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ABSTRACT

This paper presents an experimental method
for identifying the yaw damping derivative of
a tailed flapping-wing micro air vehicle (FW-
MAV). Although flapping-wing vehicles ex-
hibit highly coupled unsteady aerodynamics,
experimental characterization of their lateral–
directional stability derivatives remains limited.
A robotic-arm-based test platform was devel-
oped to impose controlled yaw motions under
prescribed angles of attack and sideslip condi-
tions while measuring the resulting aerodynamic
forces and moments. The platform integrates a
six-axis force/torque sensor, optical motion cap-
ture, synchronized data acquisition, and a fan-
array facility to reproduce a forward-flight inflow
condition.

Experimental results show that the yawing mo-
ment exhibits a clear and repeatable depen-
dence on yaw rate, enabling identification of
the yaw damping derivative, Nr. The identi-
fied values remain negative throughout the tested
conditions, indicating that the vehicle gener-
ates a restoring yawing moment opposing yaw-
rate perturbations. In contrast, the side-force
response shows no consistent yaw-rate depen-
dence, while the roll moment is governed pri-
marily by sideslip angle rather than yaw rate.
These findings provide experimental evidence of
passive yaw damping in a tailed FWMAV and
demonstrate the feasibility of robotic-arm-based
forced-motion testing for identifying lateral–
directional stability derivatives to support flight
dynamics modeling and controller development.

1 INTRODUCTION

Flapping-wing micro air vehicles (FWMAVs) represent
a class of bio-inspired flying machines that generate lift and
thrust through reciprocating wing motion. At small scales
and low Reynolds numbers, their aerodynamic behavior dif-
fers substantially from that of conventional fixed-wing and
rotary-wing vehicles. Unsteady mechanisms such as clap-
and-fling, leading-edge vortex formation, wake capture, and
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wing flexibility contribute significantly to their force and mo-
ment generation [1, 2, 3, 4]. These mechanisms offer poten-
tial advantages in agility and low-speed flight, but they also
make the dynamic modeling and control of FWMAVs chal-
lenging.

For control-oriented flight dynamics, aerodynamic stabil-
ity derivatives provide a compact way to describe how forces
and moments vary with motion states such as angle of at-
tack, sideslip angle, and angular rates. However, compared
with conventional aircraft, the stability derivatives of FW-
MAVs remain insufficiently characterized. Existing studies
have examined insect flight stability, simulation-based FW-
MAV dynamics, and system identification of flapping-wing
vehicles [5, 6, 7, 8]. Among experimental FWMAV studies,
the DelFly family is one of the few platforms for which dy-
namic models have been identified from flight data [9, 10].
Such free-flight identification is valuable because it directly
reflects the behavior of the vehicle in flight, but it is naturally
limited to flight regimes that are stable, repeatable, and safely
achievable.

A complementary approach is to prescribe controlled mo-
tion in a laboratory environment while measuring the result-
ing aerodynamic forces and moments. This idea is closely
related to the classical forced-oscillation method used for air-
craft stability-derivative identification, in which a model is
driven about a specified axis and the aerodynamic response
is measured [11]. Robotic-arm-based aerodynamic testing
extends this idea by allowing flexible motion trajectories
and large attitude excursions. In previous work, a fan-array
robotic-arm method was developed for CKopter-1 and used to
identify pitch-rate stability derivatives over a broad angle-of-
attack range [12]. That study demonstrated that the method
can provide useful dynamic-derivative data even in regimes
where sustained free flight is not feasible. The present work
extends this methodology from longitudinal pitch-rate dy-
namics to lateral–directional yaw-rate excitation.

In lateral–directional dynamics, yaw damping is a key in-
dicator of directional stability. The yaw-moment derivative
with respect to yaw rate, Nr, describes how the yawing mo-
ment changes in response to yaw-rate perturbations. A neg-
ative Nr indicates that the vehicle generates a yawing mo-
ment opposing the yawing motion, thereby providing stabi-
lizing yaw damping. Such damping is particularly important
for FWMAVs because their low inertia, unsteady aerodynam-
ics, and multi-axis coupling can make the lateral–directional
response difficult to predict from geometry alone. Passive
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aerodynamic damping has also been discussed in the context
of flapping flight and biological flyers, where it contributes to
disturbance rejection and flight stability [13, 14].

