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1.   Advances in biological-information sensing 
through non-invasive measurement technologies

Recent progress in information and communica-
tions technology (ICT) and growing awareness of 
health management has made personalized health-
care services that use biological information obtained 
from wearable devices increasingly popular. Infor-
mation that is monitored during an individual’s daily 
life shows promise for application to systems that 
promote behavior modification or use healthcare-
oriented big data (Fig. 1). However, biological infor-
mation obtained from current wearable devices con-
sists mostly of data such as amount of activity, heart 
rate, respiration, body temperature, and blood pres-
sure obtained from physical sensors. Consequently, 
when one is not feeling well, for example, such bio-
logical information cannot be used to describe the 
cause or suggest a countermeasure even if one’s state 
can be objectively presented. It would therefore be 
desirable if wearable devices could also provide bio-
chemical information such as data on blood compo-
nents. The current method of obtaining such informa-
tion is to draw blood at a hospital or medical clinic 
and analyze that sample using various types of test 

equipment on an item-by-item basis. Alternatively, to 
obtain blood-component information from wearable 
devices, it would be necessary to establish technolo-
gy that could easily obtain data in a continuous and 
non-invasive manner without harming the body. In 
this regard, biological imaging technology using the 
photoacoustic effect has recently been investigated as 
a non-invasive biological sensing technique. This is a 
powerful technique for learning about the body’s 
interior by combining two key features: the ability of 
light to measure biological components selectively 
and the ability of sound to propagate well through the 
body. In other words, the strongpoint of photoacous-
tic measurement technology is the ability to make 
measurements deep into the body that light cannot 
easily penetrate. There is a great need to look inside 
the human body at healthcare facilities, and this is 
currently done through the use of diagnostic imaging 
equipment such as X-ray computed tomography, 
magnetic resonance imaging, and positron emission 
tomography. In contrast to such diagnostic imaging 
equipment, photoacoustic equipment consisting of a 
light source and microphone has the advantage of 
being simple and portable with little burden placed on 
the user. We have been researching and developing 
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the application of the photoacoustic effect to bio-
chemical information measurements from the view-
point of establishing technology that enables mea-
surements to be conducted anytime and anywhere. In 
this article, we first provide a basic description of the 
principle behind the photoacoustic effect then intro-
duce the current state of photoacoustic research at 
NTT.

2.   Measurements using the photoacoustic effect

The photoacoustic effect was discovered in 1880 by 
Alexander Graham Bell, the inventor of the tele-
phone, as a phenomenon in which the intermittent 
irradiation of a substance with light generates sound. 
In 1965, Mark Leonidovitch Veingerov proposed the 
application of the photoacoustic effect to the analysis 
of gaseous components at concentrations on the ppm 
(parts per million) level (one-ten-thousandth of 1%), 
since then, techniques have been established for 
using the photoacoustic effect to analyze chemical 
structures on a molecular level.

We describe the photoacoustic effect in easy-to-
understand terms. As shown in Fig. 2(a), the absorp-
tion of light by matter is followed by the conversion 
of that optical energy to heat and the thermal expan-
sion of that substance due to this thermal energy. If 
such optical irradiation should be applied in an inter-
mittent manner, thermal expansion will occur repeat-

edly giving rise to elastic waves, that is, sound (ultra-
sonic waves). These are called photoacoustic waves.

Recent advances in ICT have also led to amazing 
benefits from a variety of devices and technologies 
such as light sources and optical switches that can 
generate optical pulses with high temporal controlla-
bility, acoustic technologies that can detect sound 
with high sensitivity, and electronics technologies 
that can perform diverse signal processing. Such 
devices and technologies have been applied in a wide 
range of fields including material analysis, gas analy-
sis, and imaging. In biological measurements using 
the photoacoustic effect, the amount of light absorbed 
by the target substance within the body is converted 
to ultrasonic waves that propagate well through the 
body, and the concentration of that substance is esti-
mated by detecting those waves as photoacoustic 
waves. Substances have optical colors (wavelengths) 
that are easy to absorb due to individual characteris-
tics. This feature can be used to learn about biological 
components and their distribution in the human body. 
For example, as shown in Fig. 2(b), blood cells, lip-
ids, and glucose/proteins absorb light well in the 500-
nm (visible light), 1000-nm (near-infrared light), and 
1500-nm (near-infrared light) regions, respectively. 
Making use of this property, information on biologi-
cal components can be obtained by irradiating the 
body with various colors and measuring how much of 
that light is absorbed. It is well known that more than 

Fig. 1.   Advances in biological-information sensing through non-invasive measurement technologies.
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half of a living body is composed of water, which also 
has the property of absorbing light. Consequently, 
when using light to conduct measurements, it is gen-
erally necessary to select optical wavelengths that are 
not greatly absorbed by water. This is because no 
wavelength absorption by water makes it easier for 
light to enter the body without attenuation. This range 
of optical wavelengths is called the “optical window.” 
At the same time, there are limits to the depth at 
which light can penetrate the body for conducting 
measurements, and it is extremely difficult to deter-
mine by what path and in what way light is absorbed 
as it passes through our bodies intricately composed 
of diverse components. Despite this problem, photo-
acoustic measurements are conducted to detect the 
amount of absorbed light by converting it to ultra-
sonic waves that propagate well through the body, 
which means that the effects of reflection in the body 
can be suppressed. It is also possible to investigate the 
interior of the body in a non-invasive manner by mea-
suring not only the intensity of photoacoustic waves 
(sound pressure) from light absorption by the target 
substance but also their propagation time and fre-
quency characteristics. 

