeutic strategies, primarily through self-monitoring of blood glucose levels to
achieve tight glycemic control, thereby mitigating the risk of severe complications. In recent years,
there have been significant advancements in non-invasive techniques for measuring blood glucose
using photoacoustic spectroscopy (PAS), as it shows great promise for the detection of glucose using
the infrared region (e.g., MIR and NIR) of light. A critical aspect of this method is the detection
of the photoacoustic signal generated from blood glucose, which needs to be amplified through a
photoacoustic resonator (PAR). In this work, an overview of various types of PARs used for non-
invasive glucose sensing is reviewed, highlighting their operating principle, design requirements,
limitations, and potential improvements needed to enhance the analysis of photoacoustic signals.
The motivation behind this review is to identify and discuss main parameters crucial to the efficient
design of PARs used in non-invasive glucose detection, which will be helpful for furthering the basic
understanding of this technology and achieving the highly sensitive PAR required for non-invasive
glucose monitoring.

Keywords: diabetes; non-invasive glucose detection; photoacoustic spectroscopy; photoacoustic
cell/resonator; acoustic amplifier; Q-factor; frequency response

1. Introduction

Diabetes is one of the four major types of noncommunicable diseases (NCDs) leading
to slow damage to the heart, blood vessels, eyes, kidneys, and nerves. The predominant
form is type 2 diabetes, which typically affects adults and is characterized by insulin re-
sistance or insufficient insulin production. Over the last thirty years, there has been a
substantial surge in the occurrence of type 2 diabetes across nations of varying economic
statuses. Type 1 diabetes, previously known as juvenile diabetes or insulin-dependent
diabetes, is a chronic condition characterized by little to no natural insulin production
by the pancreas. About 422 million individuals globally are affected by diabetes, with a
majority residing in low- and middle-income nations, and an estimated 1.5 million deaths
are directly linked to diabetes annually [1]. By the year 2045, International Diabetes Fed-
eration (IDF) forecasts indicate that one out of every eight adults, totaling approximately

Sensors 2024, 24, 6963. https://doi.org/10.3390/s24216963 https://www.mdpi.com/journal/sensors

https://doi.org/10.3390/s24216963
https://doi.org/10.3390/s24216963
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sensors
https://www.mdpi.com
https://orcid.org/0000-0002-3365-150X
https://orcid.org/0009-0006-7341-5065
https://orcid.org/0000-0002-5271-3163
https://doi.org/10.3390/s24216963
https://www.mdpi.com/journal/sensors
https://www.mdpi.com/article/10.3390/s24216963?type=check_update&version=1


Sensors 2024, 24, 6963 2 of 16

783 million individuals, will be afflicted by diabetes, marking a surge of 46%. The vast
majority, exceeding 90%, of individuals grappling with diabetes are diagnosed with type
2 diabetes, a condition propelled by a combination of socioeconomic, demographic, envi-
ronmental, and genetic determinants. The primary factors contributing to the escalation
of type 2 diabetes encompass urbanization, an aging populace, reduced levels of physi-
cal activity, and a growing prevalence of overweight and obesity [2]. According to data
provided by the World Health Organization (WHO), the global prevalence of diabetes
currently stands at approximately 450 million cases, with projections indicating a potential
increase to 700 million cases by the year 2045 [3]. The population with diabetes is pro-
jected to reach 39.7 million by the year 2030 and 60.6 million by 2060 in the United States
alone [4]. Furthermore, alongside the substantial count of diagnosed individuals, there
exists a notable portion of the populace who remain undiagnosed due to socioeconomic
and various other factors. Therefore, the emphasis on diabetes prevention has attracted
increased attention internationally, especially in developed regions. Consequently, the iden-
tification and management of diabetes have evolved into a topic of considerable practical
significance and economic advantages. Medical directives advocate for monitoring four
times daily, with a rise to ten times per day during periods of illness or inadequate glycemic
regulation [5]. Regrettably, the matter of routinely monitoring blood glucose levels is often
perceived as uncomfortable by the majority of individuals with diabetes. Traditional tools
employed for glucose monitoring operate based on the principles of the electrochemical
method [6]. Thus the creation of an effective non-invasive glucose measurement device
would be transformative for millions of patients worldwide, enabling them to monitor
their glucose levels with confidence and receive prompt treatment when needed [7]. More
broadly, blood glucose monitoring systems overall can be classified into two categories:
invasive and non-invasive. Figure 1 shows the general classification for blood glucose
monitoring, and the detailed methods are discussed in the following sections.
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1.1. Invasive Blood Glucose Monitoring

