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Automating moving-boundary computational fluid dynamics (CFD), particularly for simulations of biological
flapping flight, requires complex coordination across geometry, meshing, kinematics, and postprocessing. We
present an enhanced CFDAgent, a large language model (LLM)-orchestrated platform that executes the entire
workflow end-to-end through natural-language dialogue, spanning geometry intake, solver execution, and iter-
ative figure generation. The agent features a general kinematics module that directly converts natural-language
motion specifications or measured trajectories into the periodic body motion incorporated into the solver. We
validate the platform’s accuracy and versatility against three distinct benchmarks: a rotating sphere, a flapping
plate, and a slow-flying Pallas’s long-tongued bat (Glossophaga soricina) with deforming wings. Furthermore, we
apply the workflow to investigate the aerodynamic effects of hindwing damage in migrating painted lady butter-
flies (Vanessa cardui). The simulations show that increasing hindwing trailing-edge erosion alters the wake vortex

structures, resulting in progressively greater aerodynamic lift loss.

1. Introduction

Large language models (LLMs) have achieved strong performance
on natural-language tasks including code generation, mathematical rea-
soning, and few-shot transfer [1]. Computational fluid dynamics (CFD)
is more difficult to address directly with LLMs alone: a complete sim-
ulation requires coordinated handling of geometry preparation, mesh
generation, numerical scheme selection, boundary conditions, and post-
processing, each of which requires domain knowledge that standalone
LLMs cannot reliably apply based on natural-language prompts alone
[2,3]. Earlier data-driven approaches [4], such as neural-network surro-
gates trained on parametric studies [5], accelerate specific subproblems
but do not replace the full simulation pipeline.

Recent LLM-driven agent frameworks address this difficulty by cou-
pling LLMs with established CFD solvers, using retrieval, structured
prompting, or fine-tuning to provide solver-specific knowledge. Open-
FOAMGPT [6] and its cost-optimized successor [7] use retrieval to
compile OpenFOAM cases from natural-language prompts; FoamGPT
[8] fine-tunes the underlying LLM on curated OpenFOAM tutorial sets;
LLM-PSO [9] applies in-context learning to evolutionary shape optimiza-
tion; domain-specific agents have been developed for turbomachinery
design [10], urban canopy flows [11], and simulation automation via
the Model Context Protocol [12]; and a review-and-revision workflow
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has been proposed for general scientific-computing tasks [13]. Recent
reviews summarize the field [14]. Existing LLM-CFD agents have mainly
been demonstrated for stationary geometries and generally lack a kine-
matics interface for prescribed moving or deforming boundaries. Body-
fitted moving-boundary simulations require mesh deformation, remesh-
ing, or moving-interface coupling, whose reliable automation through
dialogue remains difficult and may limit setup fidelity.

Biological flight poses more difficult problems for agent frameworks
because the body moves. The lift-generating mechanisms of insects,
birds, and bats [15] are unsteady and vortex-dominated, but vary widely
in geometric and kinematic complexity. Simplified flapping-plate mod-
els isolate these mechanisms and show that lift is sensitive to kinematic
phasing, spanwise oscillation, and gap geometry [16-18]. Real wings
add further complexity: coupled forewing-hindwing strokes in butter-
flies produce thrust and underlie the evolution of distinct flight modes
[19], and slow-flying bats sustain a leading-edge vortex (LEV) on a dy-
namically deforming membrane wing [20,21]. Natural wing damage
and molt gaps further alter the wing geometry itself, adding another
layer of complexity to the analysis [22,23]. Moving-boundary CFD is
typically addressed through either body-fitted meshes (overset, sliding,
or deforming) that track the body [24], or immersed boundary (IB)
methods [25,26] that keep a fixed Cartesian Eulerian grid and repre-
sent the body as a Lagrangian surface enforcing time-dependent no-slip
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Fig. 1. Architecture of CFDAgent. The user interacts with CFDAgent through natural-language dialogue, while an LLM orchestrator dispatches tasks to the individual
modules via function calling. The preprocessing module sets the Reynolds number and inflow direction, and acquires the body geometry through one of three routes:
Point-E-based text-to-3D generation, Point-E-based image-to-3D generation, or direct mesh upload. The kinematics module bypasses motion generation for stationary
bodies and produces a single-period Lagrangian motion buffer for moving bodies from either a superposition of analytical motion components or a prescribed
trajectory. The solver module configures and launches the IB-Navier-Stokes (IB-NS) solver. The postprocessing module supports figure generation and iterative

refinement.

