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Abstract

We propose and formalize an experimentally testable framework for programmable microforce
interfaces. The framework treats small support-path or boundary-mediated forces as an effective force
per coupling length and distributes that force over microstructured or nanostructured interface
elements. The architecture includes active membranes or field-mediated boundaries, a hierarchical low-
coupling metamaterial boundary layer, precision force instrumentation, and a feedback controller that
estimates effective tension, external load-path response, coupling angle, and a calibrated external

coupling factor.

The framework is explicitly constrained by conservation of momentum and by the requirement that any
externally measured signal have an identified load path or momentum-exchange path. It defines
measurable quantities, calibration procedures, artifact controls, uncertainty-budget requirements, and
go/no-go criteria for determining whether Casimir-scale, electrostatic, optomechanical, van der Waals,
or hybrid force scales can be coupled into externally measured microforce signals through a specified

experimental boundary condition.

Scope constraint. For a strictly closed, isolated device, the external coupling factor is defined as zero.
A nonzero coupling estimate is meaningful only when an explicit external load path, reference
boundary, emitted momentum flux, suspension, tether, or instrumented fixture is identified,

calibrated, and included in the uncertainty budget.

Keywords: programmable microforce interface; metamaterial interface; microforce metrology; external

load path; Casimir force; MEMS/NEMS; optomechanics; active boundary layer; force calibration
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1. Introduction

Small forces become technologically meaningful when they are measurable, programmable, and
distributed over a controlled interface. At micro- and nanoscale dimensions, field-mediated forces
including electrostatic, Casimir, optomechanical, van der Waals, phononic, and polaritonic interactions
can be comparable to mechanical preload, stiction, pull-in thresholds, or micro-payload support forces.
However, these forces are often internal to a device and do not automatically become useful external

load-path signals.

This paper proposes an experimental framework for programmable microforce interfaces. The core idea
is to treat the interface as an engineered force-per-length system rather than as a claim about new
physical fields. A structured interface generates, transmits, or modulates a load-path force, and a
controller estimates whether that force produces a repeatable signal on a microbalance, torsion

balance, suspension, optical lever, interferometer, or other force-measurement system.

The proposed framework has three goals:

1. define a clean mathematical model for external load-path microforce metrology;
2. specify a buildable MEMS/NEMS-style test article;
3. establish validation criteria that distinguish real interface-force effects from artifacts.

The intended first product of the framework is a calibrated experimental platform for microforce

generation, load-path measurement, and active boundary-layer characterization.

2. Background and Motivation

Biological surface-tension systems, such as insects supported by liquid interfaces, show how small
distributed forces can support loads through interface physics rather than bulk suspension. In
engineered systems, the analogous problem is not fluid flotation but controllable interface-force
distribution. At smaller scales, Casimir forces have been measured experimentally and have also been
shown to actuate MEMS-like structures. Dynamic boundary modulation, optomechanical coupling,
electrostatic actuation, and field-mediated nanostructures provide related force scales that can be

tested with precision instrumentation.

The central limitation is coupling. A force internal to a closed device cannot by itself change the
externally measured load of the device as a whole. The framework therefore introduces an explicit

coupling diagnostic that must be measured under stated boundary conditions rather than assumed.
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3. Momentum-Conservation Constraint and Coupling Definition

The framework explicitly respects conservation of momentum. A closed system cannot generate a net
external force merely by rearranging internal stresses. Internal Casimir-scale, electrostatic, piezoelectric,
optomechanical, or van der Waals forces can move parts of the device relative to one another, but they

do not by themselves change the load measured for the entire isolated device.

Therefore, any experimentally relevant signal must involve a valid load path or momentum-exchange
path. Examples include a reference boundary, a suspension, an anchored electrode, a nearby field
boundary, emitted radiation momentum, driven modulation coupled to an external momentum source
or sink, a tether, or an instrumented calibration fixture. If no such path exists, the controller should

classify the state as an internal-force-only condition.

