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ABSTRACT

Autonomous aerial inspection of commercial
greenhouses requires a micro air vehicle (MAV)
capable of flying close to the canopy while car-
rying a sensing payload for pest detection. The
Flapper Nimble+, a bio-inspired flapping-wing
MAYV, is well suited to this role, but integrating
sensors onto the platform is non-trivial: every
control moment is generated through the wings,
so even a small shift in the centre of gravity
(CG) changes the trim the controller must hold
and the way the airframe oscillates. Without
quantitative guidance on where payload mass
may be placed, integration is reduced to trial
and error. We report a systematic two-axis CG-
placement campaign on the Nimble+ in which
mass was swept along the fore—aft and verti-
cal body axes across 23 configurations and 64
hovering flights, logged simultaneously from on-
board flight-controller (FC) telemetry and an ex-
ternal motion-capture system. Two robust em-
pirical relations emerge: steady-state pitch trim
varies near-linearly with fore—aft CG offset at
—0.97 deg/mm, and body-pitch oscillation am-
plitude rises near-linearly with the magnitude of
vertical CG offset at +-0.60 deg/mm. These re-
lations give designers a placement rule: keep the
payload CG close to the bare-platform CG fore—
aft to minimise trim demand, and with minimal
vertical offset from it to minimise oscillation.
An integrated sensing build assembled for green-
house inspection confirms the fore—aft relation:
its measured pitch-trim shift matches the predic-
tion to within the bare-platform flight-to-flight
spread. The vertical relation is corroborated in
direction but, owing to the larger variability of
the oscillation amplitude, is less precisely pre-
dictive. A mount-position imaging experiment
shows that placing the camera close to the CG
improves detection rate by a factor of 1.78.
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1 INTRODUCTION

Commercial greenhouse crops must be inspected for pests
at the founding-colony stage, before an infestation spreads —
yet this early detection is hard to achieve with current meth-
ods. Pest infestations in high-density plantings of tomato, cu-
cumber and sweet bell pepper are most effectively controlled
by biological agents deployed before a colony reaches dam-
aging density, yet the dominant monitoring methods — peri-
odic manual scouting and passive sticky traps — are too infre-
quent and too coarse to catch a founding colony reliably [1].
Ground robots have been developed for greenhouse tasks but
are constrained to row-level access and cannot inspect ele-
vated canopy zones or leaf undersides where many pests es-
tablish [2]. An aerial platform that can fly close to the canopy,
cover a full corridor pass, and carry a camera capable of re-
solving pest clusters would close this gap.

The Flapper Nimble+, a bio-inspired flapping-wing MAYV,
is well suited to this role: its flapping produces lower down-
wash and a lower acoustic profile than rotary-wing alterna-
tives, reducing disturbance to foliage during close-range op-
eration; its light wings pose little risk of damaging crops
or greenhouse structure on incidental contact. It has been
demonstrated in a greenhouse environment carrying a camera
for pest detection, though that work concluded that a lighter,
better-integrated payload was needed [3]. Integrating sensors
onto the platform is, however, non-trivial [4]. The Nimble+
generates every control moment through its wings alone [5],
so the CG position appears as a parameter in every rotational
equation of motion. Adding a sensor payload simultaneously
increases total mass and shifts the CG, and the shift is the
subtler effect: a few millimetres changes the trim the con-
troller must hold and the amplitude at which the airframe os-
cillates [6, 7], directly affecting both flight endurance and the
quality of images the payload can capture. While the con-
trol physics of the platform is established [5], no quantitative
guidance exists for how much a given CG shift costs in trim
or oscillation on the Nimble+, leaving sensor integration as
trial and error.

This paper provides that guidance. We report a systematic
two-axis CG-placement campaign and derive two empirical
relations that form a bounded predictive model for any pay-
load configuration within the tested envelope. We validate the
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model against a fully integrated sensing build for greenhouse
inspection — quantitatively for the fore—aft trim relation and
directionally for the vertical oscillation relation — and show,
through a mount-position imaging experiment, that the same
CG placement that minimises trim cost also maximises in-
flight camera detection rate.