conditions. The key advantage of the IB method for dialogue-driven
moving-boundary simulations is the geometric decoupling of the mov-
ing Lagrangian surface from the fixed Eulerian grid. Consequently, the
agent can readily define and revise kinematic models by updating only
the Lagrangian boundary data, leaving the Eulerian grid and solver ker-
nel unchanged and avoiding repeated body-fitted mesh generation.

The previous CFDAgent prototype [3] automated preprocessing, ex-
ecution of the IB solver, and postprocessing for flows around stationary
bodies. The present work extends the framework to prescribed moving
and deforming boundaries by introducing a general kinematics mod-
ule. The module converts either analytical motion components speci-
fied in natural language or measured trajectories into a reusable single-
period Lagrangian motion buffer. The IB solver reads the buffer cycli-
cally, allowing prescribed motions to be defined and revised without
recompiling the solver. The extended framework is validated using a
transversely rotating sphere, tandem flapping plates, and Pallas’s long-
tongued bat with measured wing trajectories, and is then applied to
investigate the aerodynamic effects of progressive hindwing damage
in a painted lady butterfly. All four cases are configured and executed
through the dialogue-driven workflow. The current scope is limited to
prescribed boundary kinematics in incompressible flows and does not
yet include two-way fluid—structure interaction.

2. Methods
2.1. Overview: CFDAgent architecture

CFDAgent is an LLM-orchestrated CFD platform organized into four
modules (Fig. 1). A natural-language dialogue with the user is processed
by a large language model acting as a conversational orchestrator. The
CFDAgent workflow is not tied to a specific LLM backbone, thus al-
lowing different large language models to be used. The preprocessing
module first sets the Reynolds number Re, then acquires the body ge-
ometry through one of three routes: text-to-3D or image-to-3D gener-

ation through Point-E [27] followed by mesh reconstruction, or direct
upload of an existing surface mesh. The preprocessing module finally
sets the freestream inflow direction relative to the body. The kinemat-
ics module builds body motions described either as a superposition of
harmonic translation and rotation components in natural language, or
as a Fourier-series fit of measured joint trajectories. For the special case
of a stationary body with no prescribed motion, the module bypasses
motion generation. The output of the kinematics module is a single-
period Lagrangian motion buffer (a sequence of surface meshes span-
ning one motion period) that the solver reads cyclically, as detailed in
Section 2.2. The solver module configures the parameters, generates the
Cartesian Eulerian grid, and launches an in-house MPI-parallel finite-
volume code that solves the three-dimensional unsteady incompressible
NS equations. Before each launch, the complete simulation setup is pre-
sented to the user for final confirmation, and the solver is started only
after explicit approval. In the IB method [26], the Eulerian velocity is
interpolated to the Lagrangian mesh, whose nodal positions are supplied
by the buffer. The body force on the Lagrangian mesh is computed based
on the no-slip and no-penetration boundary conditions, then spread
back to the Eulerian grid via a discrete delta function. It is added as
a source term in the NS momentum equation to compute the flow.
The postprocessing module loads the simulation outputs and produces
publication-grade figures through the same dialogue interface, support-
ing both iterative refinement of an existing plot and the creation of new
plots.

