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Abstract

Magnetic milli-spinner design spans a large coupled geometry space, yet manual CAD
construction, mesh preparation and repeated fluid simulations make exploration labour-
intensive. Here we develop an Agentic AI workflow connecting literature-derived constraints,
parametric geometry, computational fluid dynamics and persistent research memory. Three
Missions progressively reconstruct a published benchmark, optimize within its parameter
family and explore new spinner-ring geometries. Matched screening calculations identify a
within-family design with improved equilibrium speed at both 100 and 160 Hz. Expanded
exploration discovers asymmetric and threefold-symmetric speed leaders. The speed-leading
ring-nose design reaches 20.04 and 36.63 cm s~!, exceeding the reconstructed published
reference by 10.3% and 12.1% while also increasing its internal pressure contrast. Spatial flow
diagnostics identify a distinct interaction-potential-leading design. These findings demonstrate
physics-guided agentic structural discovery and identify improved computational designs with
distinct propulsion and internal-flow advantages.

Computational device design spans a large coupled space of shapes and operating conditions.
For fluid-driven devices, each proposed geometry must be converted into a valid CAD model,
discretized into a usable mesh and evaluated through repeated flow calculations. Manual
construction, mesh correction and simulation setup make this process time-consuming and
labour-intensive. Computational inverse design and data-driven fluid mechanics offer powerful
ways to explore such spaces [1, 2]. Yet selecting another parameter vector is only part of the
work: a change in geometry can alter numerical feasibility, the physical interpretation of a
comparison and the next useful experiment. Connecting these activities is therefore central to
turning simulation capacity into useful design exploration.

Miniature medical robots illustrate the importance of this connection. Their potential
roles span delivery, sensing and intervention [3], while locomotion depends on how geometry
and actuation interact with the surrounding medium [4]. Magnetic surface microrollers have
demonstrated navigation against blood flow [5]; magnetic manipulation also enables telerobotic
navigation of guidewires through tortuous vasculature [6]. These distinct platforms emphasize
the need to match a design to its operating environment rather than compare speeds across unlike
devices. Advances in three-dimensional printing broaden the geometries that can be fabricated
[7], increasing the value of computational methods that identify which designs warrant further
evaluation.

Magnetically actuated milli-spinners provide a demanding design problem in which these
issues converge. A hollow body, helical fins and a magnetic ring jointly influence propulsion
and local flow. The platform has demonstrated preclinical thrombectomy and endovascular
navigation capabilities [8, 9]. A subsequent study combined CFD and experiments to investigate
fin number, through-hole radius, helical angle and slit width [10]. Its final configuration provides
a concrete physical benchmark: three fins, a through-hole ratio of 1.25, a helical angle of 60° and
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a normalized slit width of 0.75. These measurements and geometric constraints support both
reconstruction and the search for improved designs.

The variables are coupled. Increasing through-hole radius shortens the fins under a fixed
spinner radius; it also changes normalized slit width when absolute slit width is held constant.
The ring contributes its own hydrodynamic load, so stronger spinner thrust need not imply faster
motion of the complete assembly. Propulsion and internal suction are also different objectives. In
the benchmark study, equilibrium propulsion speed measures the opposing flow that the device
can balance, whereas the internal pressure contrast characterizes a local low-pressure response.
An informative search must therefore connect shape changes to force balance and field structure
rather than rank designs by an isolated geometric feature.

Derivative-free and Bayesian optimization offer established approaches to expensive simulation-
based design [11, 12]. Bayesian reaction optimization illustrates how scientific evaluations can
be selected from a much larger set of possible conditions [13], and deep active optimization
combines learned surrogates with adaptive exploration [14]. These methods guide the selection of
evaluations, but a complete geometry-to-CFD research cycle also requires source interpretation,
model construction, numerical recovery and comparable evidence. Here the design problem
includes deciding which representation to expand and which matched comparison will distinguish
competing explanations, as well as selecting points in a fixed parameter space. The search
procedure must connect numerical outcomes to a physical question that can change as the design
evolves.

Al increasingly supports not only prediction but also the organization of scientific discovery
[15]. Earlier robot scientists connected hypothesis generation to automated testing [16], and mobile
robotic laboratories coupled experimental execution to iterative selection [17]. These examples
establish a broader research direction: computational decisions can be linked to executable
experiments and their feedback. For simulation-based design, the analogous opportunity is to
connect the choice of a physical modification to the sequence of modelling operations needed to
evaluate it.

Agentic Al provides a computational interface for this purpose. Language-model agents can
interleave external actions with reasoning and retain feedback across attempts [18, 19]. Coscientist
and ChemCrow connect language models to specialist tools and experimental execution [20, 21],
while SciToolAgent addresses the integration of multiple scientific tools [22]. Scientific-agent
systems have also connected literature, hypotheses and experimental analysis [23-25]. The
relevant capability is not language generation alone, but the use of external computational results
to guide a sequence of research actions.

Physics-based enzyme engineering provides a recent example of translating design intent
into executable modelling [26]. In CFD, ChatCFD and Foam-Agent address case preparation,
execution and recovery [27, 28]. These developments motivate extending executable simulation
assistance into an iterative physical-design programme. Such a programme must carry geometric
identity, operating conditions and performance definitions across successive calculations, so that
each qualified result informs the next geometry or matched comparison. It must also distinguish
an improvement within an established parameterization from a new mechanism made accessible
by changing the geometry representation.

Here we develop an Agentic Al workflow that links literature-derived constraints, feature-
level CAD, mesh preparation, accepted CFD and persistent research memory. We organize
the design programme into three progressively broader Missions: reconstructing the published
benchmark, optimizing jointly within its parameter family and exploring additional spinner—
ring geometries. The retained figures label these projects Aims 1-3. A common screening
model enables matched comparisons at 100 and 160 Hz. The within-family search identifies a
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Figure 1: Agentic AI workflow for milli-spinner design. a, Device geometry, equilibrium
propulsion and internal pressure response. The flow field is a representative CFD calculation.
b, Literature-grounded constraints connect CAD, mesh qualification, CFD, accepted-result
assessment and next-action selection. Research memory retains decisions and failures. c,
Representative structures from the benchmark, within-family search and expanded geometry
search. Labels Aim 1-3 identify the three design Missions.

dual-frequency speed-improving design and conditional geometric interactions. The expanded
search discovers asymmetric and threefold-symmetric speed leaders, including a ring-nose design
that improves both speed and internal pressure contrast relative to the reconstructed published
reference. Spatial diagnostics further distinguish a speed-leading design from an interaction-
potential-leading design. Together, these results demonstrate how Agentic Al can connect
benchmark reconstruction to interpretable structural discovery within one computational design
workflow.

Results

An agentic loop connects literature, geometry and physical computation

The workflow connects literature inspection, parametric CAD, mesh generation, CFD and
result interpretation (Figs. 1 and 2). Each comparison specifies design variables, fixed physical
conditions and a reference geometry. Numerical tools assess model validity and extract loads and
fields; qualified results inform the next design comparison. Persistent research memory supports
neighbourhood tests, matched controls, operating-condition comparisons and selected resolution
checks. Numerical feasibility is evaluated separately from hydrodynamic performance.

The source reconstruction contains 227 structured configuration-result records, 1,748 normal-
ized result records, 50 parametric models and 67 formal CAD views. Reported, digitized, derived
and unreported quantities are distinguished. The authors’ native CAD was unavailable; missing
geometric details remain declared reconstruction choices. Two representative reconstructions
achieved view-specific silhouette intersection-over-union values of 0.966,/0.901 and 0.946,/0.907,
exceeding the 0.90 criterion in all four views (Supplementary Fig. S1). Solid, dimensional and
topology checks complement the projection scores; silhouette agreement alone does not identify a
unique three-dimensional geometry.
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Figure 2: Agent architecture and decision cycle. The outer loop connects project state,
research memory, a foundation-model agent, tools and computing resources. CAD models
and flow fields illustrate tool outputs. The inner loop links state observation, evidence gaps,
hypotheses and permitted actions. Numerical admission and evidence use are determined by
executable checks.

Mission 1 reconstructs the published benchmark and its principal trends

All 59 benchmark anchors have at least one accepted MO fixed-speed sample (Fig. 3a). The
set comprises 33 fin-ratio, five helix-angle, five slit-width, nine frequency, two viscosity and five
no-ring conditions. Eleven configurations required local mesh correction under unchanged quality
limits. Fixed-speed coverage is distinguished from equilibrium-root coverage.