Currently, the conventional method for blood glucose detection involves taking a
blood sample or urine and analyzing it in vitro for glucose measurement. These methods
are widely used in the laboratory. In hospitals, blood is drawn from patients on an empty
stomach in the morning, and an automatic biochemical analyzer is used to measure the
blood glucose concentration accurately. Besides blood, glucose can also be determined
using urine tests [8]. Urine testing includes both non-invasive and invasive collection
methods as mentioned in the general classification above. Invasive urine collection is
necessary for patients who are unable to cooperate, suffer from urinary incontinence, or
have external urethral ulcerations that elevate the risk of contamination [9]. Although these
methods are precise and can serve as an important basis for diabetes diagnosis, they are
not suitable for continuous monitoring of diabetics due to their time-consuming process,
large blood sample requirement, and invasive nature. Self-monitoring of blood glucose
(SMBG) is an alternative method for monitoring blood glucose concentration at a specific
point in time, typically using a home electronic glucometer. These devices usually use
glucose oxidase biosensors, collect fingerstick blood with a disposable strip of paper, and
determine blood glucose concentration through a chemical reaction current.

The advantages of commercial glucose meters are their portability, affordability, sim-
plicity, relatively accurate data, and ability to monitor glucose multiple times a day. How-
ever, these devices have some disadvantages, such as the need for frequent blood collection,
which can lead to pain, stress, and increased risk of infection. Some common commercial
glucose meter brands include Roche, Sano, Omron, Johnson and Johnson, Bayer, Abbott,
Echeng, Ecco, and others [10].

1.2. Non-Invasive Blood Glucose Monitoring

Non-invasive blood glucose monitoring, as its name implies, involves identifying
glucose levels in the bloodstream of individuals without causing harm to bodily tissues.
Various techniques have been proposed and examined in recent decades. Significant effort
has been invested in creating a non-invasive method for measuring glucose. Such a method
would enhance the quality of life for diabetic patients and increase their adherence to
regular glucose monitoring. To be considered for use in a glucose monitoring device, a
method must meet the following criteria:

• Sensitivity: This denotes the minimum concentration that a sensor can detect. A blood
glucose sensor should be capable of identifying glucose levels as low as 30 mg/dL [11].

• Stability: This pertains to the performance of a measurement device over an extended
period. The device should exhibit high precision, ensuring that measurements remain
consistent for the same concentration. Additionally, it should offer a high level of
accuracy, meaning that measurements should not fluctuate over time.

• Selectivity: The measurement method must be able to distinguish the glucose signal
from signals generated by other substances. Since glucose in the human body is
present in aqueous solutions that also contain ions or proteins, which could produce
interfering signals, the sensor must effectively isolate the glucose signal.

• Portability: The measurement device should be compact and convenient to carry.

Key parameters for non-invasive glucose monitoring devices include selectivity, stabil-
ity, portability, and sensitivity. Stability ensures consistent performance, while selectivity
allows accurate glucose detection in the presence of other substances. Portability makes
the device practical for everyday use, and sensitivity ensures that it can detect small
changes in glucose levels. These factors are vital for developing effective and user-friendly
monitoring systems.

Due to the difficulty of directly accessing blood for non-invasive glucose measurement,
alternative biofluids such as urine [12], saliva [13], tears [14], and sweat [15] have been
explored. However, glucose levels in these fluids often show a weak correlation with
blood glucose levels [16] and experience a significant lag time [17], making them less
viable. For instance, saliva glucose measurements can be influenced by pH changes after
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consuming acidic foods. A promising alternative is to measure glucose concentration from
the interstitial fluid (ISF) in the epidermal layer of the skin because ISF constitutes the
extracellular fluid that surrounds tissue cells and is composed of numerous significant
biomarkers (biomolecules present in blood, other bodily fluids, or tissues that indicate a
normal or abnormal process or a condition or disease [18]), exhibiting comparable medical
diagnostic capabilities to that of blood. Minor molecular biomarkers undergo exchange
between blood and ISF via the process of diffusion. Consequently, the relationship between
ISF and blood may be employed to indirectly acquire health-related information about
patients [10]. The market for non-invasive blood glucose monitoring systems is expected to
grow significantly, from USD 21.76 million in 2022 to an estimated USD 202.73 million by
2032, with a compound annual growth rate (CAGR) of 25.0%. This growth is largely due to
the increasing prevalence of diabetes and the frequent complications associated with the
disease [19].