The coupling factor § is used as a diagnostic ratio between a calibrated external load-path force and a
specified modeled force scale under stated boundary conditions. It is not a free efficiency term. For a
strictly closed and isolated device, € is defined to be zero. If € is indistinguishable from zero after artifact
subtraction, the architecture may still be useful for stiction, pull-in, or surface-force studies, but not for

externally useful microforce control.

4. Effective Interface-Force Model

We define an effective interfacial force per coupling length:

Y_Q = F_interface / L_eff
where F_interface is a measured, estimated, commanded, or calibrated load-path force and L_eff is an

effective contact or coupling length.

For an array of interface elements, the axial or scale-normal contribution can be represented by:

F_z,model = C_edge y_Q L_tot sin(0_c) G(r, A_G)
G(r, AG)=1+r1r/(NMAG)
where L_tot is the summed effective active length, 6_c is an effective coupling angle, r is a characteristic
radius or curvature scale, A_G is a fitted interfacial length scale, and C_edge is a dimensionless geometry
factor. The value C_edge = 2 corresponds only to a symmetric two-edge interface idealization; other

geometries should fit or derive C_edge explicitly.

This expression is a phenomenological transfer model, not a derivation from first principles. It is
intended to organize calibration and scaling tests, and may be replaced by a finite-element model,

measured lookup table, empirical transfer function, or fitted response surface.
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The instrument-indicated load-path balance is written as:

W_ind =m g - F_z,model
a_eq=W_ind /m=¢g-F_zmodel / m

Here W_ind is the load indicated by the measurement fixture and a_eq is only a scale-indicated
equivalent acceleration. Neither quantity implies a change to the ambient gravitational acceleration
field.

5. Coupling Angle and Boundary-Layer State

The framework may use a Young-like effective coupling relation:

cos(B_c) = clamp[(y_SV-Yy_SL) /y_Q,-1,1]
where y_SV, y_SL, and y_Q are effective interface-energy or force-per-length terms. The clamp
operation records the physical requirement that |cos(6_c)| < 1. Values outside this interval indicate that
the Young-like calibration model is saturated, invalid for the operating state, or missing a relevant
interaction term. When y_Q approaches zero, 6_c is undefined and the controller should fall back to

direct calibration data.

This relation is a calibration model, not a fundamental law. It may be replaced by a measured lookup

table, finite-element model, empirical transfer function, or fitted response surface.

The interface may include a hierarchical low-coupling metamaterial boundary layer. The purpose of this
layer is to reduce stiction, pull-in, charge trapping, parasitic surface-force coupling, and uncontrolled

boundary interactions. It is characterized by a normalized coupling-suppression parameter:

S_.a=0a_0Q /a_ref
where a_Q is an effective polarizability, susceptibility, or mode-coupling parameter of the structured
boundary layer and a_ref is a reference value measured for a flat or unmodulated control surface. A

target such as

Sas<103

should be treated as an experimental surface-state target, not as an established constant of nature.

6. Field-Mediated Force Scale

For a parallel-plate idealization, the zero-temperature perfect-conductor Casimir pressure magnitude is:

|[P.C|=m?hc/(2404d%
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For an active strip width w, the corresponding ideal force-per-length scale is:

Y_Q,ideal = |P_C| w

More generally:

Y_Q,net = £ P_scalew

where P_scale may represent a Casimir, electrostatic, optomechanical, van der Waals, electromagnetic,

piezoelectric, or empirical pressure scale, and & is the measured fraction that appears as an external

load-path force under the explicitly identified boundary conditions described above.

The ideal Casimir expression should not be used as a performance prediction at 10 nm to 100 nm gaps

without corrections. Real materials, finite conductivity, dielectric response, surface roughness, finite

temperature, contamination, humidity, adsorbates, residual electrostatic patch potentials, trapped

charge, and geometry can dominate the measured signal. In the experimental program, P_scale should

therefore be treated as a calibrated or modeled force scale with an uncertainty budget, not as an ideal

closed-form guarantee.