2 PLATFORM AND MOMENT GENERATION

The Flapper Nimble+ is a bio-inspired flapping-wing
MAV with a published payload capacity of 25 g above an
all-up mass of roughly 102 g,a hover wing-beat frequency of
approximately 14-17 Hz, a 5 V/400 mA payload rail, and
an onboard Crazyflie Bolt 1.1 flight controller running a PID
stabilisation loop [8]. The platform descends from the DelFly
lineage [9] and carries no tail surface: all three-axis control
torque is produced through differential wing kinematics via
four inputs [5]: left- and right-wing flapping frequencies fr,
and fgr, symmetric dihedral angle I', and yaw wing-root de-
flection d,,. The body axis convention is shown in Figure 1:
Y along the wing leading edge (LE), Z along the spine, X
out of the wing plane.

r Left wing flapping
Right wing flapping DC motor
DC motor l

[y —

"

]

,} Dihedral angle
control servo

Yaw wing-root
| deflection servo

Figure 1: Body axis convention and control actuators of the
Flapper Nimble+.

Because the platform is tailless, every control moment
equals an aerodynamic force times its arm to the CG [5]. For
pitch, the dihedral servo tilts the flapping plane about a hinge
ahead of the CG, displacing the thrust vector by r, sin I, giv-
ing

T =Tr,sinl, (D)

where T is hover thrust and r, the fore—aft arm from CG
to hinge. A forward CG shift reduces r,, weakening pitch
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authority and requiring a larger I' to hold trim [10] — the
physical origin of the sensitivity characterised in Section 4.
Roll uses the lateral wing offsets; yaw uses asymmetric wing-
root twist. In every case the control moment depends on the
CG-to-force arm, so any payload shift changes that arm and
propagates into trim, oscillation, and ultimately the quality of
the captured imagery.

3 CG SWEEP METHODOLOGY

3.1 Test environment and flight protocol

All flights were conducted in the CyberZoo, a
10x10x7 m enclosed flight volume at TU Delft equipped
with an OptiTrack motion-capture (MoCap) system at up to
180 Hz. Every flight was logged by two independent streams:
the MoCap returning aircraft position and attitude from in-
frared markers, and the onboard FC telemetry logging atti-
tude estimates, gyro rates, motor commands and battery state
at 50 Hz.

The FC runs a PID stabilisation loop using a downward
time-of-flight (ToF) sensor for altitude hold and the onboard
IMU for attitude. Pitch and yaw received no pilot input
throughout the campaign, so both channels reflect the con-
troller’s unforced response to each CG condition. A free-
hover protocol was used: the aircraft was launched from one
corner and allowed to drift forward under its natural pitching
bias, with the pilot giving only occasional lateral corrections
to stay within the volume.

Each configuration was flown three times on a single
fully charged battery, holding state-of-charge effects constant
within a configuration. The campaign spanned several days;
on each day the unmodified bare-platform (BASE) configu-
ration was re-flown first and used as that session’s reference,
ensuring all comparisons are within-session.

3.2 CG mounts and tested configurations

CG offsets were imposed using 3D-printed mass-mount
brackets (Figure 2). Front and aft brackets bolted to the FC
imposed fore—aft (X) offsets; a top disc and a bottom washer
stack imposed vertical (Z) offsets. Each configuration’s CG
was computed analytically from bench-weighed masses and
CAD-extracted mount centroids. Pure single-axis displace-
ment is geometrically impossible, so each configuration car-
ries a small residual in the orthogonal axis; these are used
explicitly in the cross-axis checks of Section 4.

The X-sweep covered 14 configurations spanning
AXcg € [-1.75,+2.86) mm (0-11.8 g added mass).
The Z-sweep covered 9 configurations spanning AZcqg €
[—17.55,410.87] mm (0-19.8 g); the vertical range is inten-
tionally exaggerated to map the limits of the relation. Both
sweeps are summarised in Table 1.

3.3 Per-flight metrics

The two data streams originate from independent clocks
and are processed separately. For each flight a hover win-
dow is extracted by isolating the in-flight segment and trim-
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Figure 2: Mass-mount brackets: fore—aft sweep (front (right)
and aft (left) brackets) and vertical sweep (top disc and bot-
tom washer stack).

ming take-off and landing transients; flights with fewer than
15 s of retained data are excluded. From the FC telemetry
three metrics are derived. The mean pitch trim 6, is the time-
averaged body pitch, capturing the steady-state attitude the
controller settles on. The pitch servo is driven by a pulse-
width-modulation (PWM) command m; . The pitch-servo to-
tal variation