This paper presents a robotic-arm-based experimental in-
vestigation of the yaw damping characteristics of a tailed
flapping-wing micro air vehicle (FWMAV). Controlled yaw-
sweep motions are imposed under prescribed angles of attack
and sideslip conditions while synchronized force/moment
and motion measurements are acquired. The primary ob-
jective is to experimentally identify the yaw damping deriva-
tive, Nr, and to characterize the associated lateral-directional
aerodynamic responses. The proposed methodology extends
forced-motion testing to flapping-wing MAVs and provides
an experimental framework for identifying lateral-directional
stability derivatives to support flight dynamics modeling and
controller development.

2 EXPERIMENTAL SETUP AND METHODOLOGY

2.1 Flapping-wing MAV platform
The test vehicle used in this study is the tailed flapping-

wing micro air vehicle (CKopter-1) previously reported by
Chan et al. [12]. The vehicle has a total mass of 17.25 g,
a wingspan of 200 mm, and employs a pair of reciprocating
wings to generate lift and thrust, while a conventional tail pro-
vides longitudinal and directional stability and control. A de-
tailed description of the vehicle design, flapping mechanism,
structural configuration, and aerodynamic characteristics can
be found in [12].

The center of gravity (CG) of the fully assembled FW-
MAV was determined experimentally by balancing the ve-
hicle on a fine support point until static equilibrium was
achieved. The measured CG location was subsequently used
to transform the forces and moments measured by the six-axis
force sensor from the sensor reference frame to the vehicle
CG. A detailed description of the coordinate transformation
is available in [12].

To facilitate comparison with the previously identified
longitudinal dynamic derivatives, the same experimental con-
figuration and trim condition were adopted throughout this
study. The flapping mechanism was operated at the exper-
imentally determined steady-level-flight condition reported
in [12], corresponding to a flapping frequency of 14 Hz under
a nominal incoming flow of approximately 2 m/s. The eleva-
tor and rudder were fixed at their trim positions throughout all
experiments so that variations in the measured aerodynamic
forces and moments could be attributed primarily to the pre-
scribed yaw motion.

The objective of the present experiments was to iden-
tify the yaw damping derivative, Nr, under different angles
of attack and sideslip conditions. In addition to the yawing
moment, the side force and rolling moment were also exam-
ined to assess whether other lateral–directional aerodynamic
derivatives associated with yaw-rate excitation could be reli-
ably identified using the proposed robotic-arm-based experi-

mental method.

Figure 1: Tailed flapping-wing MAV platform used in this
study.

2.2 Robotic-arm-based dynamic test setup

A robotic-arm-based experimental setup was developed
to impose repeatable yaw motions on the FWMAV. The ve-
hicle was mounted on a support structure connected to a
six-axis force/torque sensor (ATI Nano17 Titanium, ATI In-
dustrial Automation, USA), which measured the three-axis
forces and moments throughout the prescribed yaw-sweep
motion. The sensor outputs were synchronized with the
robotic-arm motion and the optical motion-capture measure-
ments for subsequent aerodynamic derivative identification.
This setup extends the fan-array robotic-arm methodology
previously developed for pitch-rate dynamic characteriza-
tion of a flapping-wing MAV to the identification of lateral–
directional derivatives under yaw-rate excitation [12].

An optical motion-capture system (Vicon Motion Sys-
tems Ltd., UK) was used to measure the actual position and
attitude of the FWMAV throughout each experiment. Al-
though the robotic arm prescribed the desired yaw-sweep
motion, the commanded trajectory was not used directly for
aerodynamic derivative identification. Instead, the motion-
capture measurements were used to determine the actual ve-
hicle attitude and yaw rate, thereby accounting for any de-
viations arising from robot tracking errors, structural com-
pliance, or mounting flexibility. The motion-capture and
force/moment measurements were synchronized through a
common frame-based data acquisition procedure, enabling
the measured aerodynamic loads to be correlated with the in-
stantaneous vehicle motion.

