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Abstract—We designed a skin-attachable sensor for mea-
suring core body temperature (CBT). Past studies on
non-invasive CBT measurement did not consider heat loss
and measurement errors caused by ambient convection.
To address the effect of convection, we designed a heat flow
path in the structure of the CBT sensor. Topology optimization
provided a systematic design procedure without the need for
numerous, complex trials. By using topology optimization,
we developed an optimized aluminum structure, a truncated
cone with a hole. The sensor with the aluminum structure was
evaluated by numerical calculation and experiment. We deter-
mined that the heat loss induced by ambient convection was
effectively reduced, and the CBT estimation accuracy and

Temperature field in body

robustness to convection were improved. The feasibility of the CBT sensor was demonstrated in an experiment using a
phantom with an accuracy of 0.1 °C, showing potential for applications to thermal and fluidic devices.

Index Terms— Topology optimization, core body temperature, non-invasive.

|. INTRODUCTION

ORE body temperature (CBT) is the temperature of

internal organs located deep within the body such as
the rectum, esophagus, and brain. CBT fluctuates in roughly
24-hour cycles, and it is known to reflect circadian rhythms,
i.e., the body’s internal clock [2]. For instance, the CBT
of a healthy person drops during sleep at night. A phase
gap between one’s biological clock and the social clock can
affect sleep quality and exercise performance and can lead
to serious health problems such as metabolic aberrations and
depression [1]-[8].

CBT can be monitored over the course of a day to visualize
and improve one’s health conditions. Current CBT monitoring
techniques measure esophageal, pulmonary, artery, and rectal
temperature. Among these, rectal temperature is regarded as
most reliable for monitoring circadian rhythm [5]. However,
measuring rectal temperature requires a sensor to be inserted
into the rectum, which may cause infection and damage to
the rectal cavity. Skin-attachable, in-ear, and ingestible sensors
have been studied as alternatives [9]-[17]. In-ear sensors
require the user to be in a resting state, while ingestible sensors
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are limited in terms of monitoring duration and difficulty
of sensor collection after use. We focus on skin-attachable
sensors as they are more practical for daily use. There are two
types of sensors; one uses an inbuilt heater to compensate for
the gap between the skin and body temperatures (i.e., zero heat
flux method) [11]. While this sensor is capable of monitoring
CBT with high accuracy and traceability, the energy consump-
tion of the heater limits its usage in hospitals. The second type
is fully passive and does not require a heater, instead using a
heat equivalent circuit as shown in Fig. 1 [12]-[14]. CBT is
given by

(1)

where Tin is skin temperature, Hpody is the heat flux from
the body’s core, and Rsensor 1S a coefficient related to the
heat resistance of the sensor. RsensoriS @ function of the sensor
structure and size. Equation (1) assumes lossless heat transfer
from the body core to the sensor. However, ambient convection
extracts heat flux Hposs (Fig. 1). Because ambient convection
results in over or under estimation of the heat flux Hpoqy, the
coefficient Rsensorvaries with the convection. The convection
results in heat dissipation, where heat is carried passively
by fluid motion initiated and maintained by external sources
such as air conditioners or by activities such as jogging.
Thus, a CBT sensor that can reduce heat loss is required for
continuous CBT monitoring. In other words, the sensor should
maintain the value of coefficient Rsensor When the ambient
convection changes. Previous studies assumed lossless heat
transfer, and their proposed sensor structure focused only on

Tepr = Tskin + RsensorHBody

For more information, see https://creativecommons.org/licenses/by/4.0/
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Fig. 1. CBT estimation using skin-attachable sensor. Hgqgy is heat flux
from the body’s core. Hj ogg is induced by ambient convection.
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Fig. 2. Schematic cross section image of fabricated CBT sensor. The
size of the heat resistance substrate and chassis are fixed. The aluminum
structure is optimized in the design domain.

the depth direction to obtain the heat flux Hpogy. As a result,
the structure of these sensors is nearly uniform in the lateral
direction and do not take heat loss into account [12]-[14].
We aimed to address this by designing the structure of a
CBT sensor using topology optimization, which provides a
systematic design procedure and has become widely used in
various fields (e.g., thermo-fluid dynamics) [18]-[21]. Then
we fabricated the CBT sensor and verified its effectiveness by
both numerical calculation and experiment. The proposed CBT
sensor was robust to ambient convection, making it possible
to monitor CBT in daily life and visualize circadian rhythm.