Non-invasive methods can be broadly classified as either optical or non-optical meth-
ods. There are several non-optical approaches, as shown in Figure 1, such as impedance
spectroscopy [20], electromagnetic [21], reverse iontophoresis [22], metabolic heat confir-
mation [23], and ultrasonic approaches [24]. This methodology possesses the capability
to modify the characteristics of the dermal layer and provoke phenomena such as blister
formation, irritation, or erythema [20]. Furthermore, this technique necessitates meticulous
instrumentation and rigorous calibration, which can be labor-intensive and challenging
to execute. Optical spectroscopy is less likely to cause skin irritation compared to non-
optical methods and demonstrates a high level of specificity for detecting glucose, even
within complex matrices such as blood [25]. Consequently, this review emphasizes and
discusses optical methods in detail. Some of them are fluorescence spectroscopy [26,27],
optical coherence tomography [28], thermal spectroscopy [29,30], diffuse reflectance spec-
troscopy [31,32], polarimetry [33,34], absorption spectroscopy [35,36], and photoacoustic
spectroscopy [37,38]. In recent years, photoacoustic spectroscopy (PAS) has demonstrated
effectiveness in non-invasive glucose detection due to its increased sensitivity compared to
optical absorption spectroscopy [39–41]. The photoacoustic effect has shown promise in a
range of applications for both gaseous and solid samples [42].

The PAS process generally employs infrared laser radiation to excite the vibrational
states of molecules. Because the radiation is modulated, the heat released by the molecules
is also modulated, causing periodic pressure fluctuations in the surrounding environment,
which are detected as acoustic waves by a microphone or acoustic transducer. The generated
acoustic signal is typically weak and requires amplification before further processing.
This can be accomplished by using an acoustic resonator, where corresponding acoustic
modes are excited by the laser illumination. This approach significantly enhances the
photoacoustic signal and improves the sensor’s overall detection sensitivity. To maximize
signal amplification and neglect some of the environmental factors that deteriorate the
actual signal, the resonator’s shape must be optimized.

This study provides an overview of the photoacoustic resonators (PARs) that are used
in PAS for non-invasive blood glucose detection. Here, we describe the basic principle of
PAS with an emphasis on PARs for acoustic signal amplification, where the amplification
mechanism and performance in the context of non-invasive glucose monitoring are thor-
oughly highlighted based on studies published in the literature from 2012 to 2023. The main
motivation here is to identify and analyze the key parameters essential for the effective
design of PARs used in non-invasive glucose detection. This work is presented in the
following manner: Section 2 covers the fundamental principles and physics of conventional
photoacoustic spectroscopy (PAS). It also explains how photoacoustic resonance (PAR)
amplifies signals, along with the design and modeling techniques involved, as well as
the factors that affect quality. In Section 3, a brief history of the use of photoacoustic cells
for non-invasive glucose detection from 2012 to 2023 is provided, along with a review
of the key literature published during that period. Lastly, Section 4 discusses potential
future developments in the use of PAR for non-invasive glucose detection. After analyzing
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various designs and their performance parameters, we aim to provide guidance on how
factors such as resonance frequency, quality factor, and geometry impact the sensitivity
of PARs.

2. Principle of Photoacoustic Spectroscopy for Non-Invasive Glucose Detection
2.1. Basic Interaction of IR Light with Human Skin/Tissue

Figure 2 exhibits a schematic of typical human skin, which starts with the layer known
as the stratum corneum (the outmost layer of epidermis). The skin consists mainly of three
layers: the epidermis, the dermis, and the subcutaneous tissue [43] As the PAS combines
optical spectroscopy and ultrasound tomography, an optical source needs to be selected
that is sensitive to glucose molecules. Mostly, infrared (IR) spectroscopy examines the
interaction between tissue and infrared radiation, with wavelengths ranging from 700 nm
to 25,000 nm in the electromagnetic spectrum. This technique is rooted in vibrational
spectroscopy and provides a quick method for both qualitative and quantitative analyses
through direct measurement. For improved analytical capabilities, the IR spectrum is
divided into three regions: near-infrared (NIR) from 700 to 2500 nm, mid-infrared (MIR)
from 2500 to 25,000 nm, and far-infrared (FIR) from 25,000 to 1,000,000 nm [44].
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Figure 2. Schematic representation of the components of human skin [43].

