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Fig.1 Working principle of piezoresistive sensor
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Fig.2 Schematic diagram of fabrication process for piezoresistive sensor
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Table 2 Composition of sensing layers in piezoresistive sensors with different conductive fillers
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Fig.4 Comparison of thermal stability of electrical resistance for 5CB/PI, 5CNT/PI, and
5GNP/PI at 300 °C
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Table 3 Composition of sensing layers in piezoresistive sensors with varying CB mass fractions

(ZRSEA (R i SN S CB Jiih /g PAA ittt /g
1CB/PI 1% CB+99% PI 0.036 3.564
2CB/PI 2% CB+98% PI 0.072 3.528
3CB/PI 3% CB+97% PI 0.108 3.492
4CB/PI 4% CB+96% PI 0.144 3.456
5CB/PI 5% CB+95% Pl 0.18 3.42
6CB/PI 6% CB+94% Pl 0.216 3.384
7CBIPI 7% CB+93% Pl 0.252 3.348
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Table 4 Composition of sensing layers in piezoresistive sensors with and without Al,O,
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Fig.10 Resistance response of piezoresistive sensor under different pressures
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Table 5 Composition of sensing layers in Al,O;—containing piezoresistive
sensors with varying CB mass fractions

RS (ERZAH R T s34 | CBJfit /g | ALO, [kt /g | PAA Jfii /g
3CB/ALO,PI | 3% CB+1% Al,0,+96% PI 0.108 0.036 3.456
5CB/ALO,PI | 5% CB+1% Al,0,+94% PI 0.18 0.036 3.384
7CB/ALO,PI | 7% CB+1% Al,0,+92% PI 0.252 0.036 3.312
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Table 6 Relationship between torque and

pressure on the sensor in M20 bolted joints
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Fig.15 Relationship between resistance variation rate of CB-based sensors with different

mass fractions and torque during bolt loosening at 300 °C
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Fig.16 Relationship between sensor resistance variation rate and pressure during bolt looseness at

room temperature and 300 °C
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Table 7 Performance comparison of various piezoresistive sensing methods

IR AAA I RUTIRE Sy | 5 TARIRLE I28; 3
DR | IR ARG S 0.9 MPa — —
MXene 120 MPa = 120 pm
Y8 Lk SR P T 1.6 GPa 800 °C 180 mm
Ti,C,T, MXene/Au 1000 kPa 400 C 0.66 mm
R | BRANKA | A SBIIK R 10 MPa 150 C 0.4~0.5 mm
PR AR | R 34.3 MPa 300 °C. 100 um
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Bolt Loosening Monitoring Based on Wide-Temperature High-Response
Piezoresistive Sensing

LIU Qijian*?, QIN Haoxuan', YANG Yuanyuan', SUN Maozhi', SUN Hu'?,

WANG Yishou', QING Xinlin'

(1. School of Aerospace Engineering, Xiamen University, Xiamen 361002, China;
2. Sichuan Institute of Xiamen University, Chengdu 610213, China)

[ABSTRACT]
joints often operate under complex service conditions involving high temperatures, high pressures, and multi-source coupled

In advanced engineering applications such as aerospace, petrochemical, and rail transportation, bolted

loads. Piezoresistive sensors exhibit strong potential for engineering applications owing to their mature fabrication process,
low cost, and sensitive response characteristics. In this study, a piezoresistive sensor featuring high-temperature resistance,
high integration, and a wide response range was developed. A conductive solution was prepared by mechanically stirring
and ultrasonically dispersing carbon black (CB), aluminum oxide (Al,O,), and polyamic acid (PAA) solution. The sensor, with
a thickness of 100 um, was fabricated using blade coating followed by thermal imidization, and subsequently integrated with
a flexible printed circuit (FPC). Experimental results show that the sensor can operate stably at 300 °C for extended periods.
In monitoring tests of M20 large-size bolted joints looseness, the sensor demonstrated a torque measurement range of up to
100 N - m and a pressure range of 34.30 MPa. The experimental results verify its stable monitoring performance under
high-temperature and high-load conditions, offering a robust technical solution for the identification of loosening states in
large-scale bolted joint structures of critical engineering equipment and demonstrating significant potential for practical
engineering applications.
Keywords: Bolt looseness; Structural health monitoring; Piezoresistive sensor; High temperature; Wide measurement range
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