N-1
1 . . —
TV = > |mali+1] = mafi]| PWMs™']  (2)
hov im1
Sweep Configs Acg range (mm)  Mass (g)
X (fore—aft) 14 —1.75t0 +2.86 0-11.8
Z (vertical) 9 —17.55t0 +10.87  0-19.8

Table 1: CG-sweep ranges; each configuration flown three
times.
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measures cumulative pitch-servo effort per second. The servo
reversal rate

1 Z_ 1 (ma[i]—m3) (ma [i-+1]—m7) < 0] [s7]

i=1

3)
counts zero-crossings of the servo-neutral reference mj per
second and is sensitive to the direction of any trim bias. From
the MoCap quaternion, body pitch is derived and the oscilla-
tion amplitude oy, is computed as the standard deviation of
the mean-removed pitch signal. The extended-Kalman-filter
(EKF) smoothed FC signal is used for 91, and servo metrics;
the unfiltered MoCap signal is used for oy, .

4 RESULTS

4.1 Fore—aft axis: pitch-trim demand

Of the X -sweep configurations, 38 valid FC flights and 40
valid MoCap flights passed the hover-window filters. The pri-
mary finding is a near-linear relationship between per-flight
mean body pitch and AX ¢ (Figure 3). An ordinary least-
squares (OLS) fit to the per-configuration means gives

[deg],

with Pearson correlation coefficient » = —0.97: approxi-
mately one degree of nose-up trim per millimetre of forward
CG shift. The —1.86 deg intercept is the residual trim of this
build at AX¢cg = 0.

0,(AXcg) = —1.86 — 0.97 AX g

Individual flight
o —&— Configuration mean
N ___ OLS (per-config): 8, = —1.86 — 0.97 AXcg
14 ~® r=-0.97

—4 4

AXcg (mm)

Figure 3: Per-flight mean body pitch vs. AXcg. Dots
are individual flights; connected points are per-configuration
means; dashed line is the OLS fit of Equation 4.

The pitch-axis control activity provides independent cor-
roboration (Figure 4). TV,,; rises away from AX¢cg = 0
in both directions, the expected signature of the servo doing
more total work as |[AXcg| grows. Veross behaves asym-
metrically: forward CG biases m; above neutral so zero-
crossings become rare even as TV,,; peaks; at the aft ex-
treme the trim approaches neutral and reversals are highest.
This asymmetry is the control-side fingerprint of Equation 4,
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read from the raw PWM stream without passing through the
state estimator.

uuuuu

TV(my) (PWM/s)

uuuuu

1 1
AXeg (mm) MXeg (mm)

Figure 4: Pitch-servo total variation (left) and reversal rate
(right) vs. AX . Both independently corroborate the trim
relation.

A cross-axis check confirms the relation is fore—aft spe-
cific. Mean pitch from the Z-sweep varies by only ~1.4 deg
across the full =17 mm vertical range, consistent with the
small residual AX ¢ carried by the Z mounts propagated
through Equation 4. Vertical CG placement does not drive
steady-state pitch trim.

4.2 Vertical axis: pitch-oscillation amplitude

Of the Z-sweep configurations, 26 valid FC flights and 21
valid MoCap flights passed the filters.

14

12 4

10 4

(deg)

MoCap

g,

Individual flight
2 - -@- Configuration mean
OLS bilateral linear: gg, = 3.97 + 0.595 |AZcq|
"7 r=+0.947
0 - - Cap g, =11.3 deg

-15 -10 -5 0 5 10
AZcc (mm)

Figure 5: Pitch-oscillation amplitude vs. AZcg. Dashed
line: bilateral OLS fit; horizontal dashed line: saturation cap.

Figure 5 shows a bilateral, near-monotonic rise in oo,
with [AZcq|. The per-configuration means rise from oy, ~
4.2 deg at AZc¢ = 0 to about 11.3 deg at both vertical ex-
tremes, a near-threefold increase on both sides. The rise is
bilateral: vertical offsets above and below the bare-platform
CG both amplify the oscillation.