NIR and MIR light sources are generally explored as excitation sources due to the
strong glucose signature in these regions. Figure 3a shows the absorption spectra of aque-
ous glucose in the MIR region, with water absorption subtracted from the spectra. Glucose
absorption peaks are identified at approximately 920 cm−1, 1090 cm−1, 1120 cm−1, and
1140 cm−1. On the other hand, Figure 3b represents the absorption spectrum of glucose for
the NIR region ranging from 5550 cm−1 to 7400 cm−1. NIR measurements examine har-
monic overtones of glucose vibrations [45], resulting in relatively weak glucose absorption
compared to the background water absorption. The accuracy of these measurements is
hindered by significant interference from tissue and other blood components with similar
absorption spectra [46,47]. Additionally, NIR measurements are influenced by strong tissue
scattering, unlike mid-infrared light measurements. MIR light is strongly absorbed by
glucose molecules at wavelengths between 8 and 10 µm due to the fundamental vibrational
resonances [25,48]. The acoustic signal that is generated can go through human tissue with
minimal scattering and be detected by a microphone/transducer. Thus, the glucose infor-
mation in the interstitial fluid (ISF) can be correlated with the acoustic signal in IR-based
PAS [48]. The ISF is a layer of biological fluid found between cells and consists of water,
solvents, and blood vessels. It contains various substances such as sugars, fats, amino acids,
hormones, coenzymes, white blood cells, and cellular waste products. Glucose is known to
diffuse from the blood to the ISF layers, with a delay of 5 to 15 min [49,50].
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2.2. Principle of Generating and Detecting Photoacoustic Signals

Figure 4 shows the simplified schematic representation of the basic experimental setup
of PAS for the detection of non-invasive blood glucose. The concept of PAS entails the
initiation of acoustical waves via a pulsed electromagnetic source (e.g., IR lasers). The
biological entity absorbs these electromagnetic waves, inducing thermal expansion or pres-
sure, thereby giving rise to the generation of acoustical waves [51]. The signal generated
by the photoacoustic effect is typically weak and requires amplification before further
processing. This can be accomplished by adapting a photoacoustic resonator (PAR) in the
setup, such that the electromagnetic radiation is modulated at the PAR’s acoustic eigen-
frequency, thereby exciting the corresponding acoustic mode. This approach significantly
enhances the photoacoustic signal and improves the sensor’s detection sensitivity. Opti-
mizing the resonator’s design parameters and using suitable filters can further maximize
the amplification and detection sensitivity of the photoacoustic signal. Subsequently, sen-
sitive ultrasonic microphones or piezoelectric transducers are capable of capturing the
amplified waves, which are fed to a lock-in amplifier allowing noise reduction and further
processing. Furthermore, the attributes of the modulated light source, such as modulation
amplitude and duty cycle, exert a notable influence on the production of acoustical waves.
The characteristics of human skin play a vital role in the process of wave generation. The
pressure resulting from the photoacoustic phenomenon can be mathematically described
by the following wave equation incorporating spatial heat distribution H(r, t), following
the principles of thermodynamics [51]

∇2 p(r, t)− 1
v2

δ2

δt
p(r, t) = − β

Cp

δ

δt
H(r, t) (1)

where p(r, t) represents spatial pressure distribution at time t, v is the acoustic velocity, Cp
is the heat capacity, and β is the thermal expansion coefficient.

The equation below can be used to represent the peak pressure (P) for a medium that
absorbs light weakly:

P = k
βvn

Cp
E0α (2)

The system constant, denoted as k, is present in this context, alongside E0 representing
the incident laser pulse energy, and n, a constant falling within the range of 1 to 2, based
on the specific experimental setup. At times, the combination of experimental variables
may result in a heightened photoacoustic signal in contrast to conventional spectroscopic
approaches. It is crucial to highlight that the response generated by glucose lacks the
requisite level of signal amplification for detection purposes, necessitating the utilization of
a PAR to amplify the signal.



