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1 Introduction 

The core body temperature (CBT) is the temperature deep inside the body (e.g., the 
rectum, brain, heart, and liver). The CBT is essential for our daily health manage-
ment. The CBT changes depending on the health condition, age, individual, body’s 
internal clock, and behavior. The heatstroke or catching a cold can lead to a high 
temperature, while a low temperature can lead to hypothermia. In terms of the CBT’s 
time dependence, it has a 24-h rhythm that is strongly related to the body’s internal 
clock [1]. The CBT reaches its minimum (nadir) in the night or few times before 
waking up and its maximum is between 2 and 7 pm, as shown schematically in Fig. 1. 
The time of the nadir is used as a parameter for evaluating the body’s internal clock, 
which is strongly related to the blood melatonin level [2]. Disorders of the internal 
clock, which are related to problems such as diabetes, cancer, and sleep disorders, 
induce metabolic aberrations and depression. Such disorders also decrease exercise 
and work performance [1–9]. Therefore, continuous CBT measurement could be a 
valuable tool for managing the daily physical condition and detecting diseases in 
their early stages.

2 Core Body Temperature 

The temperature in the pulmonary artery is the gold standard for the core temperature, 
but the rectal temperature (described below) is used in clinical practices. In recent 
years, the esophageal, tympanic, and rectal temperatures have been used as the main
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Fig. 1 CBT behavior over 
the day

CBT indicators. In addition, the sublingual mouth and axilla have been used as CBT 
measurement sites. Below, we summarize the characteristics of each site [10–13]. 

2.1 Rectal Temperature 

As stated before, the temperature of the rectum is used as a gold standard in clinical 
practices and research on the CBT and circadian rhythm. The rectal temperature 
is measured by inserting a sensor probe a few centimeters into the rectum. It indi-
cates the temperature of internal organs located deep in the body, with a heat source 
derived from the iliac artery and iliac vein. The rectal temperature is higher than the 
temperatures of other sites because of the rectum’s isolation from ambient conditions 
and low heat dissipation. It also changes more slowly than the other temperatures. 
Although it provides an accurate CBT, the measurement is stressful and potentially 
risky because of rectal damage and infection; moreover, it is affected by the pres-
ence of stool, inflammation around the rectum, and heat-producing activities by 
microorganisms. 

2.2 Oral Temperature 

The oral temperature is measured at the posterior sublingual pockets. The heat source 
is a branch of the external carotid artery. This temperature can be affected by the 
sensor position, vascular activity in the sublingual area, salivation, food and fluid 
intake, and breathing. Stabilization of the temperature requires a few minutes.
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2.3 Axillary Temperature 

The axillary temperature is relatively lower than the temperatures at the other sites. 
While it can be measured easily, it is strongly affected by the ambient condi-
tions, blood flow, sweat, and sensor position. Also, temperature differences of up to 
1.4 °C have been reported between the right and left axillas. Moreover, the axillary 
temperature takes approximately 5 min to stabilize. 

2.4 Tympanic Temperature 

The tympanic temperature is the temperature of the eardrum, whose heat source is 
the blood supply from the internal and external carotid arteries. Compared with the 
other sites, it has less of a relationship to metabolic activity. An indirect monitoring 
technique was developed by using infrared radiation from the eardrum. Because of 
its usability and accuracy, it has been used for monitoring CBT changes during phys-
ical exercise. However, the ambient temperature and convection affect the tympanic 
temperature. 

3 Noninvasive Core Body Temperature Monitoring 
Technique 

3.1 Noninvasive Techniques 

As mentioned above, the rectal temperature is reliable and stable against ambient 
conditions. However, a natural body cavity such as the rectum is not suitable for 
direct, long-term measurement of the core body temperature (CBT) by insertion of 
a sensor probe. Such placement of a sensor probe is stressful for a person, espe-
cially while awake, and it has the accompanying risks of infection and damage to 
the rectal cavity. To address this issue, alternative noninvasive techniques have been 
explored, including in-ear, ingestible, and skin-attachable sensors [14–26]. In-ear 
sensors cause discomfort, and the measurements are sometimes influenced by envi-
ronmental conditions and movements. Ingestible sensors indicate the CBT similarly 
to the rectal temperature; however, they are limited by the duration of monitoring and 
the difficulty of collecting the sensor after use. On the other hand, skin-attachable 
sensors, which indirectly estimate the CBT by using the skin temperature and heat 
flux, avoid these disadvantages.
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Fig. 2 Comparison of skin-attachable CBT sensors 

3.2 Skin-Attachable Sensing Techniques 

The temperature of the skin does not satisfy the state of thermal equilibrium with the 
body core. Therefore, it forms a partial temperature gradient from body core to skin 
[14]. Therefore, it is necessary to devise a way to compensate for this temperature 
gradient. 