A previous prototype of CFDAgent [3] dispatched modules through
prompt-based tag parsing. The present version replaces this with the
LLM'’s native function-calling interface. Each module provides the LLM
with a catalog of permitted operations, each specified by a name, de-
scription, and typed parameter schema. At each turn, the LLM may ei-
ther reply in ordinary language or emit one or more structured calls
that identify an operation and supply its arguments. CFDAgent then
interprets each call and executes the corresponding application logic.
This yields more robust dispatch, eliminates fragile string parsing, and
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Fig. 2. Workflow of the kinematics module for a painted lady butterfly, with the prescribed motion specified in terms of five components. Given the reference surface
mesh, the user describes the desired motion in natural language, listing the five components with their pivots and subdomains. The agent parses the description
into structured motion components (amplitude, mean angle, frequency, phase, pivot, and subdomain). After user confirmation, the agent samples a sparse subset of
frames from the single-period Lagrangian motion buffer and renders an animated preview in the user interface (UI).

supports multi-turn negotiation within each module-specific dialogue.
For example, the user can interactively adjust the kinematic parame-
ters through dialogue. All four cases reported in Section 3 were carried
out end-to-end through dialogue, from the natural-language specifica-
tion of the body and its motion, through the launch of the solver, to the
generation of all figures presented.

2.2. Kinematics module

The kinematics module translates a dialogue-described body motion
into a single-period Lagrangian motion buffer for the IB solver. The
buffer comprises a sequence of surface meshes spanning one motion
period, as illustrated in the agent architecture in Fig. 1 and the work-
flow in Fig. 2. For a moving body, the user has two options. The first
option is a natural-language superposition of analytical components, in-
cluding sinusoidal translation, sinusoidal rotation, and constant-rate ro-
tation, which are defined along user-specified axes. For this option, the
parsed motion-component parameters are displayed for user inspection
and revision through dialogue. The parameters must be explicitly con-
firmed before the buffer is generated. The other option is to input a
file containing measured joint trajectories that CFDAgent fits using a
Fourier series. Both options generate the buffer X;,,q,, which comprises
Ny = [T /At] Lagrangian surface meshes spanning one motion period T'.
The user-supplied timestep Ar is automatically rounded to A = T /Ny,
so that T /A7’ is exactly an integer and the buffer wraps with zero phase
drift. The IB solver indexes the buffer cyclically so that the required
motion-buffer storage is independent of the number of simulated cy-
cles. With Ar ~ 1073 and T ~ 1, this yields Ny ~ 10° frames per case.
A sparse 60-frame subset is additionally exported from the completed
buffer for the UI motion preview. After inspecting the preview, the user
either confirms the buffer and proceeds to solver setup or revises the
motion specification and component parameters as needed and regener-
ates the buffer. This pure-data handoff (1) decouples motion design from
solver compilation, (2) keeps motion storage independent of run length,
(3) supports visual verification and revision before launch, and (4) con-
fines any LLM error to an inspectable artifact rather than executable
code.

Table 1

Comparison of the mean drag and lift coefficients for the transversely ro-
tating sphere at Re = 100 and Q* = 1. Methods: IB-FVM, immersed-boundary
finite-volume method; FC, Fourier-Chebyshev spectral collocation; and BF-FVM,
body-fitted finite-volume method.

Source Method c, C,

Present study (CFDAgent, h = D/40) IB-FVM 1.39 0.74
Giacobello et al. (2009) [28] FC 1.38 0.72
Kim (2009) [29] IB-FVM 1.38 0.72
Niazmand & Renksizbulut (2003) [30] BF-FVM 1.25 0.58

3. Results
3.1. Transversely rotating sphere

A fundamental test of the kinematics module is the prescribed rigid-
body rotation of a closed surface. We adopt the canonical transversely
rotating sphere benchmark of Giacobello et al. [28] at the Reynolds
number Re = U D/v =100 and the dimensionless rotation rate Q* =
QD/(2U,) = 1, where D is the sphere diameter, U_, the freestream ve-
locity, v the kinematic viscosity, and Q the prescribed angular speed. The
sphere is centered at the origin in a freestream and rotates about the j
axis, generating a steady lift in the +2 direction that is associated with
the Magnus effect. All variables in this study are nondimensionalized; in
particular, the Q-criterion scalar Q and the fluid-vorticity vector ® are
nondimensionalized using the characteristic length and the freestream
velocity. At this Reynolds number the flow is laminar and steady, allow-
ing direct comparison of time-averaged drag and lift coefficients against
three independent published simulations [28-30].