A fan-array flow facility was placed upstream of the
model to generate a controlled incoming flow. Since the
model was fixed to the robotic-arm platform, the incoming
flow was used to reproduce the relative flow condition expe-
rienced during forward flight. The incoming flow velocity at
the test location was measured using an Extech HD350 differ-
ential pressure manometer equipped with a Pitot tube. During
fan-array operation, the measured velocity fluctuated about a
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mean value of approximately 2 m/s. Accordingly, all exper-
iments were conducted under a nominal incoming flow con-
dition of approximately 2 m/s. A detailed characterization
of the spatial velocity distribution and turbulence intensity of
the fan-array flow was beyond the scope of the present study.

Figure 2: Synchronized robotic-arm-based experimental
setup for yaw-rate derivative identification.

2.3 Test conditions
The experiments were conducted over a range of angles

of attack and sideslip angles. The angle of attack was var-
ied from 30◦ to 60◦, encompassing the experimentally de-
termined steady-level-flight trim condition of approximately
45◦ reported in [12]. This range was selected to characterize
the yaw damping behavior in the vicinity of the nominal op-
erating condition while also examining the influence of mod-
erate deviations in angle of attack. The sideslip angle was
varied within the prescribed yaw-sweep range.

For each angle-of-attack condition, the robotic arm exe-
cuted a programmed yaw sweep from β = −45◦ to β = 45◦

at one of five prescribed sweep speeds, producing five cor-
responding yaw-rate conditions. To avoid the acceleration
and deceleration phases associated with the reversal of the
robotic-arm motion, only the data acquired between β =
−30◦ and β = 0◦ were used for the subsequent analysis.
This portion of the trajectory corresponded to the constant-
angular-rate region, ensuring that the identified aerodynamic
responses were associated with a well-defined yaw-rate exci-
tation. Each test condition was repeated five times to evaluate
experimental repeatability.

The lowest yaw-sweep speed was treated as the quasi-
static reference condition, while the higher sweep speeds
were used as the dynamic cases. By comparing the mea-

sured aerodynamic force and moment responses under dif-
ferent yaw-rate conditions, the yaw damping derivative was
identified.

Figure 3: Robotic-arm yaw-sweep motion used to impose
controlled sideslip and yaw-rate perturbations: (a) top view
showing the incoming flow direction and yaw rate; (b) iso-
metric view showing the center of rotation. The robotic arm
executes a programmed yaw sweep from β = −45◦ to 45◦.
Only the constant-angular-rate segment between β = −30◦
and 0◦ is included in the data analysis to avoid the accelera-
tion and deceleration phases of the robotic-arm motion.

2.4 Data processing
The force/moment and motion-capture data were first

synchronized using their corresponding frame indices. The
force and moment signals were transformed from the sen-
sor reference frame to the vehicle center of gravity using the
experimentally determined CG location, filtered, and resam-
pled to match the motion-capture sampling rate. Bias data
collected without incoming flow and without flapping mo-
tion were subtracted to remove the static contribution of the
mounting structure and sensor offsets.

The sideslip angle, β, was obtained from the attitude
measured by the motion-capture system, while the yaw rate,
r, was computed by differentiating the measured yaw-angle
signal. The measured motion, rather than the commanded
robotic-arm trajectory, was used throughout the aerodynamic
derivative identification to ensure that the estimated deriva-
tives corresponded to the actual kinematics experienced by
the vehicle.

The yaw damping derivative was calculated as

Nr =
∂N

∂r
, (1)

where N is the yawing moment about the center of gravity
and r is the yaw rate. For each angle-of-attack and sideslip-

SEPTEMBER 21-25, 2026, STRASBOURG, FRANCE 212



ht
tp

://
w

w
w

.im
av

s.
or

g/
IMAV2026-26 17th INTERNATIONAL MICRO AIR VEHICLE CONFERENCE AND COMPETITION

angle condition, the variation of yawing moment with yaw
rate was used to estimate Nr.