3.2.1 Zero-Heat-Flux Method 

A representative technique for noninvasive CBT measurement, called the zero-heat-
flux method, was proposed by Togawa et al. [18] and by Fox et al. [19]. This technique 
makes use of a heater to heat the skin and compensates the dissipation of heat with 
respect to the ambient conditions, as shown in Fig. 2a. It provides an isothermal 
region from the skin to the body core, which makes the skin temperature close to the 
CBT. This technique is used for monitoring the CBT during surgery and in intensive 
care units [20–22]. Sensors based on this technology have been commercialized by 
TERUMO Co. (CoreTemp), and 3 M (Bair Hugger). However, it requires a heater, 
which consumes considerable electrical power and usually requires an AC power 
supply. Thus, it is difficult to monitor the CBT all day long. Moreover, it has been 
pointed out that this technique might measure the temperature of the hottest part of 
the measurement site. 

3.2.2 Heat-Flux Method 

The technique with sensors containing two or four thermometers was proposed [23– 
26]. The heat-flux method uses the skin temperature and the heat flux obtained from 
a sensor attached to the skin, as shown in Fig. 2b, c. The CBT is obtained from the 
following equation based on the body’s unknown thermal resistance: 

TCBT  = TSkin + RBody HBody, (1)
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where RBody is a constant coefficient related to the thermal properties of the body and 
the sensor, TSkin is a temperature measured at the skin surface, and the HBody is the 
heat flux measured at the skin surface. The heat flux HBody is sometimes assumed to 
be proportional to the temperature difference between two points TSkin and TTop. On  
the other hand, it is necessary to calibrate RBody at the beginning of monitoring by 
using a reference temperature (e.g., the tympanic temperature) in the single heat flux 
method (Fig. 2b). To obtain the RBody, a sensor with four thermometers solves this 
issue by using two different thermal resistances, as shown in Fig. 2c, which is called 
the dual-heat-flux method. As reported by Kitamura et al., the CBT is estimated by 
assuming a 1-dimensional thermal equivalent circuit with two thermally isolated heat 
paths [23], as shown in (Fig. 2c). From the skin temperatures and heat fluxes along 
the two heat paths, Eq. (1) can be obtained for each path. Then, the body’s unknown 
thermal resistance can be obtained by combining the two equations via the following 
equation: 

TCBT  = T1 + (T1 − T2)(T1 − T3) 
K (T2 − T4) − (T1 − T3) 

, K = 
R1 

R2 
. (2) 

This technique provides fully passive CBT measurements and is suitable for daily 
continuous measurement, although it assumes that the sensors are used in a stable 
environment or a hospital. Also, the heat is assumed to flow vertically from the point 
of skin contact, although lateral heat flow is also commonly caused by traveling, air 
conditioning, and other factors. 

3.3 Problems of Skin-Attachable Sensor 

According to Pennes’ models of heat transfer in humans [27], the CBT estimation 
procedure is expressed as follows: 

∂T 

∂t 
= ktissue 

Ctissueρtissue
ΔT + ρBloodCBloodw

(
TArray − T

) + Q, (3) 

where T, t, k, ρ, C, w, and Q denote the temperature, time, thermal conductivity, 
density, specific heat, circulation, and internal heating, respectively, and Δ is the 
Laplace operator. The left term on the right side of Eq. (3) can be ignored if the body 
temperature changes slowly. Moreover, by choosing a site where the circulation and 
internal heating are small, the second and third terms on the right can also be ignored. 
Finally, by assuming that the tissue has uniform thermal properties and the heat travels 
vertically, the following simplified heat transfer equation can be obtained: 

d2T 

dz2 
= 0, (4)
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where z is the depth coordinate. This result indicates that the temperature distribution 
is linear from the body core to the skin. Thus, the CBT can be obtained from the skin 
temperature and the heat flux at the skin, as mentioned above. However, while the 
heat-flux method enables fully passive CBT estimation without any external heater, 
it is difficult to satisfy the above assumptions for a person being monitored in daily 
life. Ambient convection induces a lateral heat flow, which immediately increases the 
estimation error. Moreover, the sensor’s presence also causes heat to travel laterally. 