Across eight assessed trend families, four show full qualitative agreement, three show partial
agreement with incomplete equilibrium coverage and one remains discrepant (Supplementary
Table S7). Two-fin ratio, frequency and viscosity responses recover the reported trend directions.
Four-fin, helix-angle and slit-width comparisons retain peak structure in the evaluated regions.
The three-fin ratio comparison does not recover the published interior maximum near 1.25-1.5.
At 100 Hz, nine accepted near-root points and two visibly distinguished accepted-endpoint secants
span the 11 ratios; a shallow maximum near 0.75 precedes the overall decline. At 160 Hz, 10/11
ratios have accepted near-root values, decreasing over 0.75-4.0; ratio 0.5 has accepted evidence
but no root.

Fixed-speed force profiles at additional frequencies show maxima that shift with frequency,
but they are not equilibrium-speed curves (Fig. 3e). They provide complementary diagnostics of
force generation. Two pressure profiles at the published speed and representative flow topology
provide separate checks, not quantitative root-level field validation.

The discrepancy is sensitive to both assembly construction and discretization. Complete-
annular connection tests changed force cancellation at ratios 1.0 and 1.25, but did not restore
the interior peak. At ratio 1.25 and 160 Hz, increasing mesh fidelity at a common speed changed
assembly force from 2.10 to 42.00 pN. Six matched-resolution pairs gave M0 equilibrium estimates
12.0-16.8% below their M1 counterparts. These observations establish sensitivity, not a correction
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Figure 3: Published benchmark comparison and screening limits. a, Accepted fixed-
speed samples at all 59 anchors. b—d, Fin-ratio comparisons at 100 Hz. Panel d contains nine
accepted near-root values and two accepted-endpoint secants. e, Fixed-speed force diagnostics;
the ratio-3 point at 140 Hz is omitted because it did not satisfy numerical convergence criteria.
f, Three-fin 160-Hz comparison with 10/11 near-root values and an accepted no-root condition
at ratio 0.5. g—j, Helix, slit, frequency and viscosity comparisons. k,l, Pressure profiles at the
paper speed and representative near-root topology. Grey curves and open grey circles denote
published CFD; black squares denote published experiments; blue filled circles denote near-root
screening values; diamonds denote diagnostic secants; open blue circles denote accepted evidence
without a root; crosses denote rejected or excluded records; triangles denote unevaluated or
context conditions. Published, reconstructed and interpolated evidence remain distinct. The
higher-resolution root is reported separately in Supplementary Section H.

factor or a resolved cause. A 9.20-million-cell no-layer calculation of the final published geometry
at 100 Hz yielded an accepted root of 23.8194 cm s~!, still 10.68% below the digitized published
CFD target of 26.6667 cm s~! (Supplementary Section H). This result is kept separate from the
MO rankings.



Mission 2 identifies a dual-frequency within-family speed winner

The initial 100-Hz joint screen combines five fin angles and five radius ratios. Mesh correction
produced 25/25 mesh-admissible cells and 24/25 accepted MO equilibrium estimates (Fig. 4a).
The remaining cell at & = 50° and ratio 1.50 contains accepted fixed-speed samples without a
root. The grid fixes N = 3 and absolute total slit width at 1.83 mm, so normalized slit width
changes with radius. Its response surface therefore compares coupled geometries rather than
isolating angle and radius effects.

Later normalized-slit studies evaluated matched cases at 100 and 160 Hz. At normalized slit
width 0.75, raising angle from 65° to 67.5° reduced common-speed force at 100 Hz but increased
it at 160 Hz. Complete angle-by-slit 2 x 2 comparisons at both frequencies, and a radius-by-slit
comparison at 100 Hz, support conditional rather than additive effects. Common-speed force
tests and independently accepted equilibrium estimates are kept separate.

Design R (o = 65°, ratio 1.00, normalized slit width 0.625) reaches 18.66 and 33.40 cm s~ 1,
compared with 18.17 and 32.68 cm s~ for the reconstructed final published design. The gains
are approximately 2.7% and 2.2%, identifying a dual-frequency speed-improving within-family
design in the common screening model. Its internal pressure contrasts are 58.5 and 141.7 Pa:
larger than the published-reference reconstruction at 100 Hz and slightly smaller at 160 Hz.
Speed improvement does not imply improvement in every pressure metric.

R leads the displayed normalized-slit cohort at 100 Hz, whereas Y10 reaches 33.43 cm s~! at
160 Hz, only 0.085% above R. Together, these results identify a dual-frequency improvement
relative to the published-reference reconstruction and a leading design region. A matched 62.5°
comparison maintained speed while lowering internal pressure contrast by 8.05%; this change
concerns the local pressure response rather than hydraulic loss. Candidate values, representative-
root selection and matched interactions are detailed in Supplementary Section D.

Mission 3 discovers asymmetric and symmetric designs with higher speed

The out-of-family search releases slit allocation, taper, sweep and ring-shape variables while
retaining declared comparison physics. The paired comparison evaluates six expanded designs
and three reference structures at both frequencies.

The asymmetric ring-nose c15 design reaches 20.04 and 36.63 cm s™!, the largest speeds
in this paired comparison. Relative to the MO reconstruction of the final published geometry,
the gains are 10.3% and 12.1%. Its internal pressure contrast also rises from approximately
44.4/143.6 to 51.9/170.3 Pa. It therefore improves both speed and this localized pressure proxy
relative to that reference at the two tested frequencies, although it does not dominate every
candidate and reference on every quantity. Ring-nose c10 has nearly the same speed and slightly
greater internal pressure contrast.

The ring-nose c15 spinner allocates slit sectors as 108°/81°/81° and combines a —15% fin
taper, +15% bore taper and +7.5° forward sweep with its ring-nose modification. It is therefore
not the same geometry as the negative-bore, counter-swept composite below. The explicit feature
representation allows the expanded search to alter local passage shape and ring treatment instead
of only fin angle or radius. Dimensions and feature conventions are retained in Supplementary
Section A.

A second asymmetric composite combines nonuniform slit sectors, negative fin and bore taper,
a —3.75° counter-sweep and a volume-matched dual-chamfer ring. It reaches 19.95/36.22 cm s~ 1,
exceeding the reconstructed published design, the benchmark reference and R at both frequencies.
Its lower centreline pressure contrast does not imply weaker spatial interaction potentials, as
shown below. Because multiple features change together, the composite’s gain is not assigned
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Figure 4: Within-family search and paired-frequency responses. a, Repaired joint screen
with 25/25 admissible meshes and 24/25 accepted equilibrium estimates. b, Accepted M0 speed
and internal pressure contrast at 100 and 160 Hz. R is the selected within-family speed-improving
design; Y10 is marginally faster at 160 Hz. Fixed-total-slit and normalized-slit cohorts are
distinct. ¢, Matched M2-17 and Y10 CAD at ratio 1.10 and normalized slit width 0.75. d,e,
Velocity fields and centreline pressure profiles for the 100-Hz 65° reference and 62.5° comparison.
A decrease in internal pressure contrast is not a demonstrated hydraulic-loss benefit. Rankings
are limited to the declared same-method screening cohort.

causally to one feature.

A symmetry-constrained branch retains the M2-17 spinner and changes the coaxial ring while
conserving ring volume and contact position. OD1.875 reaches 19.78/35.51 cm s~ !, the largest
tested C3-symmetric speeds. The nearby OD1.88 design has a larger pressure contrast with a
small speed penalty. The ring-only intervention provides a more localized design comparison
than the asymmetric composite, with geometric symmetry imposed as an engineering constraint
(Fig. 5).

Spatial diagnostics distinguish pressure extrema from interaction potentials

Postprocessing retained accepted fields produces three SO estimates at a common 0.25-mm virtual
gap: signed pressure-holding potential, excess inward flow and excess inward momentum. The
calculation revolves a single diametral slice; it is not full-three-dimensional surface integration,
particularly important for asymmetric designs. Subtracting the wall speed defines a background-
relative flow descriptor rather than an isolated causal estimate of rotation.

The counter-sweep design leads all three estimates in the nine-structure paired comparison.
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Figure 5: Expanded designs and distinct hydrodynamic advantages. a, CAD comparison
of the reconstructed published geometry, R, two C3-symmetric candidates and two asymmetric
candidates. b,c, Accepted MO equilibrium flow fields at 100 and 160 Hz with shared display
settings within each frequency. d,e, Equilibrium speed and centreline internal pressure contrast.
Larger contrast indicates a stronger localized low-pressure proxy, not greater conventional
hydraulic loss. f—h, SO slice-derived estimates of pressure-holding potential, excess inward flow
and momentum at a 0.25-mm virtual gap. These are open-flow diagnostics, not full-three-
dimensional integrals or clot-present forces. Connecting segments identify paired observations
and are not continuous-frequency fits.