Sensors 2024, 24, 6963 7 of 16

Sensors 2024, 24, x FOR PEER REVIEW 8 of 23 
 

 

the requisite level of signal amplification for detection purposes, necessitating the utiliza-
tion of a PAR to amplify the signal. 

 
Figure 4. The basic experimental setup for the generation and detection of acoustic signal used in 
PAS (MIC: microphone; PAR: photoacoustic resonator; A/D converter: analog-to-digital converter). 

2.3. Amplification Mechanism of Photoacoustic Resonator (PAR) 
The signal generated by the photoacoustic effect tends to be relatively weak and ne-

cessitates amplification. This amplification can be accomplished by modulating the elec-
tromagnetic waves at an acoustic resonant frequency of a photoacoustic resonator, thereby 
stimulating the corresponding acoustic mode. “Acoustic modes” are the specific patterns 
of pressure variations or sound waves that resonate within a confined space, for example, 
a resonator, at certain frequencies. These modes are influenced by the resonator’s size and 
shape and by the properties of the medium inside it (such as air). Each mode corresponds 
to a particular frequency, known as the eigenfrequency or resonant frequency, where the 
resonator naturally enhances sound waves. Exciting these acoustic modes can signifi-
cantly boost the signal strength of effects such as the photoacoustic effect, thereby improv-
ing detection sensitivity in various applications [52]. Figure 5a shows a schematic repre-
sentation of a typical T-type PAR, where two cells are combined: absorption and resonant. 

  

Figure 4. The basic experimental setup for the generation and detection of acoustic signal used in
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2.3. Amplification Mechanism of Photoacoustic Resonator (PAR)

The signal generated by the photoacoustic effect tends to be relatively weak and
necessitates amplification. This amplification can be accomplished by modulating the elec-
tromagnetic waves at an acoustic resonant frequency of a photoacoustic resonator, thereby
stimulating the corresponding acoustic mode. “Acoustic modes” are the specific patterns
of pressure variations or sound waves that resonate within a confined space, for example, a
resonator, at certain frequencies. These modes are influenced by the resonator’s size and
shape and by the properties of the medium inside it (such as air). Each mode corresponds
to a particular frequency, known as the eigenfrequency or resonant frequency, where the
resonator naturally enhances sound waves. Exciting these acoustic modes can significantly
boost the signal strength of effects such as the photoacoustic effect, thereby improving de-
tection sensitivity in various applications [52]. Figure 5a shows a schematic representation
of a typical T-type PAR, where two cells are combined: absorption and resonant.
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The quality factor is considered to be the performance-indicating parameter of an
acoustic resonator and can be defined as the ratio of the resonance frequency to the band-
width of the resonance peak. A higher quality factor (Q) implies a sharper resonance peak
and can be represented as follows:

Q =
f

∆ f
(3)

where f denotes the resonance frequency, while ∆ f is the difference in frequencies at which
the value of the pressure amplitude has decreased to half of the resonance value. Enhancing
the shape of the resonator can further optimize the amplification of the photoacoustic signal,
as it enhances the quality factor by decreasing ∆ f .

2.4. Design and Modeling of Photoacoustic Resonator

In general, the modeling of a PAR can be achieved in various ways: experimental
modeling and numerical modeling [52], quantitative modeling [53] optoacoustic inversion
modeling [54], structural and functional modeling [55], the finite element method [56], etc.
When conducting a purely experimental study, it becomes necessary to experiment with
various resonator configurations, as determining the most suitable geometry for maximal
signal enhancement is not straightforward. This undertaking may prove to be exceedingly
laborious and costly. Consequently, computational simulation techniques are the preferred
approach [57–59]. El-Busaidy et al. [52] described two simulation models known as the VT
(viscothermal) and AME (amplitude mode expansion) models. The VT model is widely
regarded as the most precise numerical method for simulating photoacoustic signals in a
PAR due to its ability to accurately represent loss effects at the resonator surfaces, which
are the primary loss mechanisms in PARs [58]. However, the VT model is computationally
intensive, requiring significant memory and simulation time; for that reason, they inves-
tigated the AME model, which is faster and computationally less demanding [59], for a
closed T-cell resonator. They expanded the study of the AME model by simulating the
photoacoustic signal of a macroscopic T-cell over a broad frequency range, from 8 kHz to
62 kHz. Their focus was on the photoacoustic signal generated by a solid sample, rather
than a gaseous one. The solid sample was positioned at one of the resonator’s openings,
with the resonator being filled with air instead of a gaseous absorbing sample. Measure-
ments of the photoacoustic signal from the simulated resonator were conducted and then
compared to the simulated results [52].