3.4 Design of Skin-Attachable Sensor [33] 

To leverage the advantages of the heat-flux method while addressing the issue of 
lateral heat flow, we designed a novel structure for a CBT sensor. Ambient convection 
causes the heat flux to be overestimated or underestimated as shown in Eq. (5) and 
Fig. 3. Such convection results in heat dissipation, where heat is lost passively because 
of ambient air flow due to external sources such as air conditioning and activities 
such as walking or running. For continuous CBT monitoring in daily life, it is thus 
necessary to reduce the heat loss. Hence, we first focus on the problem of mitigating 
lateral heat transfer by designing the sensor’s structure accordingly. Specifically, the 
design was developed through topology optimization, which provides a systematic 
design procedure and has become widely used in various fields (e.g., thermo-fluid 
dynamics) [28–31]. 

TCBT  = TSkin + RBody
(
HBody − HLoss

)
, (5) 

Fig. 3 Schematic images of 
the heat loss
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Fig. 4 Schematic cross 
section of the CBT sensor 

3.4.1 Numerical Computation 

Model 

Figure 4 shows a schematic cross section of a model for numerical computation of 
the CBT sensor. The sensor has a cylindrical chassis with diameter D = 30 mm and 
height t = 5 mm, which were determined as optimal values for mobility and usability. 
The chassis contains a heat-resistant substrate which has two thermometers. In the 
figure, the aluminum structure is allocated in the design domain Ω for reducing 
the heat loss. The boundary conditions of the following model were considered for 
estimating the heat transfer coefficient H at the boundary. The CBT sensor was 
assumed to be exposed to air flow due to air conditioning, walking, or running. 
Specifically, the wind speed VIn was assumed to be 5 m/s (corresponding to a running 
speed of 18 km/h). The distance from the skin to the body core, tBody, was assumed 
to be 10 mm. To simplify the optimization for the fluid and heat transfer interaction 
system, we used the heat transfer coefficient H at the boundary with the ambient air 
to incorporate convectional heat transfer. The relationship between the wind speed 
and H was estimated from the Nusselt number Nu by its definition, Prandtl number 
Pr, and Reynolds number Re, as follows: 

Pr = 
CpAirμAir 

λAir 
, (6) 

Re = 
ρAirVIntBody 

μAir 
, (7) 

where V In, L, ρAir, μAir, and λAir denote the wind speed, characteristic length, air 
density, air viscosity, and thermal conductivity, respectively. For laminar flow, the 
Nusselt number Nu is given by [32] 

Nu = 0.664Re1/2 Pr1/3 . (8) 

Finally, by combining Eqs. (6), (7), and (8), we obtain the heat transfer coefficient 
as a function of the wind speed VIn:
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Fig. 5 Relationship between 
the heat transfer coefficient 
and wind speed 

H = 0.664Pr1/3
/

ρAir 

μAir 

/
Vin 

L 
. (9) 

Figure 5 shows the relationship between the heat transfer coefficient and the wind 
speed, with the diameter of the CBT sensor used as the characteristic length L. As 
seen in the figure, the heat transfer coefficient ranges from 0 to 50 W/m2K when VIn 

ranges from 0 to 5 m/s. 

Problem Setting for the Topology Optimization 

The structure’s design is explained in this section. To reduce the heat loss, an 
aluminum structure was designed by using topology optimization to reduce the esti-
mation error. In this optimization, the objective was to minimize the heat flux at the 
boundary: 

J =
∫

┌Cloak 

Hd┌. (10) 

This objective aims to directly reduce the heat loss. The sensitivity of the objective 
to changes in the design variables was required for the optimization and was obtained 
by adjoint sensitivity analysis. The optimization procedure was the method of moving 
asymptotes (MMA). The numerical computation was performed using COMSOL 
Multiphysics 5.5. 