Relative to the reconstructed final published design, pressure-holding potential increases by
approximately 50% at both frequencies, excess inward flow by 43-66% and inward momentum
by 139-212%. Conversely, the slit90-taper—40-sweep—7.5 candidate has the largest centreline
internal pressure contrast but smaller spatial interaction estimates. A single pressure minimum
therefore does not determine the ranking of these slice-derived descriptors. The symmetric
ring redesign primarily improves speed while its interaction estimates remain close to the
published-reference reconstruction.

These comparisons motivate separate reporting of propulsion, localized pressure contrast and
spatial interaction potentials rather than an arbitrary weighted score. Ring-nose c15 favours



speed, the counter-sweep design favours the SO interaction estimates and the C3 branch preserves
symmetry. Their performance differences support interpretable design alternatives within the
screening model.

Discussion

This study connects benchmark reconstruction, within-family optimization and out-of-family
structural discovery through an Agentic AI workflow. The three Missions build on one another:
literature-grounded reconstruction defines a common physical comparison, joint parameter studies
identify interactions and improved designs, and an expanded geometry representation exposes
additional design opportunities. The resulting discoveries are concrete. Mission 2 identifies a
design with higher accepted equilibrium speed at both 100 and 160 Hz than the reconstructed
published reference. Mission 3 increases this advantage through asymmetric and C3-symmetric
structures, demonstrating that useful improvements extend beyond the original parameter family.

The expanded designs also reveal different routes to improvement. Ring-nose c15 gives the
highest paired speeds in the reported cohort and increases internal pressure contrast at both
frequencies relative to the reconstructed published design. The counter-sweep composite exceeds
the three declared speed references while leading the spatial interaction estimates. The C3
ring redesign provides a symmetry-preserving route that also exceeds the within-family speed
reference. These findings support alternative design choices rather than requiring one geometry to
maximize every observable. Multiobjective autonomous experimentation similarly distinguishes
improvements in individual properties from the trade-offs among them [29]. A velocity winner
relative to named references is a meaningful result even when another candidate is nearly tied or
leads a different pressure descriptor.

The physical distinction between a pressure extremum and a spatially distributed response is
particularly useful. The internal centreline contrast describes a localized pressure deficit, not
conventional vessel loss. The counter-sweep composite has a smaller centreline contrast yet larger
slice-derived pressure-holding, inward-flow and momentum estimates. Conversely, the largest
internal contrast does not identify the largest spatial interaction estimates. Thus, the expanded
search provides more than a speed ranking: it identifies how propulsion, local suction proxies
and symmetry constraints can favour different geometries.

The computational contribution is an executable connection across the design cycle. Rather
than treating CAD, CFD and interpretation as disconnected tasks, the agent uses retained
results to move between parameter neighbourhoods, matched controls and new geometry features.
Numerical feedback also distinguishes an unusable mesh from a poor-performing structure,
allowing mesh correction without altering the physical question. This connects the broader
direction of scientific agents [23, 26] to geometry-based discovery. Contemporary work on
turning papers into interactive agents further emphasizes the value of making methods and data
executable [30]. Here, the connection extends from reconstructing a published physical system to
testing modifications beyond its original design family.

Several limitations define the next stage of this work. First, broad benchmark coverage does
not yet provide a fully calibrated reproduction of the published CFD. The three-fin interior
peak remains discrepant, and the 9.20-million-cell calculation gives a final-reference speed of
23.8194 cm s~ ! at 100 Hz, still 10.68% below the digitized published target. The authors’
native CAD and complete numerical settings were unavailable, so discretization sensitivity
and reconstruction choices remain coupled. Mesh refinement reduces the speed gap but has
not established mesh independence or isolated the cause of the peak mismatch. Convergence
tolerances and force-tail variability do not replace discretization-error estimates [31].



The immediate numerical priority is a compact three-anchor validation: the final published
geometry at 100 and 160 Hz, and a neighbouring published geometry at 100 Hz held out from
settings selection. Only the first has a converged finer-mesh equilibrium result; the frequency-
transfer and neighbouring-geometry tests remain incomplete, and the first result still falls short
of paper alignment. After these tests establish a transferable method, the settings should be fixed
and applied to the five shortlisted designs using identical comparison conditions. This sequence
separates inexpensive screening from final confirmation, consistent with the cost—information
distinction in multifidelity research [32, 33]. It does not require repeating the entire benchmark
survey. Until this comparison is completed, candidate gains remain same-method MO findings
rather than higher-fidelity or experimental superiority. Near-tied within-family designs also
preclude a unique global ordering without negating their improvement over the named reference.

Second, physical validation must connect constrained-axis hydrodynamics to device behaviour.
The two tested frequencies address the published operating conditions, not a continuous frequency
band. Fixed-axis MRF calculations cannot resolve lateral motion or precession and do not
establish free-motion stability, even for a symmetric geometry. Matched ring volume does
not prove identical magnetic torque or attainable rotation frequency. Fabrication tolerance,
minimum printable features and material response require joint consideration with actuation [34].
Similarly, the slice-derived SO quantities are open-flow interaction proxies, not measurements
of clot adhesion, capture or debulking. Three-dimensional field integration and subsequent
clot-present calculations or benchtop tests are needed to establish whether those proxies translate
into functional advantages. These investigations extend the reported hydrodynamic comparisons
to manufacturing, motion and clot interaction.

Third, efficiency and transferability need independent evaluation. Uncertainty-calibrated
language-model optimizers illustrate a complementary route to candidate selection [35], but
no matched-budget comparison with such methods, derivative-free search or surrogate-guided
optimization has been performed here [11, 14]. Nor has the contribution of the foundation model
or individual reasoning/search components been isolated. A controlled evaluation should include
geometry construction, numerical recovery, unsuccessful evaluations and human effort, as well
as completed CFD samples. The supplementary neural-operator/PINO pilot likewise needs
independent, physical-geometry-held-out testing with separation of related simulation states
before supporting candidate selection. It remains separate from the discovery provenance of the
reported designs.

These outstanding tasks concern quantitative calibration, physical realization and measured
computational efficiency. They do not change the demonstrated same-method improvements: a
dual-frequency within-family design, asymmetric and symmetry-preserving speed leaders, and
distinct internal-flow advantages. Overall, the three-Mission programme demonstrates physics-
guided agentic design discovery and identifies concrete structures for targeted numerical and
experimental validation.

Methods

Literature reconstruction and parametric geometry

The benchmark is Lu et al. and its Supplementary Information [10]. Reported values, raster-
digitized values and quantities derived from published dimensions are distinguished. Native
CAD and complete numerical settings were unavailable; unspecified reconstruction choices are
described in Supplementary Section A. The spinner outer radius is 1.25 mm, body length 2.15 mm

10



and intervening wall thickness 0.12 mm. With r = Ry, /Lgy,
Riy +0.12 mm + Lg, = 1.25 mm. (1)

Normalized total slit width is wy/S = N6y /(27), where Oy is one slit’s angular width. The
final published configuration is N = 3, r = 1.25, & = 60° and wr/S = 0.75.

CAD construction uses CadQuery 2.8.0 and OCP 7.9.3.1.1. Checks assess solid validity,
dimensions, surface closure, orientation and intersections with the fluid domain. For projection
validation, published silhouettes are selected before scoring and registration excludes non-rigid

1

deformation. Equivalent geometries are reconciled, and wall speeds within 10~7 m s~! are treated

as duplicates.

Agentic design cycle

The agent connects literature inspection, parametric CAD, mesh generation, CFD and anal-
ysis through executable tools. Its inputs comprise design variables, fixed physical conditions,
comparison references and previously evaluated results. Available actions include parameter-
neighbourhood comparisons, matched controls, additional operating conditions and changes
to the geometry representation. CAD tools return geometric validity and mesh tools return
discretization quality; CFD supplies loads, pressure and velocity fields. Qualified outcomes inform
subsequent design choices, while unsuccessful calculations are distinguished from low-performing
geometries.

Persistent research memory links design choices to physical conditions and numerical out-
comes. Independent designs can be evaluated concurrently; each force-balance chain is updated
sequentially using qualified samples. Executable numerical tests, rather than language-model
predictions, determine which samples enter equilibrium searches and performance comparisons.
Reasoning/search labels in Fig. 2 describe conceptual actions rather than a distinct Monte Carlo
tree-search implementation.

Flow model and boundary conditions

OpenFOAM v2606 solves steady incompressible Newtonian laminar flow using a stationary
multiple reference frame (MRF) and SIMPLE pressure—velocity coupling [36, 37]. The common
saline-like condition uses density p = 1000 kg m~2, dynamic viscosity x = 0.001 Pa s and
kinematic viscosity ¥ = 107% m? s~!. Other benchmark viscosities are specified for their
respective comparison conditions.