The side-force and roll-moment responses were also ex-
amined to assess whether other yaw-rate-related lateral–
directional effects could be identified. However, the side-
force response did not show a repeatable monotonic trend
with increasing yaw rate, and the roll-moment curves were
highly overlapped across yaw-sweep speeds. Therefore, the
final quantitative identification in this paper focuses on Nr,
while the Y and L responses are used qualitatively to inter-
pret the limitations and dominant aerodynamic trends of the
experiment.

3 RESULTS AND DISCUSSION

3.1 Lateral–directional force and moment response
The processed experimental data show that the side force

Y , yawing moment N , and rolling moment L respond differ-
ently to sideslip angle and yaw-sweep speed. Each test con-
dition was repeated five times. The solid curves in Figs. 4, 5,
and 6 represent the mean response of the five runs, while the
shaded regions denote ±1 standard deviation. The observed
variability primarily reflects cycle-to-cycle variations in the
unsteady flapping-wing aerodynamic loads and measurement
uncertainty rather than poor repeatability of the robotic-arm
motion.

Figure 4: Mean side-force response as a function of sideslip
angle at different yaw-sweep speeds for α = 60◦. Solid
lines denote the mean of five repeated experiments, while the
shaded regions indicate ±1 standard deviation. The response
does not show a clear monotonic trend with increasing yaw
rate.

Figure 4 shows the side-force response at α = 60◦. Al-
though the side force varies with sideslip angle, the responses
obtained at different yaw-sweep speeds do not exhibit a con-
sistent monotonic dependence on yaw rate. The separation
among the curves is comparable to the measurement variabil-

Figure 5: Mean yawing-moment response as a function of
sideslip angle at different yaw-sweep speeds for α = 60◦.
Solid lines denote the mean of five repeated experiments,
while the shaded regions indicate±1 standard deviation. The
systematic separation among the curves demonstrates a mea-
surable yaw-rate effect.

ity, indicating that the yaw-rate contribution to side force is
too small to permit reliable identification of the side-force
derivative, Yr.

In contrast, the yawing-moment response shown in Fig. 5
exhibits a clear and repeatable dependence on yaw-sweep
speed. As the yaw rate increases, the yawing-moment curves
shift systematically, demonstrating that the yawing moment
is sensitive to yaw-rate perturbations. This trend forms the
basis for identifying the yaw damping derivative, Nr. Phys-
ically, the imposed yaw rate generates an additional lateral
velocity at the tail, producing a restoring yawing moment.
Consequently, the measured negative values of Nr are con-
sistent with the expected stabilizing directional damping of
the tailed FWMAV.

Figure 6 shows that the rolling moment is governed pri-
marily by sideslip angle. The roll moment increases approx-
imately linearly as β changes from 0◦ to −30◦, while the re-
sponses at different yaw-sweep speeds remain highly over-
lapped. This indicates that the yaw-rate contribution to roll
moment is small, suggesting that Lr cannot be reliably identi-
fied under the present test conditions. Together with the side-
force results, this demonstrates that the dominant measurable
yaw-rate effect appears in the yawing moment.

3.2 Identified yaw damping derivative

The identified yaw-moment derivative with respect to yaw
rate, Nr, remained negative across the tested conditions. This
negative sign indicates that the yawing moment generated
by the vehicle opposes the imposed yaw-rate perturbation.
Therefore, the measured Nr represents a stabilizing yaw-

SEPTEMBER 21-25, 2026, STRASBOURG, FRANCE 213



ht
tp

://
w

w
w

.im
av

s.
or

g/
IMAV2026-26 17th INTERNATIONAL MICRO AIR VEHICLE CONFERENCE AND COMPETITION

Figure 6: Mean rolling-moment response as a function of
sideslip angle at different yaw-sweep speeds for α = 60◦.
Solid lines denote the mean of five repeated experiments,
while the shaded regions indicate±1 standard deviation. The
overlap among the curves suggests that the rolling moment is
governed primarily by sideslip angle rather than yaw rate.

damping effect.
The magnitude of Nr varied with angle of attack and

sideslip angle, reflecting the influence of the high-angle
flapping-wing flow field, tail interaction, and body orienta-
tion. Although the variation with angle of attack was not
strictly monotonic, Nr remained negative throughout the in-
vestigated flight envelope, indicating that the vehicle consis-
tently generated a restoring yawing moment in response to
yaw-rate perturbations.