7. Proposed Test Article

A representative laboratory-scale test article includes:

One

a disk, polygonal, or hexagonal support body of about 15 mm to 25 mm diameter;

6 to 12 radial interface elements;

interface-element lengths of about 3 mm to 5 mm;

active widths of about 0.5 mm to 1 mm;

movable membranes comprising graphene, MoS2, silicon nitride, photonic crystal membranes, or
conductive two-dimensional material features;

fixed counter-electrodes, counter-plates, gratings, structured reference surfaces, or field
boundaries;

controlled gaps of about 10 nm to 100 nm, with explicit planarity, pull-in, and contamination
controls;

piezoelectric, electrostatic, RF, optomechanical, magnetic, or hybrid actuation;

mechanical stops, shielding, grounding, differential references, and vacuum or dry-environment
options;

gap, displacement, phase, thermal, vibration, humidity, charge, RF pickup, and force sensing.

multilayer implementation includes a conductive substrate, a piezoelectric actuator layer, a

movable membrane, a controlled gap, a protective/antenna/photonic layer, and a hierarchical low-

coupling boundary layer.
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The boundary layer may include micro-pillars, nano-pillars, cavities, slots, grooves, gratings, porous
structures, or multiscale texture. Representative dimensions include pillars of about 200 nm to 500 nm
height, diameters of about 50 nm to 150 nm, pitches of about 150 nm to 300 nm, and nanoscale cavities

or gaps of about 10 nm to 30 nm.

Millimeter-scale active widths combined with nanometer-scale gaps are experimentally aggressive. The
first build should therefore use a differential or modular test structure that can separate gap-dependent

field forces from ordinary electrostatic attraction, mechanical drift, and environmental coupling.

8. Measurement and Control Architecture

The experimental platform should include:

* a precision microbalance, torsion balance, optical lever, interferometer, or calibrated load cell;
* optical or RF power/telemetry with measured tether or suspension force;

¢ displacement and gap sensing;

¢ thermal, humidity, charge, and vacuum/environment sensing;

* vibration, acoustic, magnetic, and RF pickup monitoring;

* actuator drive control with phase, amplitude, frequency, and duty-cycle logging;

* |ock-in or synchronous detection where appropriate;

» data acquisition, system identification, and uncertainty propagation.

The controller estimates:

F_z,meas =m g - W_ind

Y_Q,meas = F_z,meas / [C_edge L_tot sin(6_c) G(r, A_G)]

If a pressure scale is available, the controller estimates:

& =vy_Q,meas / (P_scale w)
This estimate is valid only for an operating state with an identified external load path or momentum-
exchange path. The controller should classify operating states as valid external-load-path states,
calibration states, artifact-dominated states, or internal-force-only states. Internal-force-only states

should not be interpreted as externally useful load-path response of the device.

9. Experimental Validation Protocol

The validation program should begin with a test matrix rather than a performance claim. At minimum,

the experiment should include:

* no-device baseline;
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* dummy device with equivalent mass, wiring, thermal load, and tether geometry;

» flat passive control surface;

* passive hierarchical surface;

* active surface with modulation disabled;

* active surface with randomized frequency, amplitude, phase, gap, and temperature sweeps;

* reversed-orientation and exchanged-reference tests;

* RF-off, phase-scrambled, thermal-equivalent, humidity-controlled, and charge-neutralized
controls;

* blind or randomized actuation states when practical;

¢ calibration injections using known electrostatic, piezoelectric, radiation-pressure, or mass-loading
signals.

