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Abstract-In this study, we propose to use an intensity-

modulated continuous-wave laser diode-based 

photoacoustic sensing technique to depict the change in 

viscosity of a sample. The proposed technique provides 

the compact, non-invasive, and cost-effective way to 

determine the change in viscosity. The efficacy of the 

technique to depict the change in viscosity of the sample 

is verified through experimentation. Here, five samples 

having different viscosities are prepared by mixing 

black ink dye and glycerol in different proportions. 

Experimentation is performed to obtain the continuous-

wave photoacoustic (CW-PA) spectra from each of the 

samples and subsequently, few frequency domain 

features are evaluated as the potential marker for 

determining the change in viscosity of the sample. Also, 

a novel frequency-domain feature is identified to detect 

the change in viscosity of the sample. Results reveal that 

the proposed feature outperformed the conventionally 

used feature termed as Full Width at Half Maximum 

(FWHM) as the goodness of fit increases significantly to 

R2  = 0.98 from R2  = 0.91 (when used with FWHM 

only). 

Keywords: viscosity, Full Width at Half Maximum, CW 

photoacoustic sensing               

I. INTRODUCTION 

The characterization of mechanical properties of a 

sample is an emerging field of research in the medical 

and industrial domain [1]. Out of different mechanical 

properties (such as elasticity, density, etc.), viscosity 

is one of the critical thermosphysical properties of any 

material (primarily for liquids) [2]. The non-invasive 

identification of viscosity has found many 

applications in the clinical diagnosis and processing of 

composite materials. 

In clinical science, the change in blood viscosity may 

be used as a diagnostic tool, as it is directly related to 

the blood flow [3]. Some studies have reported that 

monitoring the change in blood's viscosity can lead to 

the diagnosis of several hematological disorders, 

vascular changes, blood clots, etc. Also, continuous 

monitoring of blood's viscosity can be helpful to 

monitor the pathological variation in vessels and 

several other aetiological factors which may be 

associated with poor circulation [4-5]. Apart from 

clinical applications, monitoring of viscosity changes 

is extremely important in several industrial processes 

such as quality inspection of oil, paints, etc., and most 

importantly in the curing process of composite 

materials [6-8]. 

In addition to the above scenarios, a  quick and cost-

effective way of depicting a change in viscosity is a 

critical need for food processing industries also, 

wherein the knowledge of the change in viscosity 

information can lead to the measurement of dietary 

fibers, glucose tolerance, etc. [9-10]. Hence, the 

importance of determining the change in viscosity can 

be well understood from the above discussion. 

Although there are various methods and markers 

which are used to determine the change in viscosity of 

the sample, these methods are usually very laborious 

(i.e. taking the sample for chemical analysis, etc.), 

time-consuming and involve several complex 

calculations [11]. In the recent past, one of the highly 

sensitive and non-invasive sensing methods known as 

the photoacoustic (PA) sensing technique was applied 

to determine the change in viscosity of the liquid 

samples for quicker evaluation. Literature reveals that 
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results obtained through the PA sensing are in a close 

match with the theoretical calculations [12]. This 

proves the efficacy of the PA sensing method to 

determine the viscosity or change in viscosity of a 

sample. 

In principle, PA sensing conventionally involves 

nano-second laser pulses of a specific wavelength to 

irradiate the sample. The sample upon absorption of 

these laser pulses undergoes thermionic expansion. 

While relaxing back, the sample releases the gained 

energy, in a non-radiative manner leading to the 

generation of pressure waves or acoustic waves. 

These time-domain acoustic waves are acquired by 

the ultrasound sensor placed near the sample. The 

acoustic wave from the ultrasound sensor appears to 

be the "N-shaped signal in time domain". Further, this 

time-domain acoustic signal is digitized and processed 

to extract the intended information [13-14]. The 

conventional pulsed laser based PA has found many 

applications, including the determination of change in 

viscosity of a liquid sample. However, the bulky and 

costly instrumentation involved with this method (i.e, 

with pulsed laser system) makes it ineffective for field 

deployment[15]. 