The steady-state heat conduction equation is used as follows. 

∇(
kγ ∇T

) = 0. (11) 

where k is the thermal conductivity (with a subscript indicating the material, e.g., 
Al for aluminum), γ is the design variable, and q is a parameter for the nonlinearity 
of interpolation, such that the nonlinearity increases as q decreases. The material’s 
thermal conductivity distribution was optimized via a spatially defined density design
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Table 1 Parameters in the 
computation Variable Variable Value 

Sensor height t 5 mm  

Sensor diameter D 30 mm 

Substrate height tSub 4 mm  

Substrate diameter d 8 mm  

Body depth tBody 10 mm 

Ambient temp T in 20 °C 

CBT TBody 37 °C 

Wind speed VIn 5 m/s  

Calculation diameter L 80 mm 

Table 2 Thermo and fluid 
physical parameters Part Thermal conductivity k (W/mK) 

Air 0.02 

Body 0.37 

Aluminum 204 

variable γ, which ranged from 0 to 1. The thermal conductivity kγ was interpolated 
as follows: 

kγ = kAl + (kAir − kAl )γ 
1 + q 
γ + q 

, (12) 

Table 1 lists the parameters used in the optimization. Table 2 lists the thermophys-
ical parameters used in the numerical computation. A typical problem that arises in 
topology optimization is a gray scale for the material distribution, which means a 
porous structure and a lower fabrication tolerance. To avoid this issue, a Helmholtz 
PDE filter, 

γ f = γ + R2 
minΔγ f , (13) 

and a smoothed Heaviside projection are used [28], 

γ = 
tanh

(
β
(
γ f − θβ

)) + tanh
(
βθβ

)

tanh
(
β
(
1 − θβ

)) + tanh
(
βθβ

) , (14) 

where β is a parameter determining the projection’s steepness, and θ β is a threshold 
parameter, which was fixed at 0.5. In this work, we set β as 15, and the initial design 
variable γ was 0.5.
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3.4.2 Optimized Structure and Accuracy of Topology Optimization 

The initial structure and the resulting optimized aluminum structure are shown in 
Fig. 6a, b. The red region represents the optimized structure, which resembles a 
truncated cone with a hole at the top. Unfortunately, the structure’s complex curves 
and inconsistent thickness made fabrication difficult and decreased the accuracy 
of numerical computation. To improve the accuracy and fabrication tolerance, we 
simplified the structure to have a uniform thickness of 0.5 mm and a smooth surface. 
The diameter of the hole in the truncated cone was 2 mm. Figure 6c shows  the  
estimation errors for various diameters of the cone’s base and hole. The estimation 
error gradually decreased with a smaller base diameter D or hole diameter d, and 
it bottomed out at approximately 2 mm. For evaluation, as shown in Fig. 7, the  (a)  
heat loss and (b) estimation error were calculated numerically as a function of the 
wind speed V In. The maximum wind speed was V In = 5 m/s. The coefficient for 
estimating the CBT, RSensor, was obtained from T skin and HBody at V In = 1 m/s.  
The blue and orange points respectively indicate the results with and without the 
optimized aluminum structure. In either case, the heat loss HLoss and the estimation 
error increased with the wind speed, but they were effectively reduced when the 
optimized structure was used. The maximum estimation errors with and without the 
structure were 0.1 and 0.4 °C, respectively, at V In = 5 m/s.  

3.5 In-Vitro Experimental Verification [34] 

The proposed structure’s effectiveness was preliminarily verified through an in-vitro 
experiment using a phantom to simulate the body’s thermal conductivity.