We generate the Lagrangian mesh using a prompt “sphere”. The
kinematics module emits a single-period Lagrangian motion buffer in
which the sphere mesh rotates about j. The flow is computed using
the IB-NS solver on a uniform Cartesian Eulerian grid with spacing
h = D/40, and the simulation is advanced to a dimensionless time of
tU,,/ D = 20. The time-averaged values reported in Table 1 are C, = 1.39
and C, = 0.74. The present values differ from the results of both Giaco-
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Fig. 3. Transversely rotating sphere at Re = 100 and Q* = 1: (a) streamwise velocity u on the plane y = 0, with the sphere shown in gray, outlined in black, and
rotating clockwise when viewed from —j; (b) QO-criterion isosurfaces at O = 0.15 and Q = 0.8, colored by the y-component of vorticity », showing the steady double-
threaded wake; and (c) time history of the lift coefficient C, over the first six rotational periods after the impulsive start. The rotational period is defined as 7, = 2r/Q,
and the dashed line denotes the reference mean lift coefficient C, = 0.72 reported by Giacobello et al. [28] and Kim [29].

bello et al. [28] and Kim [29] by approximately 0.7% in C_d and 2.8%
in C;, indicating close quantitative agreement. The larger discrepancy
compared to Niazmand & Renksizbulut [30] is attributable to a sim-
plified surface-velocity boundary condition in their work, as noted by
Giacobello et al. [28].

Figure 3(a) plots the streamwise velocity u on the plane y = 0. The
characteristic asymmetric distribution is evident. At the top of the
sphere (z = +D/2), the rigid-body surface velocity is aligned with the
freestream. This accelerates the boundary-layer flow above the sphere
to achieve u > 1.1. At the bottom (z = —D/2), the surface moves toward
—% and the counter-aligned shear decelerates the flow, producing re-
versed streamwise velocity.

Figure 3(b) renders the Q-criterion isosurfaces of 0.15 and 0.8, col-
ored by the y-component of vorticity, w,. The wake is steady and ex-
hibits the characteristic double-threaded structure. Figure 3(c) shows
the time history of the lift coefficient over the first six rotational pe-
riods following the impulsive start. The rotational period is defined as
T, = 21/Q. The dashed line denotes the mean lift coefficient C; = 0.72
reported in both reference studies [28,29]. After the initial transient, C,
settles near the reference value and exhibits only small residual fluctu-
ations over the remainder of the simulation. Together, the quantitative
agreement of the lift and drag coefficients with the reference values
(Table 1) and the qualitative reproduction of the characteristic wake
topology demonstrate that the CFDAgent framework accurately repro-
duces the benchmark results of prescribed rigid-body rotation, indicat-
ing the framework’s potential for engineering simulations involving ro-
tating bodies [31-34].

3.2. Tandem flapping plates

Before applying CFDAgent to the complex wing geometries of real
flying animals, we validate the complete kinematics pipeline using a
published flapping benchmark with simple analytical kinematics. We
adopt the butterfly-inspired model of Chen et al. [17]. The forewing
(x € [-0.5, —0.025]) and hindwing (x € [0.025, 0.5]) are represented by
two tandem rectangular flat plates that together span an overall chord
¢ = 1 and are separated by a spanwise slot of width 0.05¢. The forewing—
hindwing pair is mirrored across the body centerline to form the op-
posite wing, and a central body strip of width 0.05¢ represents the
body. The prescribed harmonic wing motion is defined by a common
forewing-hindwing elevation angle ¥(¢) = —%,, cos(2nft) and a time-
dependent body angle of attack AoA(r) = AoA, + AoA, sin(2nft). The
parameters are ¥, =40°, AoA, = AoA,, = 15°, the Strouhal number
St =0.3, and the Reynolds number Re = 300. The dihedral angle is set
to f=0.