3.   Non-invasive approaches for measuring 
biological components using the 

photoacoustic effect

There are two approaches for measuring biological 
components in a non-invasive manner using the pho-
toacoustic effect. One involves irradiating the body 
with a light pulse of extremely short duration (pulse 
width: several nanoseconds), having the target sub-
stance absorb that light, and measuring both the time 
taken for the generated photoacoustic wave to return 
and the position of the component absorbing the light 
on the basis of the sound pressure of that wave. With 
this approach, a photoacoustic wave is obtained as 
shown in Fig. 3(a), and the depth of the target sub-
stance is determined from the time spent by the sound 
propagating through the body and its speed. A dem-
onstration of three-dimensional imaging of the letter 
“N” embedded in material simulating the human 
body is shown in Fig. 3(b). The second approach, as 
shown in Fig. 3(c), involves irradiating the body with 
light that is periodically turned ON/OFF, letting the 
photoacoustic wave generated from the target sub-
stance reflect any number of times to generate a 
standing wave, and measuring the concentration of 
the target from the sound pressure of that wave. 

The former approach can be used to obtain  

Fig. 2.   Relationship between light and matter.
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information on a substance and its position. For 
example, knowing that many fine blood vessels form 
near cancer cells that require a considerable amount 
of nutrition to survive, much applied research has 
been conducted on imaging that situation. Such 
research, however, generally requires equipment that 
is large and expensive. Another problem is that sig-
nals that include information on biological compo-
nents are weak and easily affected by noise.

The latter approach, while not able to obtain posi-
tional information of the target substance, can obtain 
a relatively large signal-to-noise ratio with just a low-
intensity, inexpensive light source and one micro-
phone, which makes it advantageous for measuring 
component concentrations or downsizing equipment. 
However, component measurements cannot provide 
clear contours such as those of blood vessels obtained 
by imaging. Since irradiated light is absorbed in a 
graduated manner in accordance with that compo-
nent’s concentration, the propagation waveform of 
the photoacoustic wave can collapse. To solve this 
problem, NTT proposed a sensor structure that con-
fines the sound wave to reflect the photoacoustic 
wave many times. To give an example, a person’s 
earlobe can be sandwiched by a clip with an irradiat-
ing light source on one side and a microphone embed-
ded on the other side. A method for generating a 
standing wave and obtaining a strong signal by 

reflecting a photoacoustic wave many times between 
a light-irradiating surface and a sound-receiving sur-
face is shown in Fig. 3(d). Although the frequency of 
the photoacoustic wave is determined by the fre-
quency of the irradiating light, selection of that fre-
quency is important. This is because low frequencies 
are easily affected by human voices or everyday 
sounds (up to several tens of kilohertz), while high 
frequencies (up to several megahertz) suffer from 
significant attenuation within the body. As a result, 
researchers at NTT conduct measurements using 
photoacoustic waves in a frequency band (several 
hundred kilohertz) between those frequencies.

4.   Application example: 
biological measurements

Finally, we introduce an example of applying the 
photoacoustic effect to the measurement of biological 
components. The sensor used in this example was one 
that sandwiches the earlobe as in the clip introduced 
above. We asked a healthy person to drink a beverage 
containing a large amount of glucose and measured 
subsequent change in the concentration of glucose in 
that person’s interstitial fluid [1, 2]. Glucose concen-
tration in interstitial fluid differs from that in the 
blood (so-called blood-sugar level) in that it indicates 
the concentration of glucose in interstitial fluid exuded 

Fig. 3.   Biological measurements using the photoacoustic effect.
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from blood vessels and supplied to cells, as shown in 
Fig. 4(a). It is known that the glucose concentration 
in interstitial fluid changes in nearly the same manner 
as the blood-sugar level. A comparison of measured 
values by using photoacoustic measurement technol-
ogy with those by using various types of invasive 
blood-sugar-level sensors is shown in Fig. 4(b). The 
blue plot represents values from differential continu-
ous-wave photoacoustic spectroscopy (“DCW PAS” 
in the figure), and the other plots represent values 
measured by drawing blood and carrying out an intra-
venous procedure, i.e., invasively. With the invasive 
technologies, the blood-sugar level increased by 
about 60 mg/dl 15–30 min after drinking the glucose 
beverage and began to decrease gradually one hour 
later. These results indicate that the photoacoustic 
method could enable measurements that conform 
well to this 60-mg/dl change in the blood-sugar level. 
By matching a target substance with an appropriate 
optical wavelength, this technology holds promise for 
application to a variety of biological components of 
great interest such as cholesterol, neutral fats, and 
other types of lipids.

5.   Future work

This article introduced the potential of biological-
information sensing using the photoacoustic effect 

and its application to technology for measuring bio-
logical components. Up to now, biochemical-infor-
mation sensing has not been a target of continuous 
monitoring in everyday life, but if it can be made 
practical, we can expect it to be applied in a variety of 
ways. It could be used, for example, as a technology 
supporting online diagnostics, which have become 
increasingly popular during the COVID-19 pandem-
ic. To achieve such continuous monitoring in every-
day life, device size and usability will be important 
factors in addition to non-invasive features. Going 
forward, we will take up the research and develop-
ment of technology that uses photoacoustic measure-
ments to enable high accuracy analysis regardless of 
gas, liquid, or solid targets and that enables the con-
tinuous monitoring of biochemical information such 
as biological and respiratory components in everyday 
life. 
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Fig. 4.   Example application for measuring blood-sugar level.
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