The tube has inner diameter 3.5 mm and length 300 mm, with zero gauge pressure at both
axial ends. The no-slip tube wall has a prescribed axial velocity; spinner and attached ring are
rotating no-slip surfaces. Rotation is about the device axis at w = 27 f. The MRF zone has
radius 1.40 mm and 0.25-mm axial clearance at both ends of the assembly; its exact extent is a
reconstruction choice.

MO uses bounded first-order convection, no prism layers and approximately 0.68 million cells,
with geometry-dependent counts. M1 is a finer no-layer mesh family. The selected 9,201,337-cell
calculation is analyzed separately. Mesh labels MO and M1 denote resolution, not the three

design Missions.

Numerical quality and convergence

Numerical verification and validation against physical observations address different questions
[38]. The mesh and solution criteria below qualify computational samples; comparisons with
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published CFD and experiments assess agreement with the reconstructed benchmark.

Mesh criteria include positive cell volumes, required patch and rotating-zone coverage,
maximum non-orthogonality < 65°, maximum skewness < 4, concave-cell fraction < 0.01, low-
determinant-cell fraction < 5 x 107> and zero low-weight or nonstandard edge faces. Local
corrections preserve CAD geometry and these limits.

A qualified solution requires finite output, velocity and pressure residuals < 10~%, normalized
mass imbalance < 1073, assembly-force closure and stable force histories. Force-tail and conser-
vation definitions are given in Supplementary Sections B and C. The initial screening calculations
use a H00-iteration startup and 250-iteration evaluation intervals, with 1500-2000 iterations;
pressure-damped comparisons use pressure relaxation 0.1 and a 4000-iteration maximum. These
numerical settings are distinguished by calculation cohort. Results failing the applicable quality
or convergence criteria are excluded from quantitative comparisons.

Equilibrium speed and internal pressure contrast

Hydrodynamic traction is integrated separately over spinner and ring surfaces. Their sum defines
the assembly force; tube and MRF-interface patches are excluded. The spinner and attached
ring form one rigid body, so assembly axial force determines equilibrium. A bracketed search
uses qualified opposite-sign samples, with secant prediction

Us — Uy

U*all - Ul - Flﬁ

w (2)
An MO equilibrium estimate requires a simulation at the estimated speed that satisfies the
numerical criteria and |F} assembly| < 5 pN. Then Usq = —Uyan. The selected finer-mesh result
uses a 1 ulN tolerance. Interpolated zeros without a qualified simulation at that speed are shown
separately and excluded from candidate rankings. When several qualified near-root results exist,
the representative is selected at the smallest absolute assembly force, with force-tail variation as
a tie-breaker.
Kinematic pressure is multiplied by density. Centreline internal pressure contrast is defined
as
Aping = p(zfront) - min p(Z). (3)

zE€device interior

It characterizes local low pressure rather than inlet—outlet energy loss. Directly measured and
interpolated pressure values remain distinguishable.

Design comparisons and spatial diagnostics

Candidate and reference comparisons match frequency, fluid, boundaries, mesh resolution and
observables. The initial within-family grid fixes absolute slit width; normalized-slit studies are
analyzed separately. Force-tail variation is a convergence diagnostic, not a confidence interval for
ranking near-tied designs.

S0 descriptors use a virtual disk of radius 1.25 mm at a 0.25-mm gap from the common front
envelope and upstream reference pressure at z = 3.80 mm. They are estimated by diametral
revolution of an x = 0 flow-field slice. With v;, = max[—(uy — Uyan), 0],

1; = [ (s~ )24, (4)

Qi= [ mad,  Ji=p [ ohaa (5)
A A
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The pressure integral is signed. These are background-relative open-flow estimates, not full-three-
dimensional integrals or forces on a real clot. A 0.50-mm plane provides distance context; a
0.10-mm plane intersects an asymmetric geometry and is excluded.

Geometry definitions, physical conditions and source calculations remain associated with
derived outputs to support traceable data reuse [39]. Software and computing environments
are specified in Supplementary Section F'; the exploratory neural-operator study is confined to
Supplementary Section G.
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Supplementary Information
Agentic Al for Optimization of Magnetic Robots

This Supplementary Information provides geometric definitions, numerical methods, detailed
benchmark and design comparisons, discretization sensitivity and an exploratory neural-operator
study. Aims 1-3 in the figures denote the three design Missions, whereas M0 and M1 denote mesh
resolutions. Directly evaluated equilibrium values and interpolated estimates are distinguished
throughout. All design rankings compare calculations at the same frequency, fluid properties
and mesh resolution.

A Geometry Definitions and Design Variables

The geometry used in this study is a parametric reconstruction of the published milli-spinner
because the authors’ native CAD was unavailable [10]. Reported dimensions and topology were
retained, and details absent from the article and Supplementary Information were specified as
reconstruction choices. All dimensions below are in millimetres unless stated otherwise.

Reference geometry and parameterization

The spinner has outer radius Roy = 1.25 and body length L1, = 2.15. A cylindrical through-hole
of radius Rj;, is separated from the fins by a wall of thickness t,, = 0.12. The reported radial
constraint is

Rin + tw + Lfin = Rout, (6)

so the ratio r = Riy/Lgyn uniquely determines both Ry, and Lg,. For example, r = 1.25 gives
Ry, = 0.627778 and Lg, = 0.502222.

The principal design variables are defined in table S1. The total slit width is evaluated on

the wall centreline, R. = Rin + tw/2, as
wT N6 N

=NR.O —_— = — 7

wr cVUN, I3 o ’ ( )

where 0y is the angular width of one slit in radians and S = 2w R.. In the reconstruction, fins

and slits share the same axial twist. The reported helical angle « is interpreted at the outer

radius through
Ly,
Rrefq> ’

with total twist ® in radians. The choice of R is a reconstruction convention because neither

Rref = Routa (8)

tan o =

the native helix equation nor the pitch was reported.

The common reconstructed dimensions are body diameter 2.50, body length 2.15, wall
thickness 0.12, fin thickness 0.25, slit axial length 1.75 and planar edge chamfer 0.05. The
attached ring has inner diameter 1.0, outer diameter 2.0 and axial length 1.0. For the published
optimized geometry (N,r, o, wr/S) = (3,1.25,60°,0.75), each slit spans 90°.

The two representative Aim 3 geometries are specified in table S2. Ring volume and contact
position are held fixed within each matched redesign.
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Supplementary Table S1: Geometric and operating variables used in the three aims.

Symbol

Definition

Published-family values

Role in this study

N

IUT/S

Iy

Number of helical fins

Rin/Lgin under
equation (6)

Fin helical angle

Normalized total slit
width

Rotation frequency

Dynamic viscosity and
density
Ring-magnet state

2,3 and 4

0.5-4.0

20°-80°

0.25-0.875

40 Hz to 200 Hz

Condition-specific

Present or absent in reported
series

Reconstructed in Aim 1;
jointly selectable in
Aim 2; not restricted to
2-4 in Aim 3.
Reported sweep in
Aim 1; jointly varied
with « in the Aim 2
grid.

Reported sweep in
Aim 1; 50°-70° in the
Aim 2 grid;
variable-pitch forms
permitted in Aim 3.
Reported sweep in
Aim 1; retained or
coupled to new slit
patterns in Aims 2

and 3.

Operating variable, not
a geometric degree of
freedom.

Fixed within each
matched comparison.
Held fixed within a
comparison; registered
assembly and ring
dimensions may vary
across Aim 3 designs.

Supplementary Table S2: Geometry of the two representative Aim 3 designs.

Design route

Spinner backbone

Released spinner variables Ring redesign

Performance-first

C3-symmetric

N =3, a=60° r=1.25;

Rin = 0.62778,
Lgn = 0.50222

M2-17 spinner: N = 3,

a = 65°, r =1.10,
wT/S = 0.75

Slit sectors 108°/81°/81°; fin
and bore taper —15%;
counter-sweep —3.75°
Spinner unchanged; exact
threefold symmetry retained

ID 1.00, OD 1.85, length
1.26784; volume matched; two
0.10 chamfers

ID 1.00, OD 1.875, length
1.19255; volume matched; fixed
contact position

Agentic CAD reconstruction and projection validation

Reported views, dimensions, topology and design variables were encoded as geometric constraints.
Using parametric modelling tools, the agent autonomously generated the corresponding parametric

three-dimensional CAD model and rendered the published views. Unreported features were

documented as reconstruction choices. Registration allowed rigid pose, orthographic or bounded

perspective projection, and at most +3% isotropic scaling. Anisotropic deformation, reflection

and non-rigid warping were excluded.