Figure 6 shows two simulated frequency–response curves between 10 kHz and 62 kHz
using VT and AME simulation models. The AME model’s measurement results were
compared to those of the VT model, which is regarded as the most accurate simulation
method. The resonance frequencies from the measurements showed good accordance with
the VT simulations, with a relative difference in peak resonance frequency of not more than
1.1% compared to the VT model values. It should be noted that the temperature of the air
inside the resonator was not monitored during the measurements. Temperature variations
could contribute to deviations, as the speed of sound and, consequently, the resonance
frequencies are dependent on the air temperature [52].

2.5. Requirements of PAR for Non-Invasive Glucose Detection

The key aspects to consider when developing a PAR system for non-invasive glucose
detection include [56] the following:

• Humidity issue:

One of the ends is left unsealed to prevent an increase in humidity within the resonator
caused by skin transpiration [60]; this is the reason why photoacoustic measurements of
blood glucose levels are performed using open T-shaped resonators [60,61]. Furthermore,
the opening enhances the stability of the measurement by reducing the temperature fluctu-
ations [61].
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• Volume and surface loss:

If the thermal conductivity of the fluid (i.e., air inside the cell) is negligible, there is
no heat transfer between adjacent pressure maxima and minima. However, if this heat
transfer cannot be ignored, the fluctuations in energy density will diminish, leading to the
dissipation of the sound wave.

• Location and position of light source and cylinders:

The location of laser beams in the T-cell and the position of the resonance cylinder and
the microphones also define the performance of PAR. The additional loss is due to leakage
of the PA signal from the resonator end sealed with the microphone [62].

• Signal-to-noise ratio:

Obtaining a proper signal-to-noise ratio (SNR) is essential for improving the accuracy
of non-invasive glucose detection. Pleitz et al. (2013) [41] demonstrated the use of a
quantum cascade laser with an optimized photoacoustic setup that significantly reduces
the noise from external sources, allowing more accurate glucose readings from the skin
and minimizing background noise from other skin components, ultimately enhancing the
system’s reliability and sensitivity.
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3. History of PA Cells Used in PAS for Non-Invasive Blood Glucose Detection

Camou et al. [63] designed a detection photoacoustic (PA) cell in 2012 that is made of
brass and provides a sufficient acoustic impedance mismatch with water so that acoustic
energy remains confined within the inner volume of the cell. In their study, they used a
piezoelectric transducer that was set perpendicular to the optical fiber so that the light
beam could not directly strike the sensitive surface of the transducer. This cylindrical,
fiber-coupled PA cell’s working frequency range was 300–500 kHz, and they used aqueous
glucose solutions whose concentration ranged from 0 to 15 g/dL. In 2013, the same research
group [64] proposed a fabrication method that consisted of patterning three PMMA plates
with a laser cutter to ensure fast prototyping and flexibility in the design. They used the
same frequency range of 300–500 kHz, and the glucose solution concentration levels ranged
from 0 to 10 g/dL.

Pleitez et al. [41] designed a T-shaped PA cell for in vivo measurement of blood glucose.
This combination facilitates a quantitative measurement for concentrations of skin glucose
in the range from <50 mg/dL to >300 mg/dL. This range is relevant for glucose monitoring
in diabetes patients. In the T-shaped resonator, there existed two perpendicularly connected
cylindrical cavities, which are the absorption and resonance cavities. An anti-reflection-
coated ZnSe window was included for antireflection purposes. This T-shaped PA cell had
a working frequency range of 50–54 kHz with a quality (Q) factor of 102. Later on, the
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same researchers [60] showed the application of a novel open, windowless cell in 2013
for photoacoustic IR spectroscopy of human skin. The windowless cavity was tuned for
optimum performance in the ultrasound range between 50–60 kHz. In that study, they
used open cells to prevent an increase in humidity inside the acoustic resonator due to
skin transpiration. The frequency response of the open cell was found to be dominated
by two resonance peaks at 51.7 kHz and 53.8 kHz having quality factors of 45 and 32,
respectively. Finally, they observed that the Q factor for the same windowless PA cell was
about 50% lower than the Q factor for the same PA cell geometry in the closed configuration.