Primary success criteria:

* repeatable microforce or load-path signal above instrument noise;
* predictable scaling with gap, active area, modulation state, number of interface elements, or
calibrated external boundary condition;
* stable fitted &, 6_c, A\_G, S_a, or transfer-function parameters across repeated trials;
¢ artifact subtraction showing that the signal is not dominated by ordinary electrostatic attraction,
patch potentials, thermal drift, vibration, acoustic coupling, RF pickup, charging, humidity, or
tether force;
* reversal and null tests consistent with the sign, symmetry, and geometry of the proposed load
path.
A practical target is a repeatable microforce signal corresponding to 0.5% to 2% of the static load of a 1
mg to 5 mg proof mass. This corresponds to approximately 50 nN to 1 uN, or to an equivalent response

matched to the instrument sensitivity.

10. Uncertainty Budget and Go/No-Go Criteria

A useful experiment should report the full measurement chain: instrument noise floor, drift, calibration
uncertainty, environmental coupling, actuation crosstalk, thermal loading, electrostatic patch estimates,
residual charge, tether force, alignment tolerance, gap uncertainty, and data-selection rules. The

uncertainty budget should be established before interpreting € as a physical coupling diagnostic.

The go/no-go interpretation is intentionally conservative. If € is consistent with zero within uncertainty,
the device has not demonstrated external microforce coupling. If a nonzero € is observed but fails
reversal, scaling, or artifact controls, it should be classified as artifact-dominated. Only a nonzero, stable,
geometry-consistent, independently calibrated, and artifact-resistant signal should be treated as

evidence for useful external load-path microforce control.
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11. Safety and Dynamic Limits

For sinusoidal membrane motion, peak membrane speed and acceleration are:

v_mem,max = 2Tif A

a_mem,max = (211f)2 A
At GHz frequencies, nanometer amplitudes can imply membrane speeds from tens to thousands of
meters per second and accelerations far beyond ordinary mechanical loading. For example, f = 1 GHz
and A = 1 nm gives a_mem,max = 4 x 10" m/s?. The experiment should therefore bound membrane
speed, acceleration, heating, pull-in, fatigue, resonance loss, dielectric breakdown, charging, and

stiction. A claimed force signal is not meaningful if it requires unstable or destructive operation.

12. Scope and Limitations

This framework is limited to calibrated, externally instrumented microforce experiments. Its claims are
restricted to definitions, proposed architectures, measurement procedures, and validation criteria.
Candidate field-mediated interactions are treated as force scales to be measured under specified

boundary conditions, not as assumed externally useful force sources.

The interpretation of any signal depends on the experimental load path. A measured response should be
reported as a fixture- or boundary-conditioned load-path force unless the measurement chain
establishes a more specific mechanism. This conservative framing is part of the metrology protocol

rather than a separate physical claim.

The unknowns are central:

* the net external coupling factor € under explicitly stated boundary conditions;
* the stability of € across operating conditions;

* artifact rejection at micro- and nano-newton scales;

* fabrication repeatability of 10 nm to 100 nm gaps;

* pull-in, stiction, contamination, humidity, patch potentials, and thermal drift;
* energy efficiency relative to existing microforce technologies.

13. Applications If Validated

If repeatable interface-force control is demonstrated, near-term applications may include:

¢ ultra-low-force calibration instruments;

* active micro-support surfaces;
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* programmable force-distribution surfaces;
* MEMS/NEMS stiction and pull-in studies;
* precision photonics or semiconductor alignment fixtures;
* optomechanics and metamaterials research hardware;
* micro-robotic stabilization interfaces.
Applications should remain tied to measured microdevice performance until scaling laws, efficiency,

fabrication repeatability, and artifact rejection are demonstrated experimentally.

14. Conclusion

We presented an experimental framework for programmable microforce interfaces. The value of the
framework is not a claim of new physics, but a clean way to ask a falsifiable engineering question: can a
structured active interface generate, transmit, and calibrate microforces as an effective force per length,
and can any part of a field-mediated force scale be coupled into an externally measured load-path
response through an identified momentum-exchange path without violating conservation of

momentum?

The answer depends on measurement. The framework defines the quantities, architecture, controls,

uncertainty budget, and go/no-go criteria required to find out.
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