For each selected view, the paper silhouette was selected before CAD scoring as mask P and
compared with the CAD projection C' using

IoU(P,C)

_|PnC|
~|PuC|
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Each reconstruction had to pass solid, dimensional and topology checks and achieve IoU > 0.90 in
every selected view. This verifies consistency with the published silhouettes but cannot establish
a unique three-dimensional reconstruction.

a  Agentic Al workflow for CAD modelling

Paper evidence Agent reads constraints Agent autonomously Agent renders views Projection validation
— — —

_
N -rills- a - wr/S builds a 3D CAD model approximate paper views paper mask P vs CAD mask C
views - dimensions - variables crop + view approximation
loU > 0.90
Freeze paper mask P CADr i

before CAD scoring

b  Helix-angle reconstruction
N=3 - rifly=125 - a=60° - wy/S=0.4235
Paper evidence Matched CAD view Paper | CAD masks Agreement loU

Front

m /[/ " g g . 0.966
U'\ (: Q Q a 0.901

¢ Slit-width reconstruction
N=3 - ri/l,=125 - a=60° - wy/S=0.875
Paper evidence Matched CAD view Paper | CAD masks Agreement loU

Side;!‘\
E E E 2 0.946
P C
Sectiop \ﬁA'
" Q (: (3 Q 0.907
w “'/ P C

M overlap —— paper mask P - solid —-=-=- CAD mask C - dashed * axial-projection proxy for the published shaded section

Supplementary Figure S1: Agentic CAD modelling and multi-view projection valida-
tion. a, The agent converts reported views, dimensions and variables into a three-dimensional
parametric CAD model, renders the corresponding views and compares each CAD mask C with
a paper mask P fixed before scoring. Each selected view must satisfy IoU > 0.90. b, Helix-angle
reconstruction with (N,r;/Ly, a,wr/S) = (3,1.25,60°,0.4235); front and top IoUs are 0.966
and 0.901. c, Slit-width reconstruction with (N,r;/L¢, a,wr/S) = (3,1.25,60°,0.875); side and
Section A—A ToUs are 0.946 and 0.907. Teal denotes mask overlap, the coral solid contour denotes
P, and the blue dashed contour denotes C. The side view includes the ring; the Section A—A
comparison follows the ring-free published shaded section and uses an axial-projection proxy
in place of a physical plane cut. The top-view match uses a near-orthographic 1° perspective
fit at the registered search boundary. Paper evidence is reproduced from the article and Sup-
plementary Information [10]. All four views pass the criterion, showing consistency with the
reported structures. Residual differences may reflect source-image cropping and approximate
camera registration.

Coordinate and sign conventions

The device axis is +z. In the paper-registered frame, the rear face of the ring is z = 0, the ring
occupies 0 < z < 1.0, and the spinner body occupies 1.0 < z < 3.15. The solver frame centres
the complete assembly at the origin: the ring occupies —1.575 < z < —0.575 and the spinner
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body —0.575 < z < 1.575. Hence
Zpaper = Zsolver + 1.575 mm. (10)

The MRF axis is +z through (z,y) = (0,0). Positive force denotes the +z component of the
traction on the rigid wet assembly. The imposed tube-wall velocity is negative during counter-flow
calculations, and the reported equilibrium propulsion speed is Usq = —Uyan > 0. The internal
pressure contrast, Apiyt, is defined as the centreline pressure at the distal device front minus the
minimum centreline pressure inside the device. It differs from the difference between inlet and
outlet gauge pressures.

Design constraints and degrees of freedom

Supplementary Table S3: Design constraints and degrees of freedom for each aim.

Aim Controlled variables Released variables

1 Published vessel, spinner-body envelope, One reported geometry or operating
ring state, fluid and frequency for each variable at a time, following the published
anchor sweep.

2 Published parameterization, vessel, ring, Coupled combinations of N, r, a and slit
fluid and matched operating point geometry within the published family. The

preliminary grid samples a x r at N = 3,
fixed wr = 1.83 mm and 100 Hz; wr/S
co-varies with r.

3 Vessel geometry, spinner-body envelope and Interpretable features beyond the paper

actuation condition family, including fin taper and sweep,

variable pitch, nonuniform slits, hole taper,
registered assembly and ring dimensions,
chamfers, serration, concavity and staged

gaps.

Each generated spinner must form a valid single solid with a watertight, consistently oriented
surface. It must also satisfy the prescribed envelope and avoid intersections with the fluid domain.
These checks assess geometric and numerical admissibility.

Reconstruction boundary

The article does not provide a feature tree, native CAD, helix pitch, exact adhesive geometry,
the gap between the magnet and spinner, or the complete set of CFD boundary selections. The
reconstruction places the slit on the angular bisector between adjacent fins, uses the same twist
for fins and slits, treats the ring as coaxial and in zero-gap contact, and applies the 0.05 edge
chamfer in the two-dimensional fin profile without a second three-dimensional end-face chamfer.
These choices preserve the reported dimensions and topology and are recorded as reconstruction
settings.

B CFD Model and Boundary Conditions

Physical model

The screening model assumes steady, incompressible Newtonian flow with constant properties
and represents rotation using a stationary multiple reference frame (MRF). The paper reports
constant properties, stationary laminar flow and a frozen-rotor treatment but does not specify
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a constitutive equation [10]. In the stationary frame, the governing equations are written
schematically as

V-u=0, (11)
p(u-V)u=—Vp+uVu+ furr, (12)

where fyrr is restricted to the cylindrical rotating zone. This expression identifies the model
class; software-specific MRF interface terms follow the archived OpenFOAM case definition.

For the common 100 Hz saline condition, p = 1000 kg/m?, u = 0.001 Pas and w = 27f =
628.319rad/s. Other frequency and viscosity anchors use their recorded condition values. Each
comparison cohort uses one set of fluid properties.

Domain, boundaries and rotation

The reported computational vessel is a straight tube with inner diameter 3.5 mm and length
300 mm. Both axial ends are set to zero gauge pressure. The tube is no-slip with a prescribed
axial wall velocity during the force-balance search; the spinner and attached ring are no-slip
rotating surfaces. The rotation axis is the device longitudinal axis. The MRF cylinder used for
the preliminary evidence has radius 1.40 mm and 0.25 mm axial clearance at each end of the
assembly. Its exact extent is a protocol choice because the paper describes the rotating cylinder
only as slightly larger than the device.

The paper does not report the original element type, mesh size, boundary-layer count, rotating-
interface averaging, solver settings, discretization order, stabilization, convergence tolerances or
mesh-independence study. These settings are therefore specified for the present reconstruction.
It uses a bounded first-order convection scheme and SIMPLE coupling between pressure and
velocity for screening.

Force and pressure observables

Axial force is integrated from the hydrodynamic traction,
F—e.- / [~pI + i (Vu+ VuT)| nds, (13)
Swet

Forces on the spinner, ring and complete assembly are reported separately, and F. assembly =
F, spinner + F ring is verified numerically. The spinner and ring form one rigid body, so assembly
force defines the root. Tube patches and patches at the MRF interface are excluded. The authors’
exact COMSOL boundary IDs were unavailable, making this force selection a reconstruction
choice.

OpenFOAM'’s kinematic pressure is multiplied by the recorded density before reporting
pascals. With p(z) sampled on the tube centreline in the registered paper frame, the reported
internal pressure contrast is

Apint = p(zfront) - min p(Z). (14)

z€E€device interior

This quantity is a localized low-pressure proxy; it is not the conventional upstream-to-downstream
hydraulic loss of the vessel. Measured pressure at an accepted fixed point and pressure linearly
interpolated between accepted bracket endpoints are retained as different evidence types.
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Supplementary Table S4: Mesh tiers used in the preliminary study. Cell counts vary slightly
with geometry.

Tier Surface spacing Surface level Typical size Scientific role
MO 50 pm 1; no prism layers  Approximately 0.68 High-throughput
million cells trend screening,
accepted

common-speed
evidence and
provisional root

estimation.
M1 25 pm 2; same no-layer Approximately Selected resolution
family 1.55-1.64 million checks and tighter

cells equilibrium

calculations; not a
universal correction

for MO.

Fidelity roles

MO and M1 use identical geometry, fluid properties, boundary conditions and observable defini-
tions; they differ only in spatial discretization. Broad screening uses MO0, while six M1 equilibrium
calculations provide a matched resolution comparison.

