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Abstract

Core body temperature is an important physiological parameter of the human body and a signifi-
cant basis for medical diagnosis and treatment. Clinically, it is necessary to monitor the core body
temperature of patients non-invasively, continuously and accurately. Current thermal flux channel
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methods for core temperature measurement commonly suffer from issues such as bulky probe di-
mensions and prolonged thermal equilibrium time. This study integrates bioheat transfer theory
with multi-source thermal flux coupling mechanisms to design an enhanced multi-channel thermal
flux probe for core temperature monitoring. The design process comprises three systematic phases:
First, structural optimization of the probe introduces porous cavities within the thermal conduction
domain to amplify temperature gradients in thermal flux channels, thereby improving measure-
ment efficiency. Second, the Latin Hypercube Sampling method combined with surrogate model ex-
perimental design identifies optimal dimensional parameters under limited experimental itera-
tions. Third, comprehensive evaluation of thermal insulation shell materials is conducted through
comparative analysis of measurement accuracy and molding process characteristics. Experimental
results demonstrate that compared to non-porous core temperature monitoring probes, the opti-
mized probe reduces thermal equilibrium time to 18~19 minutes while maintaining a maximum
measurement error below 0.2°C. When benchmarked against existing studies on core temperature
monitoring probes, the proposed design achieves 50% volume reduction and approximately 10-
minute shortening of thermal equilibrium time without compromising measurement precision.

Keywords

Human Core Body Temperature Monitoring, Multi-Channel Heat Flow Method, Structural Design of
Monitoring Probes, Latin Hypercube, Surrogate Model

Copyright © 2025 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

1. 5]

O e NRR s BERE B P E RIS, AR TEEA S, BEESEITME
BARHE o A5 G0 AR P W B (A B0 fl ) T S R 2 AL R R A [ 1], PRI IR b 75 5 £
BAGOARAAT A RS, L.

METZOREIR AR RS ARARSGERAR . BANRTTIEE G BEHiE . ik sh bk 2]
DR 5 B A B RS, ARAETE B AR Q0 XU B B A A e s AR R N R AR R A/ DI 7
DU 55 ) B2 RT3 18] 3 A R 5 Wt IROAR L [ 2], I 20 FL I RIS o AT S0 R ) AR T V20 0o 222
SEAEAE AR, TR R B BT A LI, SRR RN I . Z O VETE IR Sk - R RER
LR ZEIE, FTNERE ., BETEESREATE, ORI O I R A
77 #[3].

TR AR VAR O 2 S L 1 22 S 3 T Ry S TR IR R L O R R A OUE 1 Rk = K
R A, I RS BRI SR . AR, (BRSSP N A TE LR R R H—, 2R
R P U Bl B R R R AR A AN SR RE A, Bh e R rEiR 22, H =, OGP E LB R i A A
K, e ER; K=, BRSO T80 2 R & PR 4] A A e, [ Ak
W2 M R SR S S 750, TR T 2 4R R SO AT B0 Huang S5 (514 H 0% 5
WS EMOF TR, KA LGSR IR RN R TR SRR Z, 8 300 ) A 51 2808 & 2
SO ) AR B AR TR L AR B I AR e s Rk (6145 EBR[714: BIBETT T BN )
WEIER Sk, 33T 3 S H AL 4 58 PP B 18] 5 Feng 5[ 810 W IR Sk (45 A B HEAT 250, TEAE ST
TR ERESET(PDMS)M R IB NBRIRETR A, $ S AL A R T AR AL IR R s Tanaka 55[9]2%

ik

DOI: 10.12677/jsta.2025.133038 385 RIS M


https://doi.org/10.12677/jsta.2025.133038
http://creativecommons.org/licenses/by/4.0/

S

Wik

TR SR JE N I MRS AT SR AL, SN SRR B 454 IR LA TR AL e, 35 RIS 1 )
IR Fang S5[10]0U5E &0 0T T 4h e B SRS MIRE R M C R, BEMAES e+ 5] N Je R
AUERAD AR HBRIARE J7 o SR b3 ch sk S A A7 i AT 08 IF ] 5 P AEQ ) 2 5% 225 U T R B MR — o A
R, ABFLEAR S A AAEXCE SR BRI . — 7T, M ETe AT 2 G RC T AR O AR M T RSk (R AR
>5mm, =E >8mm)[11], HHELNTHBEMBEAMERECER <3 mm, &E <5mm)if, Hi#vts
RGeS0 S — 5T, TERCC AR I ST, I U7 v i 55 AP I [R] 47535 3 4 45 7E 30 min LA
By e DA R I PR ST M 5 R [12]0 AMRHRIX — A/, ASCHET AL SR 5 2 IR AR A LS,
o} 22 B TE A O R TR I RSB AT G540 . RS S EOR RIS RE D7 T R et (R IR 1 [0 P 4 0
PP SRR E] . B NRSRIARR . e, I AR B ERHE S 2 A O R IR R R R,
Xof A O P Ul T AR Sk 45 A AT AR BT, 75 5 30 P 51 N A LR 2 oy P00 I8 T RS R B, BRI
RO FIR, KRBT M7 KA A B ) SE I8 Wi h 7, 1R PR SO0 OB 1F T i e Bt R
STHESHG )G, I HE TS [F RR AR SE AR I R B . B R, ZR A VA I 5 R AR
Shsest L

2. ZBERRENRNERE
2.1, NEAEARFIEE

Z B IE A R AR L SR E A, R R N ARAZ 0 B R R T R R . AR
A 5, TR RAEAE, (13 IR R R AL 2R AR A, B3 MR I i
O AL ENRIR IR S o RAERAL B IIME— KA RAAERE 2, SWRKRE, Yikia i Bl e <[ 13].
AL G LRI R, BRI . AL =B, RS AR AR S .