Following the methodology in Section 2.2, a natural-language de-
scription of the harmonic motion is parsed to generate a single-period
Lagrangian motion buffer. The computational domain and numerical
settings match those used by Chen et al. [17]: the domain is [-6¢, 12¢] X
[=9¢, 9¢] X [<9¢, 9c], the Eulerian grid is locally refined to a minimum
spacing of h = ¢/40, and the time step is Az = 0.01. The solver advances
the flow solution for three full wingbeats from rest, and the results are
evaluated entirely in the postprocessing module. The cycle-averaged lift
coefficient over the third wingbeat is C, = 0.24, agreeing with the value
of 0.24 reported by Chen et al. [17]. In Fig. 4(a), the present curve agrees
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Fig. 4. Validation against the butterfly-inspired tandem-plate model of Chen et al. [17]: (a) lift-coefficient history over the third wingbeat, with the present result
shown by the solid line and the reference data by the dashed line; (b) streamwise velocity u in the plane y = 0 at t/T = 0.5, with the body shown as a black line; and
(c,d) QO-criterion isosurfaces at Q = 3.0 and Q = 10.0, colored by w,, at t/T = 0.25 (mid-upstroke) and ¢/T = 0.75 (mid-downstroke), respectively. All quantities are
nondimensional, and the common viewing orientation of panels (c¢) and (d) is indicated by the coordinate triad in panel (c).

closely with the reference data reported by Chen et al. [17] through-
out the cycle, validating the kinematics pipeline and its coupling to the
solver.

The time-resolved C;(¢/T) trace in Fig. 4(a) reproduces the charac-
teristic double-peaked structure reported by Chen et al. [17]. A smaller
upstroke peak (C; ~ 0.21 at /T = 0.2) is followed by the main down-
stroke peak (C; ~ 0.44 at t/T ~ 0.7). The streamwise velocity contours
in the body-symmetry plane y =0 at /T = 0.5, shown in Fig. 4(b),
reveal the flow around the inclined body. The body, shown as a
black line, is oriented at the instantaneous angle of attack of approx-
imately 15°. A high-velocity region appears above the leading edge,
while an inclined low-velocity region extends downstream into the
wake.

Figure 4(c) and (d) show Q-criterion isosurfaces at Q = 3.0 and
Q = 10.0, colored by w,, at two opposite phases of the stroke cycle. At
mid-upstroke (1/T = 0.25), when the angle of attack reaches its max-
imum value of approximately 30° (Fig. 4(c)), a strong LEV remains
attached to the wing surface, accompanied by a pair of coherent tip-
vortex structures. At mid-downstroke (/T = 0.75), when the angle of
attack is approximately 0° (Fig. 4(d)), the wing is nearly parallel to the
freestream; the LEV appears detached from the surface and displaced
downstream, while the tip-vortex structures alter but persist. The LEV
and tip-vortex structures at these two phases are qualitatively consis-
tent with those reported by Chen et al. [17]. Overall, the present results
agree with the reference benchmark in both the lift history and vortex
topology.

3.3. Painted lady butterfly with progressive hindwing damage

The painted lady butterfly (V. cardui) undertakes long-distance sea-
sonal migrations, and field observations have documented frequent
damage of the hindwings [23]. The aerodynamic effects of such nat-
urally occurring damage have not yet been quantified. We use CFDA-
gent to address this gap by analyzing an intact baseline geometry and
three representative damaged geometries classified as mild, moderate,
and severe. In the three damaged geometries, damage is confined to the
right hindwing. The removed area, normalized by the planform area of
the intact right hindwing, is approximately 10%, 30%, and 60% for the
mild, moderate, and severe cases, respectively.

For each case, we upload the wing mesh and specify the wingbeat
motion in natural language. The prescription defines the forewing ele-
vation angle ¥ ,, the hindwing elevation angle ¥, and the body angle
of attack AoA as harmonic functions of dimensionless time, with the pa-
rameter values following Chen et al. [17]. The resulting single-period
Lagrangian motion buffer is sent to the IB-NS solver. The solver outputs
are then postprocessed entirely through CFDAgent’s dialogue interface
to generate the force-plot and flow-visualization panels in Fig. 5.