Fig. 6 Optimized aluminum structure. a and b are the initial structure and the resulting optimized 
aluminum structure. c Estimation errors for various values of the hole diameter d and the base 
diameter D
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Fig. 7 Comparison of the a heat loss and b estimation error with (blue) and without (orange) the 
optimized aluminum structure, as a function of the wind speed VIn

3.5.1 Experimental Setup 

The proposed CBT sensor with the aluminum structure to reduce the heat loss was 
fabricated as shown in Fig. 8. The sensor chassis’ diameter and height were 31 and 
5.1 mm, respectively. Its top and bottom were made of 0.1-mm-thick polyethylene 
terephthalate (PET), and its sides were made of 0.5-mm-thick polylactic acid (PLA). 
The thickness of the aluminum structure was 0.5 mm across the entire structure. The 
height of the heat resistance substrate was 5 mm, and the diameter of the hole in 
the truncated cone was 2 mm. The heat-resistant substrate was made of PLA and 
had two platinum resistance thermometers integrated into it. The gap d between the 
two thermometers was 2 mm, and each thermometer’s diameter and length were 
0.4 and 1 mm, respectively. The temperature of a hotplate, THotplate, was measured 
every 1 s by a thermometer and read out from the thermometer by a data logger. The 
coefficient RSensor was estimated from the temperatures Tskin and Ttop measured by the 
two thermometers. The heat flux HBody was assumed proportional to the temperature 
gap Tskin-Ttop: 

HBody ∝ TSkin − Ttop. (15) 

Fig. 8 Illustrations of the 
fabricated CBT sensor: a top 
view image, b bird’s eye 
view image
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Fig. 9 In-vitro experimental 
configuration with a hotplate 
to simulate the CBT 

By substituting Eq. (15) into Eq. (1), we obtained the coefficient RSensor from the 
hotplate temperature at a specific time: 

RSensor = 
THotplate − TSkin 
TSkin − TTop 

. (16) 

As for the phantom representing the body, shown in Fig. 9, we used EPDM rubber 
with a thickness of 10 mm because its thermal conductivity of 0.36 W/m/K is similar 
to that of the human body (0.37 W/m/K). The phantom was placed on the hotplate, 
and the CBT sensor was placed on the phantom. The ambient temperature was room 
temperature (20 °C). Convection was induced by a fan placed above the sensor, and 
the wind speed was measured with a hot-wire anemometer. 

3.5.2 In-Vitro Experimental Results and Discussion 

The hotplate temperature THotplate was varied from 32 to 42 °C, and the wind speed VIn 

was varied from 0 to 5 m/s. The coefficient RSensor was 2.45 in the experiment, whereas 
the computed value was 2.5. This discrepancy may have been due to the contact heat 
resistance between the sensor and phantom and the size of the thermometers. The 
relationship between the estimated and hotplate temperatures is shown in Fig. 10a, 
while the root-mean-square error (RMSE) with respect to the wind speed is shown 
in Fig. 10b. The amplitude of the CBT was about 1 °C [34], which shows that the 
proposed sensor can be used to monitor the CBT over the course of a day. In addition, 
Fig. 10c shows a Bland–Altman plot, which is a tool to assess whether measurements 
are contaminated with systematic errors. Specifically, it comprises a scatter plot of 
the difference between two measured values on the y-axis and the mean of the two 
values on the x-axis. The scatter plot enables visual evaluation of the presence and
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degree of systematic errors. If there is no systematic error, i.e., only random error, 
the plot will show a distribution that varies both positively and negatively from the 
x-axis. If there is a fixed systematic error, the plot will show a distribution that is 
biased either positively or negatively from the x-axis, as seen in the figure here. 
Lastly, a proportional error will yield a fan-shaped distribution where the difference 
between the two measurements increases as the value on the x-axis increases. As 
seen in Fig. 10c, the systematic error increased with the hotplate temperature. To 
summarize these results, although systematic errors could arise depending on the 
hotplate temperature, the proposed structure successfully decreased the wind’s effect. 

Lastly, we discuss the heat loss reduction with the optimized aluminum structure 
comprising a truncated cone with a hole. Figure 11 shows a schematic image of the 
heat flow around the CBT sensor on temperature field. The heat flux HBody comes 
from the body core, and estimation error is induced by the heat loss HLoss. However, 
the aluminum structure collects heat HPlus from the sensor’s surrounding region. The 
collected heat is then isolated from the heat flux because the foot of the truncated 
cone is far enough from the heat-resistant substrate. Thus, the collected heat HPlus 

increases the temperature of the region surrounding the substrate, and it mitigates 
the heat loss HLoss. Additionally, the hole in the truncated cone enables the heat flux 
HBody to be easily released into the ambient air. 

