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Abstract: Microstructure arrays are critical functional elements in advanced optical systems, and their
mass production relies heavily on compression molding. Molds are typically fabricated from difficult-to-ma-
chine materials such as mold steel, making the efficient and high-precision fabrication of surface microstruc-
tures a key technical challenge. To address this issue, a hybrid method integrating high-frequency elliptical
vibration cutting (HEVC) with fast tool servo (FTS) technology is proposed to enhance both machining
accuracy and efficiency. A transfer matrix-based analytical model for longitudinal - bending coupled vibra-
tion was established to guide the structural design of the high-frequency elliptical vibration device. In con-

junction with finite element simulations for optimization, a lightweight ultrasonic elliptical vibration device
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with a resonant frequency of 110 kHz was developed. The device is capable of delivering stable vibration
amplitudes of 2. 5 pm and 1 pm in the bending and longitudinal directions, respectively. A hybrid machin-
ing platform was subsequently constructed. The influence of load mass on the output amplitude of the
FTS system was systematically investigated, identifying an optimal working load range (<<100 g) and
confirming the feasibility of dynamic coupling between the developed vibration device and the FTS system.
Machining experiments on S136 mold steel were conducted to fabricate microstructure arrays. The results
demonstrate that the produced microstructures exhibit uniform morphology, with depth and width errors of
11.62% and 3.61%, respectively, and negligible tool wear. These findings validate the feasibility and
stability of the proposed hybrid machining strategy and provide an effective technical approach for the effi-
cient and ultra-precision fabrication of complex microstructures on difficult-to-machine materials.

Key words: ultra-precision machining; mold steel; microstructure arrays; ultrasonic elliptical vibration

cutting; fast tool servo
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Fig. 2 Relationship between vibration frequency and structural dimensions of a single homogeneous beam with uniform

cross-section( The numbers in the legend represent the model order)
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Rake angle/ (") 0
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