Figure 5 (a) plots the lift coefficient over the last wingbeat cycle for
the four cases. All curves retain a similar temporal shape, with a sin-
gle peak near mid-downstroke, but the peak amplitude decreases pro-
gressively as damage increases. The cycle-averaged lift coefficient C; in
Fig. 5(b) drops from 0.15 for the intact case to 0.14, 0.13, and 0.11 for
the mild, moderate, and severe cases, respectively, corresponding to lift
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Fig. 6. Pallas’s long-tongued bat in forward flight: (a) lift coefficient over one wingbeat cycle; (b) Q-criterion isosurface at the downstroke.

reductions of 5%, 13%, and 30% based on the unrounded values. Pan-
els (c)—(f) of Fig. 5 show top-down views of the Q-criterion isosurfaces
colored by w,. In the intact case, the vortical structures are approxi-
mately symmetric about the body centerline, with elongated stream-
wise wake structures extending downstream on both sides. Mild dam-
age introduces only localized changes on the damaged side, whereas
moderate and severe damage progressively reduce the extent and coher-
ence of the vortical structures downstream of the damaged right hind-
wing, resulting in an increasingly asymmetric wake. This progressive
loss of coherence is consistent with a weakening of the interaction be-
tween the tip vortices and the secondary vortices shed from the trail-
ing edge, thereby reducing the associated lift augmentation. The trend
is consistent with field reports that mildly damaged painted lady but-
terflies continue to migrate successfully, whereas extensive hindwing-
area loss is expected to impair flight performance and may reduce
survival [23].

3.4. Pallas’s long-tongued bat in flapping flight

Bats are the only vertebrate fliers with highly articulated membrane
wings. The wing consists of an elastic membrane supported by a multi-
jointed skeletal framework comprising the shoulder, elbow, wrist, and
digits. Unlike the butterfly cases, this case uses the measured-trajectory
option of the kinematics module. Following previous research [21,35],
we simulate Pallas’s long-tongued bat in slow flight.

We upload the bat surface mesh and measured trajectories [35] of the
wingtip, wrist, and fifth-digit. The simulation settings are the same as
those of Wang et al. [21], with CFL < 0.7 and Re = 300. Following Wang
et al. [21], we nondimensionalize the lift as C;(t) = L(t)/ [onzoSavg /21.
Here, L(1) is the total lift acting on the bat, U is the forward-flight
velocity, and S,,, is the wing area averaged over one flapping period.

Figure 6(a) plots the lift coefficient over one wingbeat cycle. The
present result agrees closely with the data reported by Wang et al.
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[21]. The trace shows a strong positive peak C, ~ 38 at mid-downstroke,
a negative excursion C; ~ —13 at mid-upstroke, and a cycle-averaged
C, = 12.7. Figure 6(b) renders the Q-criterion isosurface of O = 400, col-
ored by w,, revealing that the LEV acts as the primary lift-generating
mechanism [20].

4. Conclusions

CFDAgent with a general kinematics module has been presented
as an LLM-orchestrated CFD platform built upon two design elements.
The first is a kinematics module that converts natural-language mo-
tion descriptions or measured trajectories into a single-period La-
grangian motion buffer. The second is an end-to-end dialogue-driven
workflow that spans geometry intake, solver launch, and publication-
quality figure generation. This workflow uses the LLM’s function-
calling interface, replacing the prompt-based tag parsing used in ear-
lier prototypes. The framework was validated using three benchmark
cases: a transversely rotating sphere, the butterfly-inspired tandem-
plate model with prescribed motion, and the Pallas’s long-tongued bat
case with uploaded measured trajectories. The agreement with the
corresponding reference results demonstrates the accuracy and ver-
satility of the current CFDAgent pipeline. The framework was fur-
ther applied to a painted lady butterfly with progressive hindwing
damage. The results show that increasing hindwing damage progres-
sively reduces lift and produces a more asymmetric wake, demon-
strating the applicability of CFDAgent to realistic biological flapping-
flight problems. The current framework still relies on an adequate
computational mesh together with complete, accurate user specifica-
tions. Two-way fluid—structure interaction, whereby aerodynamic loads
drive structural deformation that feeds back into the flow, is not yet
supported.
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