Fig. 10 In-vitro experimental evaluation of the CBT sensor: a response curve of the CBT sensor 
with respect to the hotplate temperature, b root-mean-square error (RMSE) versus wind speed, and 
c Bland–Altman plot 

Fig. 11 Schematic image of 
the heat flow around the CBT 
sensor on temperature field
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3.6 In-Vivo Experimental Verification 

Through the in-vitro experiment described above, we demonstrated that a truncated 
cone structure made of a material with high thermal conductivity can reduce the 
lateral heat flow. Next, to address the assumptions of steady approximation and that 
circulation and internal heating can be ignored, we conducted an in-vivo experiment. 

3.6.1 Examination of Measurement Site 

It is pointed out that the method of estimating CBT from the skin surface might 
measure the temperature of the hottest part of the measurement site [35]. If there are 
many muscles at the position where the sensor is attached, the estimated temperature 
may be affected by heat production due to muscle activity. As the forehead does not 
have large muscles and is close to the cerebrum, where the thermoregulatory center 
exists, it is thought to reflect the brain temperature, thus making it a suitable sensor 
attachment site. 

3.6.2 CBT Monitoring During Fanning 

Figure 12 shows a photograph and a schematic of the skin-attachable sensor. In this in-
vivo experiment, the sensor’s diameter and thickness were 30 and 5 mm, respectively. 
The sensor again had a truncated cone structure made of aluminum with a thickness 
of 0.5 mm to reduce the lateral heat flow. Two thermometers were integrated into 
the cylindrical polymer, which had a diameter of 8 mm, and the vertical distance 
between the two thermometers was 2.5 mm. The temperature difference between 
the thermometers was taken to be HBody in the CBT estimation, as it was assumed 
to be proportional to the heat flux. Six healthy volunteers participated in this study. 
The skin-attachable sensor was placed on the forehead with double-sided tape. The 
tympanic temperature was monitored by an infrared thermometer to provide a refer-
ence temperature, because it is easily measured and highly correlated with the CBT 
[36, 37]. Because the tympanic temperature is easily affected by the ambient environ-
ment [34, 38, 39], the volunteers wore earmuffs to prevent this effect. The study was 
performed at an ambient temperature of 28 °C and 50% humidity. After 1 h delay for 
stabilization of the skin-attachable sensor, each volunteer was exposed to wind (1 m/ 
s) produced by an electric fan and performed light exercise on a bicycle ergometer. 
The wind exposure induced a lateral heat flow. At the start of the experiment, RBody 

was calculated from the reference tympanic temperature.
Figure 13a shows typical results for the estimated CBT and tympanic temperature 

behavior. The relationship between the tympanic temperature and CBT estimated at 
the forehead is shown in Fig. 13b. The RMSE was 0.14 °C, and the correlation 
coefficient was 0.96. The sensor results showed good agreement with the tympanic 
temperature. A Bland–Altman plot is shown in Fig. 13c.
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Fig. 12 a Photograph and b schematic of the skin-attachable sensor designed via topology 
optimization

Fig. 13 In-vivo evaluation of the CBT sensor: a Typical CBT behavior during fanning, b response 
curve of the CBT sensor with respect to the tympanic temperature, and c Bland–Altman plot 

3.7 Applications 

In this section, we describe an application of system integration with the proposed 
skin-attachable CBT sensor and demonstrations of its use for monitoring sleep, jet 
lag induced by a long flight, and fever after COVID-19 vaccination. 

3.7.1 System Integration 

To monitor the CBT in daily life, we developed a sensor device that integrates a 
data storage memory, communication module, and battery. Table 3 lists the device 
specifications. As shown in Fig. 14, the circuit board and battery are stacked on the 
proposed sensor structure. The sensor has a diameter of 33 mm, a height of 8 mm, 
and a weight of 10 g. It can communicate with a computer or a smartphone, as seen in 
Fig. 14, via Bluetooth Low Energy (BLE). The coin-type battery (RC2032) enables 
continuous monitoring of the core body temperature for up to 60 days. In addition, 
the device is waterproof to allow its use in everyday life.
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Table 3 CBT sensor device 
specifications Size 33 mm ϕ × 8 mm thickness 

Weight 10 g (including battery) 

