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Abstract—Core body temperature (CBT) is one of the useful physiological indicators that are linked to physiological
changes. Wearable sensors are expected to be developed to monitor CBT easily during activities. A single-heat-flux
method is one of the noninvasive techniques that estimate CBT by measuring heat flow changes near the skin with
temperature sensors. The method requires calibrating parameters for estimating CBT in advance by comparing them with
reference values obtained through another method. The invasive measurement method is generally used to obtain the
reference values, which poses a challenge in terms of measurement burden. Here, we propose a new calibration method
that does not require acquiring reference values. This method identifies calibration parameters based on the temperature
history after the measurement probe is attached. It has been numerically and experimentally confirmed that the estimation
accuracy by the method is equivalent to that of a general-purpose electronic thermometer. This outcome decreases the
measurement workload in CBT measurement using the single-heat-flux method and significantly enhances its usability.

Index Terms—Thermal sensors, core body temperature (CBT), heat flux, reference-free calibration, wearable sensor.

[. INTRODUCTION

Humans are homeotherms, meaning that they maintain a consistent
core body temperature (CBT) to prevent ambient temperature from
affecting cellular activity, metabolism, and other necessary physical
functions [1]. CBT is also linked to various physiological processes
and useful as their indicators, such as circadian rhythms [2], menstrual
cycles [3], heat-related illnesses [4], [5], and infectious diseases [6].
For example, heat-related illnesses are conditions that occur when
prolonged exposure to a hot and humid environment disrupts the
balance of thermoregulatory functions, allowing heat to build up inside
the body [7]. To prevent heat-related illnesses, it is recommended
to keep the CBT below 38 °C (38.5 °C during heat acclimation)
[81, [9]. Therefore, wearable sensors and other technologies to easily
monitor CBT during activities are expected to be developed [10]. The
CBT measurement conventionally involves invasive procedures, such
as the insertion of a temperature sensor inside the body [4], [10].
However, gastrointestinal temperature measurements using ingestible
thermometer pills have been successfully applied [11], [12], [13].
Although the period following ingestion of the pills does not affect
the validity of the measurements [14], the transit of these pills through
the gut and the cost of replacement impose an economic burden
during long-duration monitoring. The measurement of gastrointestinal
temperature is not always feasible during daily routines or when
regular fluid consumption is recommended operational practice [10],
[15]. On the other hand, the single-heat-flux method is one of the
suitable alternatives during the activity [16]. This method enables
the measurement of CBT with a wearable sensor by estimating it
from changes in heat flow on the skin surface acquired from a pair
of temperature sensors. One of the challenges is the need for initial
calibration by comparison with reference values measured by invasive
methods. A method using a measurement probe consisting of two
pairs of temperature sensors called dual-heat-flux method has been
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Fig. 1. Overview of a typical CBT measurement by the conventional
single-heat-flux method.

reported as a solution to the problem [17]. This method eliminates the
need for initial calibration, but its disadvantage is the large size of the
measurement probes. Here, we report a new initial calibration method
that does not require invasive reference values, as an alternative to
the dual-heat-flux method, to address issues with the single-heat-flux
method. Specifically, we developed a new method for reference-free
initial calibration based on the time history of the temperature sensors
immediately after the measurement probe comes into contact with the
skin. In addition, we report the validation results of the developed
method using test data generated from numerical analysis and human
trial.

II. MATERIALS AND METHODS

A. Calibration Theory

Fig. 1 shows an overview of a typical CBT measurement based on
the single-heat-flux method [4]. The measurement probe consists of an
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Fig. 2. (a)—(d) Overview of the proposing reference-free initial calibra-

tion for the conventional single-heat-flux method.

insulating material, in which two temperature sensors are embedded,
and a high thermal conductivity material coated around the insulating
material. The CBT (T¢ore) is estimated from the skin temperature
(Tskin) and the temperature of the opposite surface (7se,) When the
probe is in contact with the skin using (1), where Rgkin, Rsen, and
Rieax are the thermal resistances of each region and Cgy;,, is the heat
capacity of the skin. Conventionally, Ryyin(Rsen ' + Ricax ') and
Rikin Cskin 1in (1) must be determined in advance by comparison with
reference values measured by other methods [4]
dTyin