In this work, we explored the intensity-modulated 

continuous-wave (CW) laser diode-based PA sensing 

to detect the change in viscosity of the samples. The 

use of CW laser diode reduces the complexity of the 

overall system thereby making the technique compact, 

portable, and cost-effective.  Although, intensity-

modulated CW laser diode-based PA sensing has been 

explored for various biomedical applications (i.e. 

probing tissue samples)[16], to the best of our 

knowledge it has not been applied for depicting the 

change in viscosity in liquids.  Thus, the focus of this 

work is to exploit continuous-wave laser diode-based 

PA measurement for monitoring the change in the 

sample's viscosity.  

The paper is organized as follows: The working 

principle is presented in section II followed by detail 

experimental steps in section III. Next, experimental 

results were shown and discussed in Section IV in 

detail. Finally, the article is concluded along with a 

future scope of work in the Conclusion section. 

II. WORKING PRINCIPLE   

Traditionally, for determining the change in viscosity 

of the sample with PA sensing, the photoacoustic 

(PA) spectra are utilized. Literature reveals that 

viscosity can be determined by certain frequency 

domain features obtained through the PA spectra. 

Briefly, viscosity provides the damping force to the 

sample such that the higher is the viscosity, the lower 

is the damping force. Since the damping force is a 

measure of the reduction in energy (amplitude) of the 

oscillatory or vibratory motion, it typically affects the 

Quality factor (Q-factor) of the system [17-18].  

Moreover, in a low Q-factor system the amplitude 

decays at a higher rate from its initial value, while the 

higher damping force represents the lower Q-factor. 

Equation (1) shows that, for the constant (or 

proximally shifted) centre frequency, the bandwidth 

of the signal is inversely proportional to the Q-factor, 

and therefore, the above discussion suggests that with 

the increase in viscosity of the sample, the bandwidth 

of the PA spectra reduces [19].  

𝑏𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ =  
𝑐𝑒𝑛𝑡𝑟𝑒 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦

𝑄−𝑓𝑎𝑐𝑡𝑜𝑟
 

Mathematically, the bandwidth (ω) of a PA spectra in 

terms of coefficient of viscosity is given by (2), 

𝜔 = 𝑎  √𝑐𝑠
2 − (

𝑎𝜇

2𝜌
)

2

   

where, ω is the bandwidth of the PA spectra, 'a' is the 

propagation phase constant, cs is the speed of sound in 

the given medium, ρ is the density and μ is the 

coefficient of viscosity. Thus, (2) reveals that the 

increase in viscosity reduces the bandwidth. 

Furthermore, FWHM is proportional to (ω) as 

indicated in (3). 

𝐹𝑊𝐻𝑀 ∝ 𝜔  

Therefore, determining the FWHM of the PA spectra 

is commonly used to detect the change in bandwidth 

to monitor change in viscosity of the sample.  

In conventional pulsed laser based PA, the FFT 

algorithm is applied to the time-domain PA signal to 

obtain the PA spectra.  However, in this study PA 

spectra is formed directly in frequency domain by 

irradiating the sample with known frequencies and 

recording the corresponding responses. More 

specifically, the intensity of a continuous wave laser 

diode is sinusoidally modulated for 5 cycles at a 

specific frequency to form a laser burst. This 

modulated laser wave burst is irradiated to the sample 

and the resulting sinusoidal acoustic pressure 

variation is acquired by the ultrasound sensor. Then 

the signal is digitized and stored in the computer for 

further processing. 
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The resulting pressure signal is supposed to be of the 

same frequency and burst duration as that of the 

corresponding excitation. The experiments are 

repeated for different excitation frequencies (i.e. 

starting with some minimum excitation frequency fmin 

and stopping at some maximum excitation frequency 

fmax) and the corresponding peak-peak amplitude 

(Vpp) of the resulting acoustic pressure signal is noted 

for each of the frequencies.  A plot of Vpp vs different 

excitation frequencies (f) produces the required CW- 

laser diode based photoacoustic (CW-PA) frequency 

spectra from which FWHM is calculated to infer the 

change in viscosity. This is to note that the CW-PA 

spectra are Gaussian fitted using (4), 

𝑦𝑛 = ℎ. 𝑒𝑥𝑝
(−(

𝑥𝑛− 𝑚

𝜎
)

2
)
  

where, yn = predicted value, h = peak height above the 

base line, xn = value of independent variable, m = 

position of the maximum, σ = standard deviation. In 

our case, yn represents the peak-peak amplitude values 

(Vpp) and xn represents frequency values (f). Further, 

the Gaussian is normalized to unity (i.e. h =1) to avoid 

issues due to possible change in absorption properties 

of the sample. 