Il. SENSOR DESIGN

A schematic cross-sectional image of the CBT sensor is
shown in Fig. 2. The CBT sensor has a cylindrical chassis
with diameter D = 30 mm and height + = 5 mm, which
were determined to be optimal for mobility and usability. The
chassis contains a heat-resistant substrate and an aluminum
structure in the design domain. The heat-resistant substrate is
able to measure the heat flux.

The CBT sensor was assumed to be attached to the forehead
and used during jogging. The wind speed Vi, was assumed to
be 5 m/s (at a jogging speed of 18 km/h). The depth of the
sensor body, fBody, was assumed to be 10 mm. To simplify
optimization for the fluid and heat transfer interaction system,
we utilized the heat transfer coefficient H at the boundary with
ambient air to take convectional heat transfer into considera-
tion. The relationship between the wind speed and heat transfer
coefficient H was estimated by the Nusselt number Nu, Prandtl
number Pr, and Reynolds number Re:

Ht
Nu = 2o ©)
/lAir
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Fig. 3. Relationship between heat transfer coefficient and wind speed
at characteristic length L = 30 mm.

Pr = CPA[r M Air 3)
jvAir
Re — Pair VintBody (4)
HAir

where Vi, is wind speed, L is the characteristic length,
PAir 1s air density, uajr is air viscosity, and Aaj is thermal
conductivity. For laminar flow, the Nusselt number Nu is given
by [22]

Nu = 0.664Re? Pr3 (5)

Substituting (2), (3), and (4) into (5), we obtain the heat
transfer coefficient as a function of wind speed Vi by.

- [V
H =0.664py13 LA [2In 6)
HAir L

The relationship between heat transfer coefficient H and
wind speed is shown in Fig. 3, in which the diameter of the
CBT sensor is used as characteristic length L. The heat transfer
coefficient ranges from 0 to 50 W/m2K when Vi, ranges
from O to 5 m/s.

We designed the aluminum structure using topology opti-
mization to reduce heat loss Hoss. To minimize heat loss,
we define the objective as the minimization of heat flux across
boundary I'cloak as

J = Hposs, HLoss = / HdT
I'Cloak

Boundary T'cjoax surrounds the heat-resistant substrate and
the domain beneath it, as shown in Fig. 2. The objective’s
sensitivity to changes in the design variables were required
for the optimization and was obtained by adjoint sensitivity
analysis. The method of moving asymptotes (MMA) was used
to calculate the optimization. The numerical computation was
performed using COMSOL Multiphysics 5.5®. The parame-

ters used in the optimization computation are shown in Table 1.
V (k,VT)=0 @)

The thermal conductivity distribution of the material was
optimized using a spatially defined density design variable y .
The thermal conductivity k, is interpolated by

I+g¢

ky =kar + (kair — kar) y T tq (®
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TABLE |
COMPUTATION PARAMETERS

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. Tin 20 °C
CBT Thody 37°C

Wind speed Vi 5 m/s
Calculation diameter L 80 mm

where k is thermal conductivity (the subscript indicates the
material; e.g., ka: conductivity of aluminum), y is the design
variable moving from 0 to 1, and ¢ is a parameter related
to the nonlinearity of interpolation. As g decreases, the non-
linearity increases. The thermophysical parameters used in
the numerical calculation are shown in Table II. A typical
problem that arises in topology optimization is a gray scale
of material distribution, which means a porous structure and
lower fabrication tolerance. To avoid this, we used a Helmholtz
PDE filter,

vr =7+ R Vs ©)
and smoothed Heaviside projection [18],

_tanh (8 (y; — 0p)) + tanh (56)
~ tanh (B (1 — 6p)) + tanh (86)

where £ is a parameter determining the steepness of projection
and 6 is the threshold parameter. The threshold parameter is
fixed at 0.5. In this work, parameter f was 15, and the initial
design variable was 0.5.