Convergence assessment and equilibrium estimation

A screening solution must use a valid mesh, finite output and a continuous iteration sequence.
After a 500-iteration startup, numerical criteria are evaluated every 250 iterations, beginning at
iteration 1000. Initial MO calculations use 1500 iterations, with selected calculations extended
to 2000; M1 screening uses up to 2000 iterations. Pressure-damped comparisons use pressure
relaxation 0.1 and up to 4000 iterations. The selected finer-mesh test is described separately in
appendix H.

For each iteration, ry is the largest final initial residual among Uy, Uy, U, and 7}, is the initial
residual from the final pressure solve after the non-orthogonal corrections. Both final values
must be no larger than 10~* and, for each field, median(r,_49.,)/ median(r,_g9.n_50) < 1.05.
Normalized mass imbalance between the inlet and outlet must be no larger than 1073, Assembly-
force closure requires

’Fz,assembly - Fz,spinner - Fz,ring‘ < max<10_12 N, 10_8 mjaX ’de‘) . (15)
The force-stability statistic is §F = max (P, Pial | pfimal _ fREV)) where P denotes peak-to-
peak assembly force. It must satisfy

OF < max(2 x 1077 N, 0.02max(|Ffj],10"°N)) (16)

Detailed mesh and claim gates are summarized in appendix C.

An accepted MO screening equilibrium estimate requires a qualified fixed point satisfying
| F; assembly| < 5 X 1079 N, for which Ueq = —Upan and Apiy; is measured at that point. Points
satisfying |F assembly| < 1 X 1075 N are identified as a tighter subset, but the tighter threshold is
not the general MO acceptance rule. Accepted endpoints (Uy, F1) and (Us, F3) with F1Fy < 0
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Supplementary Table S5: Mesh-quality criteria used for the screening calculations.

Metric Limit Purpose

Maximum non-orthogonality < 65° Limits face-normal misalignment.

Maximum skewness <4.0 Limits cell-face skew.

Concave-cell fraction <0.01 Limits widespread concavity.

Low-determinant-cell fraction <5x107° Limits strongly distorted cells.

Low-weight faces 0 Excludes interpolation-weight
defects.

Nonstandard edge faces 0 Excludes invalid edge connectivity.

Topology and volumes valid Required patches, rotating-zone

coverage and positive volumes.

may define the diagnostic in-bracket secant prediction

U2 - Ul *

Ugan = U1 — hp—p  UVea= ~Uvan (17)

W
The corresponding Apjiyt is linearly interpolated and labelled derived. The prediction becomes
accepted MO equilibrium evidence only after a simulation at the predicted speed terminates
as an accepted fixed point within the 5 x 107N gate. A secant is rejected if either endpoint
is unaccepted, the force signs do not oppose, the root lies outside the bracket or the local
response is evidently non-monotonic. Mesh-QC, numerical and solver-rejected records never
enter equation (17) or a ranking.

C Numerical quality and comparison criteria

Calculation types

Fixed-speed simulations provide hydrodynamic loads and pressure fields at a prescribed opposing
flow. An equilibrium-speed estimate additionally requires a converged calculation with assembly
force within the specified tolerance. Interpolation between converged, opposite-sign force samples
can locate a candidate zero, but is distinguished from a directly evaluated equilibrium point.
Calculations with invalid meshes, non-finite outputs or inadequate convergence are excluded
from quantitative comparisons.

Literature values are distinguished as reported, digitized or derived. Digitized curves retain
the limitations of raster extraction and are not treated as original solver arrays.

Mesh quality

Geometry must form a valid solid with a watertight, consistently oriented surface. The mesh
must contain the required boundary patches and rotating zone, including the cells adjacent to
moving surfaces. All cells must have positive volume. The mesh-quality limits are listed in
table S5.

Local mesh corrections preserve CAD geometry and these numerical limits. Mesh quality
and hydrodynamic performance are evaluated separately.

Equilibrium and performance comparisons

An MO equilibrium estimate requires convergence and |F} assembly| < 5 X 1079N; the 1 x 107°N
subset uses a tighter force tolerance. Residual, mass-conservation and force-stability criteria are
specified in appendix B. Only converged force samples enter the bracketed root search.
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Supplementary Table S6: Evidence summary for the three aims.

Aim Analysis set Evidence partition Performance-bearing
subset
1 59 benchmark 59/59 configurations with qualified Three-fin screening Ueq:
anchors fixed-speed simulations 11/11 at 100 Hz (9

measured, 2 derived
secants) and 10/11
accepted fixed points at

160 Hz.
2 25-cell screen Strict-MO mesh coverage 25/25; accepted Preliminary
plus controlled MO Ueq 24/25; matched two-frequency and  within-family speed
refinements factorial comparisons completed winner, near-tied

dual-frequency
candidates and

conditional
geometry—pressure
responses.
3 Expanded Accepted MO roots at 100 and 160 Hz for ~ Functional leaders for
geometry the reported asymmetric and speed, local interaction
families C3-symmetric leaders and C3 symmetry; no

global, increased-fidelity
or experimental
optimum.

When several converged near-root calculations are available for the same geometry and
operating condition, the representative speed is selected at the smallest absolute assembly force,
with force-tail variation as a tie-breaker. An available speed range or bracket is considered where
it could affect ranking. Force-tail variation describes numerical convergence, not a complete
confidence interval for equilibrium speed.

Design comparisons match fluid properties, frequency, ring state, boundaries and mesh
resolution. Common-speed force comparisons are used to interpret hydrodynamic changes, not
substituted for equilibrium-speed rankings. Increased-resolution calculations are reported as
sensitivity checks and are not combined with screening values in one ranking.

Equilibrium speed is the primary propulsion objective. Internal pressure contrast is a
complementary local-suction proxy: a larger contrast denotes a stronger centreline pressure
deficit, not greater conventional vessel loss or demonstrated clot capture. Reference-relative
improvement at 100 and 160 Hz is distinguished from global optimality or continuous-band
performance.

D Screening cohorts and detailed results

This section reports benchmark trend coverage, within-family comparisons and the paired-
frequency performance of the expanded designs.

Simulation dataset and comparison sets

Figure S2 summarizes the numbers of geometries, CFD cases, solver executions and qualified
equilibrium estimates in the initial screening dataset. The detailed comparisons below include
subsequent targeted design studies.

An accepted common-speed calculation provides the force sign at that speed but does not
establish an equilibrium root. Measured near-root values and secants derived from accepted
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a Evidence-filtered campaign scale

Design space CFD campaign Retained evidence
unique geometries > solver runs > accepted Ueq points
156 que 9 mesh + QC _2’134 accepted only _144 P ap
_— _—
I
21,939 unique CFD input cases 2111 actual roots
136 solver-qualified
b Simulation effort by mission ¢ Accepted equilibrium evidence
2584 247
M1 ® M1 257
2692
2858 =239
M2 [ 2¢ M2 241
2899
2497 225
M3 [ ] <> M3 | —— 246
2543
T T T T T T
0 300 600 900 0 20 40 60
Count Count

@ unique CFD input case <> solver run I actual root accepted Ueq point

Supplementary Figure S2: Initial screening dataset. a, The dataset comprises 156 geometries,
at least 1,939 unique CFD cases and at least 2,134 solver executions. Of these geometries, 136
reached the solver and 20 did not meet presolver quality criteria. At least 144 points provided
equilibrium evidence, including at least 111 directly evaluated roots under the dataset definitions.
Repeated or restarted calculations increase solver executions but not unique-case counts. b, CFD
cases and solver executions by Mission. ¢, Qualified equilibrium evidence and directly evaluated
roots. Counts are lower bounds for the initial screening dataset, rather than the combined total
of all detailed design studies.

opposite-sign endpoints are displayed separately. Only numerically qualified simulations enter
interpolation or performance rankings.

Aim 1 benchmark results

The accepted MO screen showed full qualitative agreement for four of eight published trend families,
partial agreement for three with incomplete Ueq coverage, and one disagreement (table S7). All
eight published peak neighbourhoods contain accepted common-speed evidence. Exact common-
speed endpoint coverage is incomplete for three families, and the five without-ring anchors remain
discrete matched checks rather than a connected sweep.

Six matched-physics M1 equilibrium calculations can be paired with accepted MO estimates.
Across these cases, M0 estimates are 11.98-16.78% lower than M1 estimates, with a signed mean
difference of —14.33%. The cases cover only two radius-ratio families, so the mean describes only
the observed fidelity difference and is neither an uncertainty estimate nor a correction factor.