FWHM is calculated from the obtained normalized 

Gaussian fitted CW-PA spectra by using the well-

known equation stated below: 

FWHM = 1.66* σ  

where σ is the standard deviation of the Gaussian fit. 

Subsequently, a new feature, F1, is identified wherein 

the FWHM is combined with the spectral area through 

(6), 

 

𝐹1 =  
𝐹𝑊𝐻𝑀

𝑆𝑝𝑒𝑐𝑡𝑟𝑎𝑙 𝐴𝑟𝑒𝑎
 

where ‘Spectral Area’ corresponds to the area under 

the fitted Gaussian curve. Further, both features 

(FWHM and F1) are evaluated based on the co-

relation (goodness of fit) values (i.e. R2). More details 

about exact experimentation steps are described in the 

next section. 

A pictorial view of a typical CW-PA spectra (Vpp vs 

f) is shown in Fig. 1 where data points, fitted curve, 

FWHM and area under the curveare marked for 

clarification purpose(qualitative representation) only. 

III. EXPERIMENTAL SETUP 

This section talks about the experimental setup and 

procedures in details. First, we talk about the 

instrumentation and next we talk about the sample 

preparation steps.  

A. Instrumentation  

Fig. 2 shows the schematic of the overall experimental 

set-up. The CW-PA technique mainly comprises 

excitation and acquisition systems. The excitation in 

the CW-PA technique is enabled by the intensity-

modulated continuous-wave laser diode beam. The 

laser diode used here is L450P1600M from Thorlabs 

Inc. USA, having a center wavelength, 450nm, and 

maximum power of 1.6W. The laser diode is driven 

by an in-house-built laser driver. 

The developed laser driver can deliver the maximum 

current of 1.2A at a modulation frequency of 3MHz 

(maximum). The modulation signal to the laser driver 

circuit is provided through the function generator. In 

our study, the laser diode beam is sinusoidally 

modulated through 5 cycles in the frequency range of 

0.1-1.3 MHz at an interval of 20 kHz. 

 

Fig 1: Pictorial representation of a CW-PA spectra 

 

Fig 2: Schematic representation of experimental set-up used for 

CW-PA sensing 
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The ultrasound signal from the sample is acquired by 

the ultrasound sensor (from Olympus, V303-SU, 

center frequency at 0.81 MHz) and it is placed axially 

to the sample container as shown in Fig. 2. Further, a 

custom-built pre-amplifier board having a fixed gain 

of 60dB is used to amplify the acquired CW-PA 

signal. The amplified CW-PA signal is further 

averaged 128 times to improve its SNR. The signal is 

averaged in real-time in a Digital Storage 

Oscilloscope (DSO) running at a sampling rate of 200 

MSPS. The averaged signal is stored in the memory 

of DSO. Since, for a real-time averaging the 

excitation and acquisition system must be 

synchronized, the excitation and acquisition system 

are triggered through the 1kHz, 3V (TTL) signal. 

Subsequently, this CW-PA signal data (stored in DSO 

memory) is transferred to the computer for further 

signal processing using MATLAB. The peak-peak 

voltage of the CW-PA signal is determined at all 

measured frequencies and further this peak-peak 

voltage is plotted against its corresponding 

frequencies to get the desired CW-PA spectra. To 

extract the viscosity information from the sample, the 

obtained CW-PA spectra are Gaussian fitted, 

normalized to their peak amplitude, and then FWHM 

is determined. The spectra are normalized to remove 

any issues due to the absorption property of the 

sample. 

During the complete set of experimentation power 

modulation of the laser diode is kept constant i.e. 

500mW peak-peak, at all frequencies, with a beam 

diameter of 5mm at a sample plane. Moreover, the 

sample container and the ultrasound sensor are 

immersed in the glass container filled with water to 

have better acoustic coupling. 