[k 1) A S AR T DA E 4 L e iR, (DR

. dT
qx=—ka ()
Hef, @ x i R, HFRORTE S R 7 A EL AL AR ARG ER, T ORI

x%ﬂ%ﬁﬁﬁ%%ﬁ;kﬁﬂ@$omﬁmﬂﬂﬂﬁ%EWQﬂﬁ?ﬁEﬁE%g,Hﬂﬁﬁﬁ%ﬁﬁﬁ
FETr AR . ()RR FRGERKN 4. A=gEEmT, HAKXmAQ)FR.

or .or ar]

q”:—kVT:—k[L5—+1——+k—— )

X Oy Oz

X, ¢ RFEEE, AN Wim?s T (x,p,z) ARERRXIEREY, v A=4E=mE 1. XQF~r
R 2 3 R — AT AR IR B P S A I 2 T7 1) B IR BB FE O R e IR R A LE B S BT 17 [
P, BIHG R GAFRTTRTEIR. W =ZEAAbRh i) SR TR AT RO 9

(o), afery, 2 o],
q‘[&[k&J+@(k@j+&(k&j}ﬂ (3)
Hordr, ¢ RORBOCHR AL I BT ARFRLE B I RPN = A R ERRE o 2N(3) AT PATH S 58 % G B 78 38 14T
BpAl, maES IR R GEEL, it IR

2.2. ZEERGEMNEER

2 B IRIE [ S8 TR AL B R AR M N7 T IR TE 0 MO A% 0 21 B R AR T A FA R AL 3 141
B TR AR, AR RENE R A ) e U IR T TR AL, R AR i B R A T

DOI: 10.12677/jsta.2025.133038 386 e IR A 5 8 FH


https://doi.org/10.12677/jsta.2025.133038

W, MK

ML 7 R B T B E L PN B T AR O AR TR RSk, BE S — N A N E RS AT
[ AGAT IR O BRABRR R, BROMRIEIE . A= IRGRETE ], HIEA RN 1 fos.

- PR IE
T1 RMIHIE3
A ImIE2 \ - p=
NG T5 ﬁg
T4 T2 T6 =
- -
A 2 R 2

Figure 1. Basic principle diagram of multi-channel thermal flow method
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Figure 2. Cross-sectional view of the simulation model
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Table 1. Simulation parameters of the human body model
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Figure 3. Structure of core body temperature monitoring probe with hole structure
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Table 3. Optimization results of size parameter combination

3. RISHEATMER

H) R (mm) H (mm) Te (C) HXPIREE FHXT IR ZE
1 6 5 38.019 1.019 2.754%
2 6.4 5.2 37.709 0.709 1.917%
3 6.8 55 37.718 0.714 1.929%
4 7.2 5.7 37.700 0.700 1.892%
5 7.6 6.0 37.700 0.700 1.892%
6 8.1 6.3 37.693 0.693 1.873%
7 8.5 6.5 37.685 0.685 1.851%
8 8.9 6.8 37.687 0.687 1.856%
9 9.3 7.1 37.690 0.690 1.865%
10 9.7 7.3 37.683 0.683 1.845%
11 10.2 7.6 37.678 0.677 1.831%

DOI: 10.12677/jsta.2025.133038 390 e IR A 5 8 FH


https://doi.org/10.12677/jsta.2025.133038

W, MK

gk
12 10.6 7.8 37.675 0.675 1.825%
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20 14 10 37.690 0.670 1.864%
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Table 4. Parameters of different insulation shell materials
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Figure 4. Core temperature monitoring probe steady-state solution profile
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E 5. U FRENRARRTTHRIRHZ. () TFLEER, (b) SRS

DOI: 10.12677/jsta.2025.133038

392

TR B 5 B


https://doi.org/10.12677/jsta.2025.133038

W, MK

R S(a) 1B S(b)rTBAE 1, AT & A LIRS R D ARIR IR T 5, A& LI RO Lk
it M DR S T R A AR AT s R, B T ASE RN TR) (29 30 min) B 2 I T2 A FLIR 25 K B A% A U B
MR, H 30~60 min P IFE R LA K& FLIR S M A% O AR IR IR SL s BB v LB H, &
A7 FLIIR G5 A R A% 0o AR M IR PR = 2L JRRAIR 0 2 TRV IR PR 22 WD S KA 35 LR 45 4 B A% o A TR I 42
XAE—EFEE_EUEM] T FLIR S5 Rk B AR B3R T

I ARAZ D ARIR B BAE 35.5°C~40°C, T PIAAN RIS F N AZ ORI T BB . 2T i S TR AR P 2
MR E R B R R BT R IR FE ARG L, DRI DAV 5 S P B A 280 IR ZE R AL B RS 15, LU 2 A
IBBRESE (BB = A BEE T 2 A8/ T 0.02°C) A IR [A) Z ALk

MIEAG L, S LR EH R AR IR I ARSI R Z /N T 0.2°C, FERCORIEDY 37°CIbl
SEAER . PIRNEE R B BARIRZEX L] 6 B

) — wALAg |
0.20 —OE R

0.151

WEARZE(°C)
e
S

e

o

v
T

0.00F

35 36 37 38 39 40 a1
I (°C)

Figure 6. Comparison of measurement errors of different structures
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Figure 7. Comparison of thermal equilibrium time of different structures
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Table 5. Simulation results and errors of different insulation shell materials
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Figure 8. Physical picture of multi-channel core body temperature monitoring probe
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Figure 9. Hot plate experimental platform
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Figure 10. Graph of the hot plate test results
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Figure 11. Simulation of rapid temperature change curve
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