At 100 Hz, nine of the eleven three-fin values are accepted fixed points and two are in-bracket
secants derived from accepted endpoints. At 160 Hz, ten ratios have accepted fixed-point
equilibrium estimates and only ratio 0.5 remains unresolved. The 160-Hz curve decreases over
the accepted range. Fixed-speed profiles recover an interior force maximum at higher frequencies,
but do not replace the equilibrium comparison.
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Supplementary Table S7: Aim 1 family comparison. Coverage counts MO0 screening U, estimates

on each plotted comparison grid; measured and derived values remain distinct.

Family Coverage Published shape MO shape Assessment
2-fin radius ratio 11/11 monotonic decrease ~ monotonic decrease  agreement
4-fin radius ratio 9/11 unimodal peak unimodal peak partial
3-fin radius ratio, 100 11/11 interior peak shallow edge disagreement
Hz maximum, then

decrease
Helical angle 4/7 unimodal peak unimodal peak partial
Slit width 4/6 unimodal peak unimodal peak partial
Frequency, 7/9 monotonic increase monotonic increase agreement
@ =0.001Pas
Frequency, 8/9 monotonic increase monotonic increase agreement
u = 0.0035Pas
Viscosity at 160 Hz 4/6 monotonic decrease ~ monotonic decrease = agreement

Supplementary Table S8: Selected accepted-MO values from the normalized-slit Aim 2 two-
frequency study.

Geometry Uioo Uieo Apint,100 APint,160 Interpretation

Reference R: 65°, 1.00, 0.625 0.186560 0.333994 58.512 141.672 same-method reference

M2-17: 65°, 1.10, 0.75 0.184612 0.333487 45.167 136.258  representative
near-zero-force solution

Y10: 67.5°, 1.10, 0.75 0.184217 0.334276 48.631 127.113  frequency-dependent
speed response

M2-25: 67.5°, 1.10, 0.80 0.182781 0.333994 44.941 121.746 lower Ap;int with 100-Hz

speed loss

Aim 2 within-family screen

The joint grid combines helical angles 50°, 55°, 60°, 65° and 70° with radius ratios 1.00, 1.15,
1.25, 1.35 and 1.50. It fixes N = 3, total slit width wyr = 1.83mm and 100 Hz. With these
settings, wy /S decreases from 0.4660 to 0.3947 across the radius-ratio range. The grid therefore
compares complete geometries and cannot isolate the effects of a and r. Versioned mesh repairs
recovered all eight initially excluded cells under the original quality limits. The current grid
has 25/25 admissible meshes and 24/25 accepted M0 equilibrium estimates. The remaining 50°,
r = 1.50 cell has accepted fixed-speed evidence but no accepted equilibrium estimate.

The initial 62.5°, » = 1.00 refinement preserved 100-Hz speed within 0.0113% and lowered
Apint by 8.05% relative to its matched 65°, r = 1.00 reference. Later normalized-slit studies
introduced a separate reference and controlled angle, slit and radius comparisons. Selected
two-frequency values are given in table S8.

Speeds are in m/s, internal pressure contrasts are in Pa and all four rows are accepted
MO fixed points at both frequencies. Raising angle from 65° to 67.5° at normalized slit width
0.75 reverses the common-speed force response between 100 and 160 Hz. A separate 100-Hz
radius-by-slit branch produced a 0.374% speed gain together with a 1.679% increase in Apiys.
These conditional effects define separate speed and pressure-response rankings rather than one
universal within-family optimum.

Aim 3 beyond-family screen

The Aim 3 search examined nonuniform slit patterns, fin and hole taper, sweep, chamfers and
coupled spinner-ring variants. A consistent comparison of three reference structures and six
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dual-frequency-closed Aim 3 candidates is given in table S9.

Supplementary Table S9: Paired-frequency comparison of the reference and Aim 3 structures.
Arrows indicate the favourable direction; bold values are the largest in each metric at both

frequencies.

Uea T Aping T Hp 1 Q:1 JE 1

Structure Role; (cm s™1) (Pa) (uN) (uL s™1) (uN)

symmetry
100 Hz / 160 Hz

Reconstructed Lu et al. published 18.17 / 32.68 44.4 / 143.6 26.3 /60.4 120.7 / 135.5 5.51 / 7.68

Fig. 8 reference; C3

Aim 1 ratio-peak benchmark 12.81 / 24.26 36.7 / 131.9 179/ 36.8 97.6 / 83.6 3.75 / 3.65

benchmark reference; C3

Aim 2 preliminary paper-family 18.66 / 33.40 58.5 /141.7 29.7 /69.9 135.1 /155.3  7.07 / 10.06

within-family winner reference; C3

C3 OD1.88 Aim 3; strict 19.50 / 35.02 41.2 / 142.0 27.4 /639 121.8 /126.7 5.74 / 7.10
C3

C3 OD1.875 Aim 3; strict 19.78 / 35.51  40.0 / 133.8 27.0 / 62.7 122.6 / 133.0 5.81 / 7.79
C3

Counter-sweep dual-c10 Aim 3; 19.95 / 36.22  30.7 / 115.1 39.5 / 90.9 172.3 / 225.0 13.14 / 23.99
asymmetric

Ring-nose c15 Aim 3; 20.04 / 36.63 519 /1703 359 /854 1381 /1619 7.06 /10.47
asymmetric

Ring-nose c10 Aim 3; 19.98 / 36.56 52.1 /171.2 359 /853 137.0 /1580 6.97 / 10.04
asymmetric

Slit90—taper—40— Aim 3; 19.08 / 33.97 57.1 /176.3 17.8 /380  88.6/ 86.3 3.11 / 3.85

sweep—7.5 asymmetric

All Ugq and Apiy;, entries are derived from accepted MO equilibrium states. The remaining
quantities are consistently postprocessed SO estimates at a 0.25-mm virtual gap. Here Apiyt
denotes the centreline pressure contrast between the spinner-front reference and the internal
low-pressure region; a larger value is interpreted as a stronger localized-suction proxy, not as
a favourable increase in conventional hydraulic loss. The asymmetric counter-sweep design
combines slit sectors of 108°/81°/81°, negative fin and through-hole taper, a —3.75° counter-
sweep and an OD1.85 volume-matched dual-chamfer ring. It exceeded all three declared reference
categories in all six frequency-by-reference speed comparisons and produced the largest SO holding,
capture-flow and momentum-flux estimates in the nine-structure comparison (table S10).

Supplementary Table S10: Counter-sweep Aim 3 speed and internal-pressure-contrast changes
relative to the three declared reference categories.

Reference AUio0  Apint,io0  AUiso  Apint,160
Reconstructed Lu et al. Fig. 8 design +9.83% —-30.95% +10.83%  —19.85%
Aim 1 peak-region reference +55.79%  —16.33%  +49.30% —12.76%
Aim 2 within-family speed winner +6.96%  —47.55%  +8.45%  —18.77%

The negative Apiny changes in this table indicate a weaker centreline low-pressure contrast,
not reduced hydraulic loss. The same design nevertheless leads the independently postprocessed
Hp, Q7 and J; estimates, demonstrating that Ap;n; alone does not determine the local-interaction
ranking.

The C3-symmetric route retains the M2-17 spinner and changes only the ring from OD2.000
to OD1.875 while conserving ring volume and contact position. Relative to that exact parent,
speed increased by 7.12% and 6.47% at 100 and 160 Hz, while Ap;,; decreased by 10.75% and
1.83%. The nearby OD1.88 design also closed accepted roots at both frequencies and supports
the ring-diameter neighbourhood, but is slower than OD1.875 at 160 Hz. Paired-taper and
no-sweep controls provide additional context for the expanded geometry comparisons.
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Ring-nose c15 is the accepted-MO speed leader, while the counter-sweep design leads the
three SO interaction estimates. OD1.875 is the fastest tested C3-symmetric design, and OD1.88
trades a small speed reduction for a larger internal pressure contrast. No structure maximizes
every reported quantity.

E Discretization sensitivity and the three-fin response

This analysis compares matched mesh resolutions and examines the unresolved three-fin trend.
Local mesh corrections preserve the intended geometry and numerical quality limits; unsuitable
meshes are not interpreted as low-performing designs.

Matched-resolution comparison

MO is lower for all six conditions, although the magnitude varies and the sample is neither
broad nor randomly selected. The 14.33% mean cannot define a bias, error bar or correction. It
provides scale context for the near ties in Aim 2. The asymmetric Aim 3 speed gains relative to
the reconstructed Fig. 8 design are of similar order to these cross-tier differences. The same-MO0
comparison is internally consistent for screening, but matched increased-fidelity confirmation is
required to confirm the quantitative margin. Pressure response is a separate objective and is not
corrected by these speed pairs.