Because the platform is flown closed-loop, what is mea-
sured is the combined response of the airframe and its PID
stabilisation loop rather than the airframe alone, and two ef-
fects plausibly contribute. The vertical offset alters the arms
and inertia through which the wings generate the pitch mo-
ment, and the PID, tuned to the bare-platform response, ap-
plies the same commands to an airframe that now reacts dif-
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ferently and so operates away from its tuning point. Separat-
ing the two would require closed-loop system identification,
which was outside this campaign. What the data shows unam-
biguously is that vertical CG displacement in either direction
amplifies pitch oscillation. An OLS fit gives

o5 (AZoG) = min(3.97 + 0.595|AZ¢ |, 11.3) [deg],
()
with 7 = +0.95 and a saturation cap at 11.3 deg. The sin-
gle slope on |AZ¢¢| is treated as an empirical engineering
fit, justified by the symmetric, bilateral response noted above
rather than by a single physical mechanism. The vertical
brackets also add mass with |AZ¢¢| (up to ~19% of body
mass), and the resulting parallel-axis inertia increase is small
by comparison (~0.6-1.8% of I, o = 3.35x 10~% kg m? [8]
at the sweep extremes), so Equation 5 is best read as a fit
to mass-and-offset-coupled configurations rather than a pure
CG-height effect, which is a further reason the vertical rela-
tion is confirmed in direction but not tightly in magnitude.

Indivicual flight 0 Individual fight
20000 o~ Configuration mean e~ Configuration mean

) (PWM/s)

= 20000

vim

10000

Figure 6: Pitch-servo total variation (left) and reversal rate
(right) vs. AZ¢cq.

Servo activity corroborates this: both TV,,; and V¢ oss
rise away from AZge = 0, steeper on the lower side. A
cross-axis check shows o, varying by only ~3 deg across the
fore—aft range, confirming that pitch-oscillation amplitude is
vertically driven and fore—aft independent.

5 TRIM MODEL

Equations 4 and 5 are packaged into a simple payload-
placement model. The system CG is computed by mass-
weighted combination of the bare-platform CG with the
payload-component centroids; each component is treated as
a point mass (its own area moment is one to two orders of
magnitude below the parallel-axis contribution [5]), and the
inertia tensor is updated about the new CG. The model returns
predicted pitch trim and oscillation amplitude, valid within
the tested envelope:

—1.75 < AXcg < +2.86 mm,
—17.55 < AZcg < +10.87 mm. 6)

Configurations outside this envelope are flagged as unsup-
ported extrapolations. A compact inspection payload sits well
inside both bounds. Of the two outputs, the pitch-trim predic-
tion is the quantitatively reliable one; the oscillation ampli-
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tude should be read as an indicative magnitude and a depend-
able indicator of trend rather than a tight point prediction.

6 INTEGRATED-PAYLOAD COMPARISON

To test the model against a real build, a sensing configu-
ration was assembled: an OpenMV AE3 global-shutter cam-
era (1 MP, 120 fps, 5 g, integrated 8 x8 ToF sensor & IMU),
a downward optical-flow/ToF sensor, and a ultra-wideband
(UWB) positioning deck + ToF sensor pack, totalling 15.1 g.
The build shifts the system CG by AX¢cg = —1.32 mm and
AZceg = —0.69 mm (1.50 mm total), which sits inside the
envelope of Equation 6.

The integrated build and the bare platform were each
flown six times under the same free-hover protocol. Ta-
ble 2 compares the model-predicted change (integrated minus
bare) against the measured within-session change. Because
the bare-platform trim baseline drifts between sessions, only
within-session deltas are compared; the relation is predictive
on the deltas despite this baseline drift.

Quantity Predicted A Measured A  Residual
Pitch trim (deg) +1.29 +1.11 —0.18
Pitch oscillation (deg) +0.41 +0.83 +0.42

Table 2: Model-predicted versus measured within-session
change (integrated minus bare platform), second test session,
n = 6 bare and n = 6 integrated flights (oscillation row:
n = 5 bare, one flight excluded for a motion-capture tracking
fault).

Predicted and measured pitch trim agree in sign and mag-
nitude: the model predicts a +1.29 deg nose-up shift for the
—1.32 mm aft CG offset, against a measured +1.11 deg, a
residual (—0.18 deg) within the bare-platform flight-to-flight
spread (o = 0.19 deg). The integrated build therefore does
not measurably degrade static stability, and the trim relation
of Equation 4 carries over from the controlled sweep to a real
build.