Figure 7 summarizes the identified yaw damping deriva-
tive, Nr, as a function of angle of attack for the three tested
sideslip angles. The measured Nr values are generally on the
order of 10−3 Nms/rad.

3.3 Comparison with DelFly II

To assess the physical consistency of the identified yaw
damping derivative, the result was compared with the dimen-
sional yaw-rate derivative reported for DelFly II. Although
the two platforms differ in geometry, wing configuration, tail
arrangement, and test condition, DelFly II provides a useful
reference because it is one of the few flapping-wing MAVs
with reported lateral– directional aerodynamic derivatives.

Table 1 compares the dimensional yaw damping deriva-
tive obtained in this study with that reported for DelFly II.
The comparison uses the present data at α = 60◦ because the
DelFly II reference data were obtained at an approximately
similar angle of attack. For example, using the reported ve-
locity components u = 0.25 m/s and w = 0.5 m/s, the
corresponding angle of attack is α = tan−1(w/u) ≈ 63.4◦,
which is close to the 60◦ condition tested in this study.

Figure 7: Identified yaw damping derivative, Nr, as a func-
tion of angle of attack for the three tested sideslip angles. The
negative values indicate a stabilizing yawing moment oppos-
ing the imposed yaw-rate perturbation.

Table 1: Comparison of dimensional yaw damping derivative
between DelFly II [9] and the present FWMAV.

Derivative DelFly II Present study
Nr (N m s/rad) −1.9× 10−3 −3.37× 10−3

The two values are of the same order of magnitude and
have the same negative sign, indicating physically consistent
yaw damping behavior. The difference in magnitude may
be attributed to differences in vehicle geometry, flight speed,
flapping amplitude, tail configuration, and aerodynamic scal-
ing. The present experiment was conducted at a nominal
incoming flow velocity of approximately 2 m/s, whereas
the DelFly II aerodynamic model was identified from near-
hover and slow-forward-flight maneuvers at approximately
0.5 m/s [9]. Nevertheless, the negative Nr value observed in
both platforms indicates that yaw-rate perturbations generate
a restoring yawing moment, which is consistent with stable
lateral–directional damping behavior. Although obtained us-
ing different experimental methodologies, the agreement in
both sign and order of magnitude provides additional confi-
dence that the identified yaw damping derivative is physically
reasonable.

4 CONCLUSION

This paper presented an experimental method for identi-
fying yaw damping in a tailed flapping-wing micro air ve-
hicle. A synchronized robotic-arm-based test platform was
used to impose controlled yaw motions under prescribed
angle-of-attack and sideslip conditions. The measured force,
moment, attitude, and yaw-rate data were processed to evalu-
ate the lateral–directional aerodynamic response to yaw-rate
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perturbations.
The results show that the yawing moment exhibits a clear

and repeatable dependence on yaw rate, allowing the yaw
damping derivative Nr to be identified. The identified Nr
remained negative across the tested conditions, indicating
that the vehicle generates a yawing moment opposing yaw-
rate perturbations. This confirms the presence of stable yaw
damping for the present FWMAV configuration.

The side-force response did not show a clear repeatable
trend with increasing yaw rate. This suggests that the yaw-
rate effect on side force is too small to be reliably captured
by the present experimental setup. The roll-moment response
showed a strong dependence on sideslip angle but only weak
dependence on yaw-sweep speed, indicating that the roll mo-
ment is primarily sideslip-dominated rather than yaw-rate-
dominated.

These findings provide experimental evidence of yaw
damping in a tailed FWMAV and support future lateral–
directional dynamic modeling and flight control design. Fu-
ture work will improve the measurement sensitivity, further
characterize the fan-array inflow, extend the experimental en-
velope, include rudder-input excitation, and incorporate the
identified yaw damping derivative into a complete lateral–
directional state-space model. In addition, the proposed iden-
tification protocol will be evaluated using reference models
or simulated datasets with known aerodynamic derivatives to
further assess the accuracy and robustness of the estimation
method.
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