B. Sample Preparation 

For experiments, five samples of the glycerol-black-

ink mixture are prepared by keeping the concentration 

of black-ink to be fixed and varying the concentration 

of glycerol from 0 to 100 % in the steps of 25 % as 

shown in Table I. The glycerol was added to the ink 

solution, stirred well, and kept for 10 minutes for 

obtaining consistency in the sample. These five sets of 

samples act as varying viscous model fluids for our 

experimentation. Literature reveals that the addition 

of glycerol to the black ink dye change its viscosity. 

Moreover, the percentage change in viscosity is 

proportionate to the volume of glycerol added to the 

sample. Hence, while preparing the samples using 

black ink dye and glycerol, the volume of glycerol is 

added in a definite proportion to change its viscosity. 

Further, these samples are experimented to obtain 

there CW-PA spectra and frequency domain features 

are calculated. The shift in these frequency domain 

features is observed with the change in viscosity of 

the sample. The entire set of experiments are executed 

at a constant temperature of approximately 22 oC.  For 

each sample, the experiments are repeated three times 

and hence the reproducibility of the result is verified. 

IV. RESULTS AND DISCUSSION 

Fig. 3 shows a typical CW-PA signal for one of the 

black ink-glycerol samples at an excitation frequency 

of 0.7 MHz, wherein the peak-peak voltage (Vpp) is 

shown. The acquired signal exactly matched with the 

frequency and burst duration of the excitation signal 

as expected.  Similarly, for the same sample (V5 as 

per Table I), the excitation frequency was varied from 

0.1-1.3 MHz in the steps of 20 kHz and the CW-PA 

spectra are obtained and Gaussian fit is applied. 

FWHM is obtained from the fitted curve as shown in 

Fig. 4. 

TABLE I: CHANGE IN GLYCEROL CONCENTRATION TO PRODUCE 

DIFFERENT VISCOSITY SAMPLES 

 

 

Fig 3: CW-PA signal at 0.7 MHz 
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Fig 4. Normalized CW-PA spectra of a sample (V5) 

 

Fig 5: CW-PA spectra for different viscosity samples 

Similar plots were obtained from all the samples (V1-

V5) and co-plotted in Fig 5. With the increase in 

viscosity from V1 to V5, the shift in resonance 

spectra, as well as the shrinking of resonance width, is 

seen in Fig. 5. For example, FWHM for V1 is found 

to be 0.75 MHz whereas FWHM for V2 is found to be 

0.72 MHz. 

Fig. 6 depicts the change in FWHM for the change in 

viscosity of the samples. The fitted (linear fit) plot 

reflects that the FWHM reduces almost linearly with 

the increase in viscosity as supported by (2) and (3). 

The R2 value of the fitted line turns out to be 0.91 

indicating that FWHM can be a potential marker for 

tracking change in viscosity.  

However, for very small change in viscosity, it may 

become difficult to use FWHM as a reliable marker as 

R2 value is still little far from 1.0. 

Therefore, a new feature F1 is identified which 

reveals substantial improvement in R2 as shown in Fig 

7. Here, the R2 value is increased to 0.98 showing a 

stronger relationship between F1 and change in 

viscosity than that of FWHM and change in viscosity. 

The reason for increase in the value of R2 is due to 

use of spectral area information along with the 

FWHM. As the value of FWHM changes with the 

change in viscosity, its spectral area also changes. 

Thus, fusion of two individual features (i.e. FWHM 

and ‘spectral area’) produced superior results. 

 

 

Fig 6: FWHM Vs viscosity of the sample 

 

Fig 7: Change in (F1) with respect to change in viscosity 

 

CONCLUSION 

In this study, the efficacy of laser-diode based CW-

PA sensing is explored for tracking change in 
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viscosity of fluids. The experimental results justify 

our approach towards compact and portable PA 

sensing for depicting the change in viscosity of fluids. 

Further, the proposed frequency-domain feature 

outperforms the conventional FWHM feature as the 

goodness of fit parameter (R2) increased from 0.91 to 

0.98. Thus, this finding supports the possibility of 

building a compact, portable and affordable PA 

sensing system for a range of industrial applications. 

In our future attempt, we plan to apply our approach 

to actual industrial fluids. 
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