Sampling rate 1–60 s 

Communication Bluetooth low energy 

Power supply Coin-type battery (CR2032) 

Continuous measurement time 4–60 days 

Fig. 14 Photograph of the CBT sensor device, and a screenshot of the smartphone application 

3.7.2 Sleep Monitoring 

As mentioned above, the CBT drops during sleep, and the time when it reaches its 
minimum is an index for evaluating the circadian rhythm. Accordingly, we attached 
a sensor to the forehead during sleep to measure changes in the CBT, along with 
a tympanic thermometer for comparison. In the results shown in Fig. 15a, the red 
line indicates the eardrum temperature, and the black line indicates the temperature 
measured by the proposed sensor. We could successfully obtain the time when the 
CBT reached its lowest point, which was at about 5 o’clock, after which it gradually 
increased toward morning. The mean square error for the tympanic temperature was 
0.05 °C, and the correlation coefficient was 0.93. As seen from the Bland–Altman plot 
in Fig. 15b, the proposed sensor had a small systematic error but a high correlation 
with the tympanic temperature during sleep.

3.7.3 Jet Lag Monitoring 

Next, Fig. 16 shows the CBT changes in a person who returned to Japan after staying 
in the UK for about a week. The red line represents the normal daily CBT variation 
for the person in Japan, while the blue line represents the CBT variation immediately 
after returning from the UK. The time when the CBT reached its minimum shifted 
from 4:00 to 9:00, a difference of about 5 h, whereas the time difference between
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Fig. 15 Sleep demonstration: a behavior of the CBT and the reference tympanic temperature, and 
b Bland–Altman plot

the UK and Japan was 7 h. Shifts in circadian rhythms can be visualized from CBT 
changes, as illustrated in Fig. 17. It has been reported that phase shifts in the circadian 
rhythm are modulated by external stimuli such as light and food [40]. For example, 
a phase response curve provides an index for evaluating how much the circadian 
rhythm shifts depending on the time of light exposure [41]. In particular, Minors 
et al. reported the shift time for the circadian rhythm with respect to the difference 
between the time when the CBT reaches its minimum and the time of light exposure. 
According to this notion, if the body is exposed to light before the time when the CBT 
is at its lowest, the phase is delayed, whereas if the body is exposed to light after that 
time, the phase is advanced. Here, the time of the lowest CBT in England was about 
9 o’clock, which suggests that the phase was delayed when the person was exposed 
to the morning sun in Japan. In other words, the jet lag, which should be set back 
only 5 h, would be expected to shift back 19 h. As this example shows, visualization 
of the time of the lowest CBT can provide an efficient method for correcting jet lag. 
This application has a high potential to help improve the quality of life for people 
who lead irregular lives, such as workers with varying shifts.

3.7.4 Fever Monitoring 

Since 2019, vaccination has been a focus in fighting the COVID-19 pandemic, but 
many people have developed fever after being vaccinated. Thus, we also demon-
strated CBT measurement after COVID-19 vaccination. Figure 18a, b show the 
CBT changes after vaccination and a Bland–Altman plot, respectively. The tympanic 
temperature was also measured and compared in the same manner as in the previous 
demonstration. The measurements were started after vaccination, and an antipyretic 
was taken around 16:00 when the CBT was at its maximum. The results confirmed 
that the CBT rose for several hours after vaccination and then dropped after the 
antipyretic was taken.
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Fig. 16 Comparison of CBT behavior under normal and jet-lag conditions 

Fig. 17 Illustration of the CBT’s circadian phase shift with sunlight exposure

Fig. 18 Fever demonstration: a behavior of the CBT and the reference tympanic temperature, and 
b Bland–Altman plot
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3.8 Conclusion 

We have introduced a technology for estimating the core body temperature (CBT) 
by using heat flux, with the goal of developing a noninvasive CBT thermometer that 
can be attached to the body surface. This CBT measurement technique for daily 
life would be expected to find use in health management systems and new medical 
applications such as chronopharmacology. Furthermore, if we could visualize the 
circadian rhythm from CBT fluctuations and understand its deviations from daily 
rhythms, it would be possible to develop applications that appropriately maintain 
circadian rhythms through environmental control linked to smart homes. 
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