The resulting optimized CBT sensor is shown in Fig. 4(a).
The red area is the optimized aluminum structure which
resembles a truncated cone with a hole at the top. The
complex curves and inconsistent thickness make fabrication
difficult and decreases the fidelity of numerical calculation.
To improve the fidelity of the structure and fabrication tol-
erance, we simplified the structure so that it has a uniform
thickness of 0.5 mm and a smooth surface as shown in
Fig. 4(b), thus optimizing the aluminum structure. The diame-
ter of the hole in the truncated cone is 2 mm. The relationship
between the diameter of the table and hole of the truncated
cone, and the estimation error are show in Fig. 4 (c). The
estimation error were calculated numerically for evaluation.
The estimation was performed under the wind speed condition
V =5 m/s. The coefficient for estimating CBT, Rsepsors Was
obtained with Tgkin and Hpogy at wind speed V = 1 m/s. The
estimation error is gradually decayed with decrease of the table
diameter D, or decrease of the hole diameter d and bottom
out at approximately 2 mm. For the simplified optimized
structure (Fig. 4 (b)), heat loss and estimation error depending
on wind speed were calculated as shown in Fig. 5 (a, b).
The blue and orange plots indicate the resulting calculations
with and without the aluminum structure, respectively. The
heat loss Hiyss and the estimation error increased with wind
speed Vi, with or without the aluminum structure, though

(10)

TABLE Il
THERMO AND FLUIDIC PHYSICAL PARAMETERS

Thermal conductivity k

Part (W/mK)
Air 0.02
Body 0.37
Aluminum 204

(b)

Simplified structure

0.14°C

Table diameter D (mm

Hole diameter d (mm)

Fig. 4. (a) Optimized CBT sensor structure without chassis.
(b) Schematic image of simplified structure. (c) Relationship between
hole diameter d, table diameter D, and estimation error.

0.08 0.2
o e
< 0.06 < 9 °q
= s00®( 5 ey
2 004 o°* °
o ° c -0.2
T 002 £ 04
(2]
L
0 0.6
0 1 2 3 4 5 0 1 2 3 4 5

Wind speed V,, (m/s) Wind speed V,, (m/s)
(a) (b)
Fig. 5. Comparison of heat loss and estimation error with (blue) and

without (orange) optimized aluminum structure. (a) Heat loss vs wind
speed Vj,. (b) Estimation error vs wind speed Vj,.

they were effectively reduced by the structure compared with
when the structure was not used. The maximum estimation
errors with and without the optimized aluminum structure were
0.1 and 0.4°, respectively, at wind speed Vi, = 5 m/s.

I11. EXPERIMENTAL

The CBT sensor was fabricated as shown in
Fig. 6 (a) and (b). The truncated cone was made of
aluminum. The thickness was 0.5 mm across the entire
structure. The height was 5 mm, and the diameter of the
hole in the truncated cone was 2 mm. The heat-resistant
substrate was made of polylactic acid (PLA). The diameter
and height the CBT sensor chassis were 31 and 5.1 mm,
respectively. The top and bottom of the chassis was made
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Aluminum

Fig. 6. Photograph of fabricated CBT sensor. (a) Top view. (b) Bird’s
eye view. (c) Schematic cross-sectional image of CBT sensor. Two ther-
mometers inserted in the hole on the side of the aluminum structure were
integrated with the substrate with a gap of d. The height, the diameter
and weight of the CBT sensor were 5 mm, 30 mm, and approximately 3 g,
respectively.