Kottmann et al. [40] presented the implementation of the first fiber-coupled MIR
photoacoustic sensor for the investigation of condensed samples in the MIR fingerprint
region. The PA chamber was conical in shape to perfectly match the beam escaping the
fiber and to minimize the cell volume. This setup yielded a detection limit of 57 mg/dL
with SNR = 1. This lies within the physiological range (i.e., 30–500 mg/dL), but it needs
to be improved if non-invasive in vivo glucose measurements are to become feasible in
the future. In 2016, the same research group [43] presented a new study based on MIR
spectroscopy and PA detection. In that study, they employed two setups. One was a
fiber-coupled PA cell with a tunable QCL (quantum cascade laser), and the other consisted
of two QCLs at different wavelengths combined with PA detection. Finally, they conducted
a performance test with an OGTT (oral glucose tolerance test). The PA cell was conical, and
the range of glucose concentrations used was 0–440 mg/dL.

In 2015 [65], Wadamori et al. showed a configuration of PA cells that were used in
conjunction with the sample reservoir to monitor time-dependent changes in the concen-
tration of glucose dissolved in distilled water. Each PA signal was obtained by averaging
(1000 times) the PA signal at a modulation frequency of 5.05 kHz, which was a resonance
frequency for the cell. The resonator was T-shaped, and the glucose concentration was
measured in a range of 30–500 mg/dL.

In 2016, Sim et al. [66] depicted a way of increasing the sensitivity of the PAS system
by crossmatching a resonance peak of their PA cell with a microphone. Their cell was
T-shaped, consisting of two intersecting cylinders, allowing independent optimization of
key parameters to determine the signal strength. The resonance frequency of their designed
cell was 51 kHz, and the concentration of used glucose was 1000 mg/dL. In 2018, the same
research group [61] exhibited a T-shaped PA cell having a resonant frequency of 47.5 kHz.
They presented a method to meet the challenges of MIR photoacoustic spectroscopy by
obtaining microscopic spatial information about the skin during the spectroscopy measure-
ment; a skin region where the IR spectra were insensitive to skin condition could be locally
selected, enabling a reliable prognosis of the glucose level from the PAS signal.

Zhao et al. [67] in the year 2017, demonstrated the theory of liquid photoacoustic
resonance by giving a rigorous mathematical expression. A signal processing method was
also exhibited at the same time under liquid PA resonance conditions. The feasibility and
validity were also verified through experiments with different concentrations of glucose
solution. This method overcame the issue of lack of sensitivity and inaccurate detection
in the non-resonant case and produced accurate results. The cylindrical PA had has an
excitation wavelength of 1064 nm, and the transducer that was used had a peak resonant
frequency of 310 kHz; the range of glucose concentration used here was 0–440 mg/dL.

El-Busaidy et al. [68] presented two new approaches for simulating the PA signal in
an open PA resonator using finite elements. The approaches were the amplitude mode
expansion model and the viscothermal model. They verified the simulation results by
comparing them to PA measurements. These methods provide an accurate basis for
designing and optimizing open resonators with high sensitivity.

Yang et al. [69] in 2022 designed a bowl-shaped PA cell structure, which used a
focused ultrasonic transducer to receive signals. In their setup, the ultrasonic transducer
was immersed in the liquid, and the PA signal was generated and propagated directly in
the liquid. Compared with air, the attenuation of ultrasonic signal in liquid is very small;
therefore, this device could ensure good signal accuracy.
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Aloraynan et al. [70] in 2023 developed a dual single-wavelength QCL-based system
using photoacoustic spectroscopy for non-invasive glucose measurement. They developed
biomedical skin phantoms with properties quite similar to those of human skin. The
detection sensitivity of their developed system was 12.5 mg/dL. Finally, they developed a
machine learning model for further analysis. The PA cell that they used was T-shaped, and
the range of glucose concentrations used was 100–275 mg/dL.

Table 1 summarizes the latest progress in non-invasive glucose sensing using infrared
PAS. It presents key details such as the year of publication, the type of photoacoustic cell
(PAC) used, the modulation frequency range, the quality factor, and the glucose level tested.
The table highlights the different designs and approaches researchers have employed
over time, such as using cylindrical or T-shaped cells, to improve sensitivity in glucose
detection. The overview gives a clear pictorial representation of how PAS technology has
advanced with the effective design of PACs and how these developments are helping to
make non-invasive glucose monitoring more effective.

