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Abstract

Atomic force microscope (AFM) is a significant invention in the field of nanotechnology.
At its core lies a three-degree-of-freedom (XYZ) nanopositioning system, which ensures
extremely high relative motion accuracy between the probe and the sample, enabling atomic-
level ultra-high resolution. This has made AFM an indispensable tool in the advancement of
materials science, life sciences, and nanomanufacturing technologies. In recent years,
beyond the pursuit of precision, emerging research fields have begun to demand high-
throughput AFM measurements—that is, simultaneous requirements for long motion ranges
and high scanning speed. This poses unprecedented challenges for nanopositioning
technology, which must now provide both long positioning range and high control bandwidth.
However, under the widely adopted direct-drive paradigm, nanopositioning faces a
fundamental trade-off between travel range and bandwidth. As a result, existing AFM
systems must either compromise both aspects for balanced performance or sacrifice one to
enhance the other. How to achieve both large-range and high-speed AFM measurement
capabilities remains an urgent and open problem in the field of nanotechnology.

This dissertation proposes novel AFM nanopositioners based on normal-stressed
electromagnetic actuation and stick-slip piezoelectric actuation principles, aiming to
overcome the long-standing trade-off between range and bandwidth found in conventional
actuation methods. In response to key challenges—such as electro-magneto-mechanical
coupling between electromagnetic actuators and compliant mechanisms, and cross-scale,
high-throughput nano-precision motion generation in stick-slip systems—this work
conducts fundamental theoretical and technical research in five main areas: theoretical
modeling, transmission mechanisms, structural design, measurement and control methods,
and application verification. The main contributions are as follows:

A theoretical framework for electro-magneto-mechanical coupling in normal-stress
electromagnetic-actuated nanopositioners was developed, accounting for the actuator's
negative stiffness characteristics. This model reveals the mapping relationships among
multiple physical quantities, including current, actuation force, stiffness, displacement, and

energy. A coupled dynamic model was constructed using equivalent magnetic circuit
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methods, finite element method, and Lagrangian method. Based on this model, and under
practical manufacturing and operating constraints, the design of the nanopositioner
prototype was optimized with the goal of maximizing the product of range and resonant
frequency. The model's accuracy in predicting electromagnetic and mechanical parameter
impacts was validated through finite element simulations. A prototype was fabricated and
tested, and the experimental results verified the model’s predictive performance.

In response to AFM raster scanning needs—requiring X = Y >>Z in range and Z >> X >>
Y in bandwidth—a hybrid electromagnetic (XY)-piezoelectric (Z) nanopositioner was
proposed. The design focuses on maximizing both the travel range and resonance frequency
of the X-axis, decoupling the performance demands of each axis. An integrated topology of
a compliant mechanism and electromagnetic actuator was developed for the X-axis,
overcoming the limitations of bulky and heavy compliant mechanisms that hinder high
resonance frequency in conventional systems. The coupled model was used to determine the
design parameters, and a prototype achieves a 212.7 um travel range and 1313.2 Hz
resonance frequency—tripling the frequency record for nanopositioners with similar travel
ranges in existing literature. An integrated AFM measurement system was built on this basis,
and high-throughput tests on height calibration samples demonstrate its superiority and
effectiveness.

A novel electromagnetic spring with adjustable negative stiffness was proposed, where
bias magnetic flux is generated by current. The mechanism by which tunable negative
stiffness influences key performance indicators—such as positioning range and resonance
frequency—was elucidated. A variable-stiffness nanopositioner combining this
electromagnetic spring with a normal-stress electromagnetic actuator was developed.
Experiments showed that the stiffness could be continuously and rapidly adjusted over a
3.24x range, enabling optimization for different application scenarios while maintaining
nanometer-level motion precision across all stiffness settings. When used as the Z-axis in an
AFM integrated system, it enabled both high-resolution imaging under high stiffness and
continuous long-range imaging under low stiffness.

A new paradigm of cross-scale nanopositioning based on stick-slip piezoelectric
actuation was proposed, combining high-speed macro stepping and high-throughput micro

scanning. The high-bandwidth control philosophy of direct-drive nanopositioners was
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introduced into the scanning control of stick-slip systems. Using a cascaded linear dynamic—
friction model, the boundary conditions for transitions between scanning and stepping modes
were established. The scannable trajectory set—defining the maximum scanning range under
varying frequencies within given boundary conditions—was formulated. A method for
identifying this set based on peak acceleration and interfacial friction constraints was
developed, enabling controllability assessments of scanning tasks and fully exploiting the
scanning potential of stick-slip positioning. Cross-scale high-throughput nanopositioning
experiments were conducted, achieving a scan throughput of 3000 pm-Hz at arbitrary
macroscopic positions within 1.2 cm—improving the throughput of stick-slip
nanopositioners by 1-2 orders of magnitude over previous studies.

This cross-scale ultra-precision motion generation was extended to the XY plane, and a
serially configured AFM nanopositioner with XY-axial stick-slip actuation was invented. A
three-phase control algorithm—comprising high-speed stepping, gradual transition, and
high-bandwidth scanning—was proposed, using wrap-state integral feedback controllers to
address control challenges such as efficient switching between stepping and scanning and
suppression of cross-coupling in multi-axis motion. An integrated AFM system was
established, and a cross-scale sampling measurement method based on stick-slip
nanopositioning was proposed and experimentally validated over millimeter-scale ranges.
The resulting measurement throughput was improved by 1-2 orders of magnitude compared
to conventional millimeter-scale AFM system:s.

Together, these contributions address emerging demands in nanopositioning for various
AFM applications, including high-throughput measurement of continuous areas of interest,
multi-functional measurement with range-bandwidth adaptability, and high-throughput

measurement over multiple dispersed areas of interest.

Key words: atomic force microscopy, nanopositioning, compliant mechanism, high
throughput, motion control, normal-stressed electromagnetic actuation, stiffness-tunable

technology, stick-slip piezoelectric actuator