of 0.1-mm thick polyethylene terephthalate (PET), and the
side was made of 0.5-m thick PLA. Two platinum resistance
thermometers inserted in the hole in the side of the truncated
cone were integrated with the heat-resistant substrate. The
gap between the two thermometers was 2 mm (Fig. 6(c)). The
diameter and length of each thermometer were 0.4 and 1 mm,
respectively. The temperature of the hotplate, THorpiare, Was
measured every 1 s with a thermometer (MC-0401, Netsushin,
Japan). The temperature was read out from the thermometer
by a data logger (NX3100, Netsushin, Japan). The coefficient
Rsensor was estimated from the temperatures Tgkin and Tiop
taken by the two thermometers. The heat flux Hpoqy was
proportional to the temperature gap Tskin-Ttop:

Y

Substituting (11) into (1), we obtain coefficient Rsengor using
the hotplate temperature at a specific time:

HBody X Tskin — TTop

THotplate — Tskin (12)

Rsensor =
Tskin — TTop

EPDM rubber with a thickness of 10 mm was used as a
phantom as it has thermal conductivity &k similar to that of the
human body. The phantom was placed on the hotplate, and
the sensor was set on the phantom. The ambient temperature
was room temperature (20°). Convection was induced by a
fan placed above the CBT sensor. The wind speed above the
CBT sensor was measured with a hot-wire anemometer.

IV. RESULTS AND DISCUSSION

Fig. 8 shows a comparison between the hotplate and esti-
mated temperatures when the temperature of the hotplate
THotoplate and wind speed Vi, ranged from 32 to 42° and O to
5 m/s, respectively. Coefficient Rsensor Was 2.45 in the experi-
ment, whereas it was 2.5 in the computation. This discrepancy
in the coefficient Rsensor may have been due to the contact
heat resistance between the sensor and phantom and the size of
the thermometers. The raw estimation temperature is indicated
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Fig. 7. Experimental configuration. The hotplate simulated CBT. The
CBT sensor was set on the phantom (EPDM rubber) placed on the
hotplate. Convection was induced by a fan above the CBT sensor, and
the wind speed Vj,, was monitored by a flow meter.
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Fig. 8. Wind speed dependence of estimation temperature and error.
(a) and (b) are magnified images of wind speed profile. (c) Raw
and compensated estimated temperatures at wind profile in (a). Raw
and compensated estimated temperatures are indicated by dotted and
solid lines, respectively. (d) Compensated and 8-min moving averaged
estimated temperatures at wind profile in (b). Compensated and aver-
aged estimated temperatures are indicated by dotted and solid lines,
respectively. (€) Wind speed profile for the entire duration of experiment.
(f) and (g) are estimated temperatures and errors at the wind profile in
(e). Gray, blue, and red plots in (e) to (g) are the hotplate temperatures set
at 32, 37, 42°C, respectively.

by the dotted line in Fig. 8 (c). A transient overshoot can be
observed immediately after the wind speed changes, and then
the temperature becomes steady. The overshoot was caused
by the difference in the time constant of heat transfer in the
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body and the sensor. While the temperature of the sensor
changed quickly in response to the wind speed, the body
temperature required more time due to its large heat capacity.
The difference resulted in the transient overestimation of heat
flux Hpody. To compensate for the transient overshoot Tover_est.
we estimate it by deriving from the overestimation of the heat
flux using the equation below:

B 1
Tover_est ~ Aerfc (—) — C\/;exp (——) (13)
Vi Vi

where, A, B, and C are constant parameters and t is the
elapsed time from the start of the overshoot. We determine
the overestimated region by using the standard deviation of
estimated temperature ¢ in 5 min. If the estimated temperature
exceeds 3 o, we regard it as overshoot and obtain A, B,
and C by fitting Eq. (13) to the raw estimation temperature.
The solid line in Fig. 8(c) represents a typical compensated
result, though sharp noise still remained as shown in Fig. 8(d).
To denoise the results, we conducted averaging for 8 min.
The wind speed, estimated temperature with compensation and
averaging, and estimation error profile for 29 hours are shown
in Fig. 8(e, f, g, respectively). The wind speed ranged from
about 0 to 5 m/s, and the reference hotplate temperatures
were set at 32, 37, and 42°. The estimation error became
large when the wind speed changed from O to 1 m/s and
from 5 to 0 m/s. There is a large gap between the heat
transfer effect of conduction and convection, which results in
a large error. Without these transient errors, the effects of the
wind are successfully reduced. In terms of reference hotplate
temperature, the systematic error can be seen in Fig. 8(g),
in which the error at the hotplate temperature of 42° is consis-
tently 0.1°. The relationship between hotplate temperature and
estimation error is shown Fig. 9(a). The estimated temperature
showed a linear response against the hotplate temperature,
and the estimation error was 0.1°. The estimation error was
assessed by comparing the estimated temperature Tgstimation tO
the reference hotplate temperature, THotplate, USINg TOOt mMean
square error (RMSE) as follows:

n

1 2
RSME = ; Z (TEstimation - THOlPlale)

i=1

(14)

The estimation error at each hotplate temperature is shown
in Fig. 9(b). The amplitude of CBT is about 1° [23], which
shows that the proposed CBT sensor can be used to monitor
CBT over the course of a day. The systematic error can
be found in this figure as well, which increases with the
hotplate temperature. Although systematic errors may arise
depending on the reference temperature, the proposed structure
successfully decreased the effect of the wind. Removing the
systematic error should be feasible by signal processing. This
work assumes that the thermal properties of the body are
steady; however, changes in blood flow during exercise affects
these properties to some extent. Combining the developed
sensor with additional CBT sensors or external heart rate
sensors should be effective for estimating the effects.

Lastly, we discuss the analogy of heat loss reduction with
the optimized aluminum structure, the truncated cone with
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Fig. 9. Comparison between ref erence hotplate and estimated temper-
atures. (a) Estimation error vs hotplate temperature. (b) Estimation error

vs wind speed V. Gray, blue, and red plots in (e) to (g) are the hotplate
temperature set at 32, 37, 42°C, respectively.
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Fig. 10.  Analogy of heat loss reduction with optimized aluminum
structure. (a) Schematic illustration of heat flow on temperature field.
(b, c) Temperature field with and without the optimized aluminum struc-
ture. The distance between the skin and the body core is 10 mm.

a hole. A schematic image of heat flow around the CBT
sensor is shown in Fig. 10(a). Heat flux Hpogy comes from
the body core, and the estimation error was induced by heat
loss Hioss. However, the aluminum structure collects heat
Hpyys from the surrounding region of the CBT sensor. The
collected heat is now isolated from the heat flux since the foot
of the truncated cone structure is far enough from the heat-
resistant substrate. Collected heat Hpyyg increases the temper-
ature of region surrounding the heat-resistant substrate, and it
blocks heat loss Hp oss. Additionally, the hole in the truncated
cone of the aluminum structure enables heat flux Hpody to be
easily released into ambient air. The numerically calculated
temperature fields with and without the aluminum structure
are shown in Fig. 10(b) and (c). As shown, the temperature
surrounding the heat-resistant substrate is increased compared
with that without the aluminum structure. The heat equivalent
circuit is shown in Fig. 10(b).

V. CONCLUSION
We designed a skin-attachable CBT sensor that accounts for
the heat loss caused by ambient convection during everyday
activities. The aluminum structure of the CBT sensor—a
truncated cone with a hole—effectively reduced heat loss. The
structure was designed using topology optimization and then
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simplified so that it had no complex curves, a smooth surface,
and uniform thickness to improve fabrication tolerance. The
simplification of the structure was verified via numerical
calculation. The optimized CBT sensor was fabricated and
successfully demonstrated in an in-vitro experiment using an
EPDM rubber phantom with an accuracy of 0.1°. Ambient
convection was provided by a fan with wind speed ranging
from 0 to 5 m/s. Continuous CBT monitoring over the course
of a day is feasible with the develop “be applied to the dual
heat flux and zero heat flux methods.
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