7::("& = skin+Rskin (Rsen - +Rleak_ 1) (T%kin _Tsen) +Rskincskin 7 .

ey

Fig. 2 provides an overview of the proposed calibration method.
The method identifies the calibration parameters based on the time
history of temperatures (7skin, Tsen) measured from immediately after
probe attachment to the steady state, assuming that the calibration
is performed during resting when there are few CBT changes [see
Fig. 2(a)]. Specifically, a time constant t is obtained by normalizing
the skin temperature at time ¢ by the initial value and the saturated
value at time 75 [see Fig. 2(b)]. Next, «, which is one of the calibration
parameters shown in (2), is obtained from relationship between o
and 7, which is known in advance [see Fig. 2(c)]. Finally, another
calibration parameter 8, shown in (2), is determined to minimize the
evaluation function Ee,or, shown in (3), describing the time integral
of the CBT estimation error from the time #; immediately after the
start of the measurement to time > when the steady state is reached
[see Fig. 2(d)]
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B. Numerical Simulation Analysis

This section describes the investigation of the proposed method
through numerical analysis. To simulate the proposed method, a 2-D
axial computational model with two steps was utilized, as shown in
Fig. 3. First, a steady-state solution of the temperature distribution

was calculated for the system consisting of skin and air, as shown
in Fig. 3(a), where the ambient temperature and CBT were kept
constant. The boundary conditions were set, as shown in Fig. 3(a).
Subsequently, the time responses of Ty, and Ty, are calculated by
utilizing the solution obtained in the previous calculation as the initial
value of the temperature distribution. This is achieved by computing
the time-dependent solution of the temperature distribution of the
system, which comprises the skin, air, and measurement probe, when
the measurement probe of the ambient temperature is in contact with
the skin, as depicted in Fig. 3(b). The figure illustrates the boundary
conditions. The temperature distribution for each part of the measure-
ment system was calculated using the finite-element method to solve
(4)—(6), which describe the heat transport between the materials and
the airflow [18], [19].

pc% 4 pCu-VT +V - (—kVT) = 0 4)
ou Vu)= —Vp+v
14 (54’“ u)— —Vp+
tr 2
-[u{w+<w) }—gmvu)} )
pV.-u = 0. (6)

The thermal conductivity, heat capacity, density, temperature, ve-
locity (fluid only), viscosity (fluid only), pressure (fluid only), and
time of each material are represented by &, C, p, T, u, (¢, p, and ¢,
respectively. The matrix #r is transposed. The measurement probe’s
geometry and construction materials follow previous studies [4], with
polydimethylsiloxane (PDMS) used for insulation and aluminum for
high thermal conductivity. COMSOL Multiphysics was used for each
calculation.

The relationship between o and t required for calibration was
derived from the temperature distribution of the measurement sys-
tem when the thermal conductivity, heat capacity, and thickness of
skin are varied, using the aforementioned methods. Furthermore, the
determination of the calibration parameter § was investigated using
the evaluation function E,.or.

C. Prototype

Based on the outcomes of the numerical analysis, the experimental
verification of the proposed method using a prototype was conducted.
A cylindrical structure (radius of 7.5 mm; thickness of 5.0 mm) with
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two thermistors as temperature sensors (LT-2 N-12, Gram Co., Ltd.)
embedded in the contact surface with the skin, and the opposite surface
was fabricated by molding PDMS as a sensor probe constituting the
prototype. UV-curable PDMS (KER-4690—A/B, Shin Etsu Silicone
Co., Ltd.), which has less thermal shrinkage and is superior in mold-
ability, was used for PDMS, and the curing conditions during molding
were similar to those of previous studies [20], [21]. An aluminum cover
structure (thickness of 2.5 mm) was fabricated by machining with an
NC milling machine (AE 74, Makino), a machining center (V 33 i,
Makino), and a wire-cut electric discharge machine (AD-325 L LN 1
W, Sodick) as the probe cover constituting the prototype.