Table 1. A detailed summary of the recent progress in non-invasive glucose sensing using MIR-based
PAS. PAC: photoacoustic cell; QCL: quantum cascade laser; PA: photoacoustic; EC: external cavity.

Year of
Publication

Excitation
Wavelength (nm) Type of PA Cell

Frequency
Range
(kHz)

Q-Factor Investigated
Sample

Glucose Level
(mg/dL) Schematic of PA Cell

2012 [63] 1382 and 1610 Cylindrical
Fiber-coupled 300–500 ----- Aqueous glucose

solution 50, 100, 150
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Table 1. Cont.

Year of
Publication

Excitation
Wavelength (nm) Type of PA Cell

Frequency
Range
(kHz)

Q-Factor Investigated
Sample

Glucose Level
(mg/dL) Schematic of PA Cell

2016 [66] 8064 to 11,111 T-shaped

51
(resonance

frequency of PA
cell)

------
Carbon black

tape as reference
sample

1000
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The strength of the photoacoustic signal is strongly influenced by resonance amplifi-
cation, and numerous studies have focused on optimizing PA sensors. Building on these
insights, further improvements are necessary to achieve optimal performance. The fol-
lowing factors could be considered for designing highly sensitive PARs for non-invasive
glucose detection.
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• Finding proper geometry:

Detection sensitivity is significantly influenced by the geometric shape of the resonator.
For example, in one paper [71], the authors demonstrated that the intensity of the generated
PA signal is inversely proportional to the volume of a non-resonant cell. High detection
sensitivity can be achieved by using a small-sized Helmholtz resonant cell. In contrast,
conventional straight-type resonant cells, which have a large dead volume, result in lower
detection sensitivity [72]. Thus, to achieve an effective design, the appropriate geometry
should be selected, taking into account the factors mentioned above.

• Identifying proper resonant frequency of cell:

The resonant frequency of the cell should be determined through numerical acoustic
analysis, employing methods such as the finite element method. Since the resonant fre-
quency of the resonator is the most sensitive and provides the greatest amplification, it is
crucial to account for acoustic losses, including viscosity and heat exchange within the cell,
to ensure proper functioning [72].

• Observation of detection sensitivity and signal-to-noise ratio (SNR):

Since tissues contain various fluids, primarily water, which creates background noise,
a designer needs to focus on calculating the signal-to-noise ratio (SNR) that can be achieved
with the resonator. For instance, the SNR of a small Helmholtz-type resonant cell was found
to be approximately 69 dB, compared to 62 dB [72] for a conventional straight-type resonant
cell. Both of these values are significantly higher than the required SNR of 50 dB [73,74].

5. Conclusions

The purpose of this review was to explore and highlight essential factors that influence
the effective design of PARs for non-invasive glucose monitoring. In this review, we
concentrated on the recent advancements in the development of photoacoustic resonators,
which are crucial for non-invasive glucose measurement using photoacoustic spectroscopy
(PAS) in the infrared (IR) spectrum, particularly in the mid-infrared (MIR) and near-infrared
(NIR) regions. PAS shows significant promise for future non-invasive techniques. The
photoacoustic resonator is essential for amplifying specific modes, as the signals generated
by the photoacoustic effect are inherently weak and require appropriate amplification.
This work investigated and reviewed optimal resonator geometries and their performance.
We also discussed the primary limitations and identified the main sources of losses in
resonators. Among various simulation models, we focused on the viscothermal model
and the amplitude mode expansion model, as discussed in the existing literature. Finally,
we highlighted the potential of IR-based PAS for non-invasive blood glucose detection,
emphasizing that using a well-designed resonator could lead to more desirable outcomes.
Some key technical challenges include managing humidity within the resonator to maintain
stable measurements, minimizing volume and surface loss, and optimizing the signal-to-
noise ratio (SNR) to ensure accurate non-invasive glucose detection amidst external noise.
These shortcomings can be mitigated by optimizing the geometry of the resonator, such as
using smaller open Helmholtz resonant cells which can significantly increase sensitivity,
additionally, improving the signal-to-noise ratio (SNR) by reducing background noise,
which will help to achieve more accurate glucose measurements. Finally, this review can
serve as a key reference for future research on the development of optimal photoacoustic
resonators, contributing to the accurate and reliable detection of glucose.
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