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Abstract: In the monitoring of cutting forces for large-sized work pieces, the enlargement of the working
area in large-area dynamometers leads to the technical challenges of increased mass and decreased natural
frequency. To address this, this study introduces a lightweight design philosophy and proposes a large-ar-
ea piezoelectric multi-component dynamometer. A systematic theoretical analysis and experimental verifi-
cation are conducted. Through structural-functional analysis, the design constraints and optimization direc-
tion for lightweighting are clarified. Topology optimization is employed to obtain the initial structure and
identify the key dimensional parameters. Design of experiments combined with the response surface meth-
odology is adopted to construct surrogate models relating the parameters to the optimization objectives. A
multi-objective optimization algorithm is then applied for parameter optimization, determining the final de-
sign solution and completing the fabrication of the dynamometer prototype. The performance of the light-

weight dynamometer is validated through static and dynamic calibration tests as well as practical milling
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force experiments. The experimental results show that the overall mass of the dynamometer is reduced by

8.3% , while its lowest first-order natural frequency is increased by 33.2%. The linearity and repeatabili-

ty errors are both below 0. 5%, the cross-axis interference errors are less than 3% in all directions, and the

natural frequency of each axis exceeds 1.9 kHz. The milling force experiments confirm its measurement

stability across the working area and clearly reveal its sensitive response to different working conditions.

This verifies that the lightweight dynamometer retains excellent performance. The study provides theoreti-

cal guidance for the subsequent structural design and natural frequency enhancement of dynamometers and

holds clear value for engineering application.
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Tab.1 BBD experimental design level and experimental
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Tab.2 Simulation results of sample points

u Bt M 17
A/mm B/mm C/mm  L/pm f/Hz

1 44 18 15 0.462 26 1968.50
2 44 10 15 0.47274 1979.78
3 50 18 10 0.46385 1935.90
4 38 10 10 0.46283 1983.12
5 50 14 15 0.469 20 1962.48
6 38 18 10 0.460 14 1977.31
7 44 14 10 0.46335 1973.36
8 50 14 5 0.464 71 1951.49
9 44 14 10 0.46335 1973.36
10 44 18 5 0.46106 1961.10
11 44 10 5 0.46375 1977.22
12 38 14 5 0.45993 1980.15
13 38 14 15 0.46296 1981.72
14 50 10 10 0.47501 1968.72
15 44 14 10 0.46335 1973.36
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Tab.3 Optimal solution and control group

41 A/mm B/mm C/mm L/pm J/Hz

1 47 26 9 0.465 1968.5
2 47 36 9 0.463 1952.0
3 47 26 7 0.465 1967.3
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Tab.4 Comparison of simulation performance of dyna-

mometer
ML Bk /kg — B EA S /Hz E R N/pm
A 65.95 1474 2799
afh 59.35 1963 2583
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Tab.5 Static performance of lightweight dynamometer
RS MR/ %
Gt/ % EEME/ %

75 i) X Y 4 M, M, M.

X — 0.8 0.6 0.4 0.3 0.6 0.14 0.27

Y 0.8 — 0.5 0.6 0.5 0.7 0.14 0.27

Z 0.2 1.3 — 0.1 0.1 0.1 0.14 0.07
M, 0.1 0.3 0.6 — 0.2 0.4 0.06 0.13
M, 0.1 0.3 0.7 0.2 — 0.2 0.08 0.13
M, 0.2 0.4 0.5 0.4 0.5 — 0.19 0.25
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Tab.6 Comparison of performance of dynamometers in

reality
WAL Fiwm/kg  —BEAEME/Hz S IRE
A 67.75 1450.7 <5%
ik 62.10 1932.6 <3%
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Tab.7 Cutting parameters of different groups
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Fig. 13 Comparison of cutting forces between groups
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