D. Human Trial

Verification was carried out by applying the prototype to the chest of
a healthy subject, while they were resting in a seated position. Medical
tape (Micropore Surgical Tape, 3M) was used to attach the prototype. A
temperature probe (ITP010-11, Nikkiso-Therm) was inserted through
the nasal cavity to measure esophageal temperature as a reference value
for CBT [22], [23]. The temperatures inside the prototype (7Tskin and
Tsen) were measured immediately after the subject was attached with
the prototype in a steady state at room temperature. From the time
response of Ty, the time response curve of Tgy;, normalized by the
initial temperature and the steady state temperature is derived, and the
time constant 7 of the curve is derived. From the relationship between
7 and « obtained in the previous section, « in the measurement system
is derived. Substituting Tskin, Tsen, and the derived « into (3), B with
minimum error is obtained by the generalized reduced gradient method
[24]. 7; = 180 s and #o = 3600 s were set. The room temperature was
set to 20 °C. The experiment was conducted in accordance with the
Declaration of Helsinki and approved by the ethics review board of
Tokyo Institute of Technology (2023289, 21 December 2023).

[ll. RESULTS AND DISCUSSION

A. Numerical Simulation Analysis

Fig. 4(a) displays the time variation of normalized skin temperature
for different values of «. It has been confirmed that the temperature
response tends to be slower when « is large, which reflects an effect of
either low skin thermal conductivity or large skin thickness. Fig. 4(b)
shows the relationship between « and 7, which has been calculated
based on the calculation results in Fig. 4(a). A sixth-degree polynomial
of 7 can accurately approximate «. In addition, the calculation results
have been confirmed to be minimally affected by differences in ambient
temperature or CBT settings, reflecting the high tolerance of the
measurement probes to disturbances [4]. Fig. 4(c) displays the time
variation of |Teore[f]-Teore[f2]] When « is set to 1.30 and B is changed.
It has been confirmed that setting an appropriate value of 8 can reduce
the estimation error over a wide time range.

B. Human Trial

Fig. 5(b) displays the measurement results obtained using the pro-
totype [see Fig. 5(a)]. It has been confirmed that each temperature
reached a steady state approximately 1 h after the start of measurement.
Fig. 5(c) shows the time variation of the normalized skin temperature
calculated based on the measurement results. The time constant (7) of
the experimental system is approximately 330.2 s, and the correspond-
ing o value is identified as 1.377 based on the relationship between
7 and « described in Fig. 4(b). This value is as accurate as the one
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Fig. 4. Overview of the results in the numerical analysis. (a) Time vari-
ation of the normalized Tg;, for different values of «. (b) Relationship
between 7 and « based on the analysis results in (a). (c) Relationship
between g and the estimation error for a specific case where « = 1.30.
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estimated from actual measurements (1.367). Fig. 5(d) displays the
time variation of the error between the estimated and measured values.
Setting S to 155 s, it has been confirmed that T, could be estimated
with an error lower than 0.1 °C over a wide range of the measurement
times starting from 240 s after the measurement began, compared to
when no appropriate S was set. This level of accuracy is reasonable
when compared to that of electronic thermometers.

C. Limitation of the Project

The calibration method proposed in this study assumes that mea-
surements are taken while at rest, when there are minimal changes
in airflow, air temperature, and CBT. Note that in cases where these
changes are significant, such as after exercise or entering/exiting a
room with large temperature fluctuations, it is difficult to obtain an
accurate time-series curve of skin temperature changes required for
calibration. This can affect the acquisition of calibration parameters.

IV. CONCLUSION

This letter presents a novel method for the initial calibration of a
wearable CBT sensor based on the single-heat-flux method without
requiring any reference measurement. A numerical analysis and human
trial were conducted to demonstrate the proposed method as a proof
of concept. The results indicate a satisfactory level of accuracy, with
a difference of only 0.1 °C compared to the reference value. The
developed method is expected to contribute to enhance the usability
of wearable CBT sensors based on the single-heat-flux method. In the
future, we will improve the feasibility verification of the development
method by increasing the number of subjects. In addition, we will
advance the development of wearable health care and medical devices
that contribute to the safety and security of people by integrating them
with wearable heart rate and sweat sensors [25], [26], [27].
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