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Abstract

To address the limited frequency shift and sensitivity of AT-cut quartz resonant force sensors under
small loads, a force-signal amplification method based on topology optimization of a stainless-steel
elastic body is proposed. The material distribution in the middle region of the elastic body is opti-
mized by maximizing the average compressive stress magnitude on the sidewalls of the mounting
groove. Finite element comparisons are conducted among unperforated, double-circular-hole, rec-
tangular-hole, elliptical-hole, and topology-optimized structures. The results show that the groove-
sidewall compressive stress is approximately linear with the applied load in the range of 0~100 N.
The topology-optimized structure achieves average stress amplification factors of 10.9081 and
3.1238relative to the unperforated and double-circular-hole structures, respectively. Using the side-
wall compressive stress under 100 N as the equivalent boundary input for the quartz crystal, the
corresponding thickness-shear modal frequency is about 7 kHz lower than that of the unperforated
structure. The proposed method improves the load transfer path and local compressive stress re-
sponse, providing a design reference for sensitivity enhancement of quartz resonant force sensors.
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Figure 1. Structural composition of the quartz resonant force sensor. (a) Overall structure and installation of the sensing unit;
(b) Exploded view of the packaged quartz sensing unit
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Figure 2. Thickness-shear mode analysis of the AT-cut quartz crystal. (a) Quartz crystal and electrode structure; (b)
Displacement amplitude distribution of the thickness-shear mode
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Figure 3. Finite element model of the elastomer and stress extraction regions. (a) Fixed constraint and external load; (b)
Sensor installation position and groove-sidewall stress extraction regions
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Figure 4. Design and non-design regions of the topology optimization model
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Figure 5. Flowchart of the elastomer topology optimization process
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Figure 6. Three-dimensional models of different comparison elastomer structures. (a) Unperfo-
rated structure; (b) Double-circular-hole structure; (c) Rectangular-hole structure; (d) Elliptical-
hole structure
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Figure 7. Density distribution and structural result of topology optimization. (a) Ma-
terial volume factor distribution; (b) Topology-optimized structure extracted using a
density threshold and superimposed on the overall model
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Table 2. Average groove-sidewall stress under different loads

2. NEETE FMEME TR

F/N F+%4L/MPa i L/ MPa Wi FL/MPa M5 FL./MPa ML/ MPa
0 0 0 0 0 0
10 0.1133 0.069306 0.05868 0.3956 1.2357
20 0.2266 0.13861 0.11736 0.7912 2.4715
30 0.3399 0.20792 0.17604 1.1867 3.7072
40 0.4531 0.27722 0.23472 1.5823 4.9430
50 0.5664 0.34653 0.2934 1.9779 6.1787
60 0.6797 0.41583 0.35208 2.3735 7.4145
70 0.7930 0.48514 0.41076 2.7691 8.6502
80 0.9063 0.55445 0.46944 3.1647 9.8860
90 1.0196 0.62375 0.52812 3.5602 11.1220
100 1.1329 0.69306 0.5868 3.9558 12.3570
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Figure 8. Comparison of average compressive stress on groove sidewalls
for different elastomer structures under load
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Table 3. Average stress amplification factors of different structures
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Figure 9. Comparison of the thickness-shear modal frequency of the AT-cut quartz crystal under equivalent boundary
stress corresponding to the 100 N load condition. (a) Unperforated structure; (b) Topology-optimized structure
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Table 4. Frequency response of the quartz crystal corresponding to different elastomer structures under the 100 N load condi-

tion
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