The oscillation row of Table 2 is reported for complete-
ness but is a weak test of Equation 5: the build’s vertical CG
shift is small (AZce = —0.69 mm), so the predicted change
(+0.41 deg) is itself comparable to the flight-to-flight scatter.
The measured amplitude rose by +0.83 deg, in the predicted
direction but overshooting the prediction, which is consis-
tent with the oscillation relation being established by the full
417 mm sweep of Section 4 rather than by this near-centred
build. This is the expected asymmetry between the two re-
lations: fore—aft trim is predicted to within its flight-to-flight
spread, whereas vertical oscillation amplitude is confirmed in
direction but not closely in magnitude.

6.1 Camera mount position and detection rate

So far CG placement has been treated as a flight-
performance question. It is also a sensor-performance ques-
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Figure 7: Integrated-build validation. For each quantity, bare-
platform (blue) and integrated-build (orange) per-flight val-
ues are shown with their means (horizontal bars); the red star
marks the model-predicted integrated value (bare mean plus
predicted change). Trim matches the prediction within scat-
ter; oscillation rises as predicted in direction but overshoots
in magnitude.

tion: where the camera sits relative to the CG sets how much
of the airframe’s pitch motion affects image acquisition via
motion blur.

To show this, the AE3 camera was flown over a fixed
AprilTag target during hover in two mounting positions (Fig-
ure 8). In the first the camera sits close to the system CG; in
the second it is mounted about 20 mm lower, at a longer arm
from the CG.

Below-CG mount

Near-CG mount

Figure 8: Side views of the two camera mounting positions
tested. The near-CG mount (left) places the camera close to
the system CG; the below-CG mount (right) places it about
20 mm lower.

What sets the two mounts apart is the magnitude of the
total CG shift from the bare-platform reference: 1.16 mm for
the near-CG mount and 2.70 mm for the below-CG mount,
about 2.3 x larger. Tag detections were extracted offline over
the in-window hover frames. The near-CG mount detected
the tag in 24.3% of frames against 13.6% for the below-CG
mount, a factor of 1.78.

At a larger arm [ from the CG, a given body angular rate
w produces a proportionally larger linear velocity at the im-
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Below-CG mount

Near-CG mount

Figure 9: Flying image results from the two mounts. Near the
CG (left), below the CG (right)

age plane (v ~ wl), so the below-CG camera sweeps more
image motion into each frame and blurs a larger fraction of
them. In short, the larger the body angular rate the camera ex-
periences, the more it degrades the captured image; mounting
the camera close to the CG therefore minimises this image-
plane motion and maximises detection rate, the same place-
ment that minimises trim demand. Figure 9 shows this di-
rectly — the same tag imaged sharply from the near-CG mount
and smeared from the below-CG mount.

7 CONCLUSION

We characterised how centre-of-gravity placement affects
flight on a bio-inspired flapping-wing MAV through a con-
trolled two-axis mass-placement sweep on the Flapper Nim-
ble+. Fore—aft CG offset drives steady-state pitch trim near-
linearly at —0.97 deg/mm (r = —0.97), and vertical CG off-
set drives pitch-oscillation amplitude at +0.60 deg/mm (r =
+0.95); each relation is corroborated by independent servo-
activity metrics and confirmed axis-specific by cross-axis
checks. The reported slopes and intercept are calibration con-
stants of this specific airframe and should not be transferred
numerically to other platforms; what is expected to gener-
alise is the underlying mechanism — CG-referenced pitch trim
scaling and vertical-offset-driven oscillation (Equation 1) —
rather than its magnitude, consistent with qualitatively similar
CG sensitivities reported for other tailless FW-MAVs [6, 7].
Packaged as a bounded linear model, the fore—aft relation
predicts the pitch trim of an integrated greenhouse-inspection
build to within the bare-platform flight-to-flight spread, vali-
dating it as a quantitative placement tool. The vertical relation
is confirmed in direction—oscillation amplitude rises with ver-
tical CG offset in both the sweep and the integrated build—but
its larger flight-to-flight variability makes the precise ampli-
tude harder to predict, so it is best used as a bounded trend.
The practical rule is direct: place payload mass close to the
bare-platform CG fore—aft to minimise trim demand, and with
minimal vertical offset from it to minimise oscillation. Future
work centres on tightening the oscillation prediction through
an expanded integrated-build campaign under a stabilised po-
sition hold and closed-loop system identification, alongside
a payload-aware feedforward trim schedule and autonomous
corridor flight with the integrated build inside a commercial
greenhouse.
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