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Abstract: To achieve a multi-structure parameter design and optimization based on the sensitivity
index of a washer-type piezoelectric six-axis force sensor, an analytical mathematical model of the
static sensitivity of the sensor must be studied. First, the structural characteristics and working
principle of the sensor are analyzed, and a static sensitivity analytical mathematical model is derived
based on the load transfer path inside the sensor. Then, an analytical mathematical model and a
mathematical model based on ANSYS software are used to conduct analytical calculations and a
numerical simulation for nine structural parameter models, respectively. Based on an analysis of
results obtained from the two methods using statistical theory, the effectiveness of the analytical
mathematical model was verified. An orthogonal experiment was conducted, and the influence rule of

multiple structural parameters on sensor sensitivity was examined by combining the analytical
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mathematical models. Finally, the structural parameters of the sensor were optimized, an
experimental prototype was developed, and a static sensitivity calibration experiment was conducted.
Results show that the comprehensive correlation coefficient between the analytical mathematical and
numerical models of the washer-type piezoelectric six-axis force sensor was 0. 988. The average load
transfer coefficients of the experimental prototype were 0. 73 and 0. 75 for the analytical mathematical
and numerical models, respectively. The synthetic isotropy of the analytical mathematical model,
numerical model, and experimental prototype was 0. 71, 0. 71, and 0. 67, respectively, and the results
of the sensitivity study of the three models were consistent. The study thus showed that an orthogonal
experiment based on an analytical mathematical model could realize an active multi-structure parameter
design and optimization ol a washer-type piezoelectric six-axis force sensor.
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Fig. 3 Sketch of structural section of sensor
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Fig.4 Equivalent model of static spring of sensor
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Tab.1 Nine sets of sensor structure parameters (mm)
A5l b be by b= bs b 73 7 a bz(bz) b by b nlr) n ” I
No.1 2.5 0.3 0.3 2.5 0.3 0.3 8 21 45 3.5 1 0.05 12.05 5 9 10 20
No.2 2.5 0.3 0.3 2.5 0.3 0.3 8 21.5 46 — — — — — — — —
No.3 2.5 0.3 0. 2.5 1 1 8 21 45 — — — — — — — —
No.4 2.5 0.5 0.5 2.5 0.5 0.5 8 21 45 — — — — — — — —
No. 5 3 0.3 0.3 2.5 0.3 0.3 8 21 45 — — — — — — — —
No.6 3 0.3 0.3 3 0.3 0.3 8 21 45 — — — — — — — —
No.7 2.5 0.3 0.3 2.5 0.3 0.3 7.5 21 45 — — — — — — — —
No.8 2.5 0.3 0.3 2.5 0.3 0.3 7.5 21 46 — — — — — — — —
No.9 2.5 0.3 0.5 2.5 0.5 0.5 8 21 45 — — — — — — — —
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Tab. 2 Sensitivity calculation and simulation results of sensor (pC/N or pC/N « m)
BE T pElER i)
205
F, F, F. M, M, M. F. F, F. M, M, M.
No.1 0.613 0.613 0.964 181.707 181.707 257.948 1.685 1.685 2.154 376.654 376.957 359.755
No.2 0.701 0.701 1.000  188.536 188.536 317.653 1.893 1.893 2.184  385.889 385.889 431.916
No. 3 0.486 0.486 0.916 172.788 172.788 200.744 1.363 1.364 2.099 364.383 364.383 267.304
No. 4 0.506 0.506 0.907 171.110 171.110 222.213 1.463 1.463 2.085 361.059 361.061 290.411
No.5 0.613 0.613 0.964 181.707 181.707 257.948 1.697 1.697 2.153 376.114 376.119 362.967
No. 6 0.605 0.605 0.954 180.211 180.282 268.866 1.705 1.705 2.152 375.967 376.143 365.589
No. 7 0.600 0.600 0.957 180. 368 180.368 256.124 1.611 1.611 2.147 376.174 376.036 357.946
No. 8 0.590 0.590 0.952 179.544 179.544 255.146 1.588 1.588 2.143 375.116 375.095 351.053
No.9 0.517 0.517 0.910 171.505 171.505 222,713 1.490 1.490 2.096 361.328 361.394 290.537
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Tab. 3 Sample correlation coefficient and its T test results for sensitivity of the two models
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Tab. 6 Result of range analysis (pC"/N" + m)

by

Ijﬁ E b b,; L& 7 L4l by

K, 193.9 238.1 189.8 208.0 141.3 219.3
K- 188.9 199.1 190.3 196.9 172.4 202.5

K, 190.2 170.9 190.0 183.6 205.7 181.2

K:  186.5 151.4 189.4 171.1 240.2 156.5 Factors level
K5 tR2zs ke

Fig. 5 Histogram of range analysis
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Tab. 7 Structural parameters of sensor prototype (mm)
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Tab. 9 Isotropy comparison of sensitivity of sensor prototype
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