Three-fin trend discrepancy

The published 3-fin radius-ratio response is unimodal [10]. At 100 Hz, nine accepted M0 near-root
points and two accepted-endpoint secants cover all eleven ratios, but they show only a shallow
edge maximum near 0.75 followed by an overall decrease. At 160 Hz, ten accepted near-root
points cover ratios 0.75—4.0 and decrease across that range; ratio 0.5 remains unresolved. The
disagreement therefore persists after near-complete root coverage. Possible explanations include:

1. the native helix pitch, end treatment, slit placement or ring gap differs from the explicit
CAD reconstruction;

2. the unreported rotating-domain extent, rotating-interface treatment or force-surface selec-
tion differs between the published COMSOL model and the OpenFOAM MRF model;

3. first-order, no-layer M0 discretization shifts the cancellation between spinner and ring
pressure and viscous forces; and

4. digitization of a published raster and missing original solver arrays limit the quantitative
benchmark.

Fixed-speed force profiles recover an interior maximum at higher frequencies, but do not resolve
the equilibrium discrepancy. A same-speed ratio-1.25 test at 160 Hz changed assembly force from
2.10 to 42.00 pN and Apiy from 131.90 to 111.23 Pa between MO and mesh-M1. The present data
still do not distinguish among the hypotheses above. At ratio 1.25 and 100 Hz, a complete-annular
connection changed converged same-speed assembly force from +1.02 to —1.62 uN, an effect of
—2.64 pN, while Apyy changed by only +0.22 Pa. At ratio 1.0, the corresponding converged
annular calculation had an assembly force of +1.93 ulN, compared with +5.51 ulN for the matched
fixed-speed control. The annular effects were therefore —3.58 and —2.64 pN at ratios 1.0 and
1.25, respectively. Their ratio-1.25-minus-ratio-1.0 difference-in-differences was +0.94 pN. The
connection changes force cancellation, but the stronger correction at ratio 1.0 does not support
preferential recovery of the reported ratio-1.25 peak. The comparison does not identify which
model or discretization choice accounts for the remaining peak discrepancy.
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Supplementary Table S11: Exact-physics pairs between M1 equilibrium calculations and qualified
MO estimates.

Case UMY (ms™!) UM° (ms™') (Umo—Uwmi)/Unn (%)
2-fin, r = 0.75 0.158603 0.137060 —13.58
2-fin, r = 1.75 0.137550 0.116761 —15.11
2-fin, r = 2.50 0.117000 0.098786 —15.57
2-fin, r = 3.00 0.103411 0.086059 —16.78
3-fin, r = 0.75 0.148127 0.130381 —11.98
3-fin, r =1.25 0.147113 0.128081 —12.94

F Software and computational environment

Parametric geometry was constructed using CadQuery 2.8.0 and OCP 7.9.3.1.1 and exported as
STEP and STL. Flow simulations used OpenFOAM v2606 in double precision with 32-bit labels.
Postprocessing and quantitative plots used Python 3.10, NumPy and Matplotlib. Each analyzed
value is associated with its geometry parameters, fluid properties, frequency, mesh resolution
and numerical settings.

The local computational node contained two Intel Xeon Platinum 8358P processors, 64 physical
cores, 128 logical CPUs and 503 GiB RAM. Two additional containerized CPU environments
each exposed 224 logical CPUs, with a project allocation of 56 CPUs and 120 GiB memory.
Screening calculations generally used 16 pinned MPI ranks; selected earlier local calculations
used 28. These rank counts describe the screening calculations, not all increased-resolution tests.

The exploratory neural-operator study used one NVIDIA RTX 4090 with 24 GB memory per
run, PyTorch 2.10.0 and CUDA 12.8. The reported flow solver ran on CPUs.

Geometry models, mesh definitions, force histories, pressure data, selected flow fields and
analysis scripts are retained together with the processed numerical tables. Duplicate physical
configurations are reconciled before analysis. Original and derived quantities remain distinguish-
able so that plotted values can be related to their source calculations. Public data and code
availability are addressed in the manuscript declarations.

G Exploratory neural-operator study

An independent exploratory study

Operator learning approximates mappings between functions rather than solving each new state
through a complete iterative CFD calculation. Fourier neural operators and DeepONet provide
established examples [40, 41]. Their potential use in simulation and design extends beyond
interpolation within one fixed numerical problem [42], but generalization remains an empirical
question for each dataset and application. Physics-informed neural networks introduce differential-
equation constraints into learning [43], within the broader framework of physics-informed machine
learning [44]. Such constraints are distinct from the choice of an operator architecture.

Learning can also be incorporated within a numerical solver, as demonstrated by machine-
learning-accelerated CFD [45]. That approach is distinct from replacing a full calculation with a
geometry-conditioned field predictor. These references motivate the supplementary pilot; their
reported performance is not attributed to this project, and no surrogate prediction replaces an
accepted flow calculation in the main design comparisons.

The neural-operator/PINO pilot reused archived CFD without generating new solver evidence
[46, 47]. The broad archive inventory contains 561 flow-field states from 71 physical geometries;
it is not the training denominator for every experiment. The illustrated study pretrained on 178
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Supplementary Figure S3: Historical-CFD geometry neural-operator/PINO pilot. a,
Geometry-conditioned prediction with MO pretraining and M1 fine-tuning. The illustrated
training subsets are 178 MO states from 21 geometries and 45 M1 states from 11 geometries.
Physics-informed regularization improved selected conservation residuals but failed the field-
accuracy Pareto criterion. b, M1 validation example and validation-only comparison of six
operator families. Selection used nine states from two physical geometries. One-million-query
timing measures forward inference only, excluding preprocessing, ensemble and uncertainty costs.
The pilot reports exploratory surrogate performance, not CFD equivalence or independently
validated design discovery.

MO states from 21 geometries and fine-tuned on 45 M1 states from 11 geometries. Model selection
used nine M1 validation states from two physical geometries. This is a small development-stage
comparison, not an independent held-out test demonstrating topology-wide generalization.

The prototype maps geometry and operating conditions to arbitrary-query velocity and
pressure fields and auxiliary quantities. MO-to-M1 transfer reduced a validation-selected ensemble
composite error by 31.3% relative to direct M1 training in its development cohort. This composite
metric is distinct from the primary field score, for which spectral transfer improved 0.146 to 0.124
relative to an implicit-transfer incumbent. Baselines, cohorts and denominators must remain
separate. The PINO branch reduced relative face-flux and finite-volume continuity residuals
by 11.6% and 18.1%, but did not improve the joint field-accuracy criteria. Better conservation
residuals did not establish uniformly better field prediction.

Forward inference for one million queries required minutes on one RTX 4090, excluding
preprocessing and ensemble or uncertainty costs. This is an inference-only measurement; queries
are not independent CFD simulations. The reported candidates were obtained from the CFD
design programme, independently of this pilot.
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From execution automation to a self-improving research agent
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Supplementary Figure S4: Exploratory data reuse and prospective workflow extensions.
a, Existing CAD/CFD execution and a target uncertainty-routed research loop. b, Evidence gaps
and prospective discriminating tests. c, Archive-scale and validation-selected pilot signals, with
cohort and metric qualifications in the text. d, Conditional progression toward selected fidelity
checks and experiments. Future components are not completed results, and the neural-operator
pilot is not evidence of CFD-equivalent accuracy or end-to-end search efficiency.

Architecture diagram legend

In Supplementary Fig. S4, dashed learned-screening and experiment-routing components denote
proposed capabilities rather than evaluated modules; these are distinguished from the CFD
workflow and pilot results.

H Resolution sensitivity of the final published geometry

Selected higher-resolution calculations examine the absolute equilibrium speed of the reconstructed
final published geometry. They are separate from the common-M0 candidate comparisons.

At 100 Hz, the finer no-layer mesh contains 9,201,337 cells and satisfies the mesh-quality
limits in table S5. The converged equilibrium calculation gives

Ueq = 23.819432 cms™ !, (18)
Fz,assembly = +0.096374 /,LN, (19)
Aping = 67.250492 Pa. (20)

Spinner and ring forces are approximately +152.077864 and —151.981491 nN, respectively. Their
near cancellation emphasizes the importance of resolving both components of the rigid assembly.
The calculation uses a 1 x 1076 N equilibrium-force tolerance.

The digitized published CFD value is 26.666667 cm s~!, giving an absolute difference of
2.847235 cm s~ !, or 10.6771%. An intermediate MI-resolution calculation gives approximately
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21.8003 cm s~!, 18.25% below the same target. The finer-resolution value is closer to the
published CFD value.

The equilibrium value above is the sole reported root in this higher-resolution dataset; the
160-Hz condition and neighbouring geometry have no reported converged higher-resolution roots.
The finer-resolution reference is not substituted into comparisons with M0 candidates.
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