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B I O P H Y S I C S

Flies trade off stability and performance via adaptive 
compensation to wing damage
Wael Salem1, Benjamin Cellini1, Heiko Kabutz2, Hari Krishna Hari Prasad2, Bo Cheng1, 
Kaushik Jayaram2, Jean-Michel Mongeau1*

Physical injury often impairs mobility, which can have dire consequences for survival in animals. Revealing mech-
anisms of robust biological intelligence to prevent system failure can provide critical insights into how complex 
brains generate adaptive movement and inspiration to design fault-tolerant robots. For flying animals, physical 
injury to a wing can have severe consequences, as flight is inherently unstable. Using a virtual reality flight arena, 
we studied how flying fruit flies compensate for damage to one wing. By combining experimental and mathematical 
methods, we show that flies compensate for wing damage by corrective wing movement modulated by closed-
loop sensing and robust mechanics. Injured flies actively increase damping and, in doing so, modestly decrease 
flight performance but fly as stably as uninjured flies. Quantifying responses to injury can uncover the flexibility 
and robustness of biological systems while informing the development of bio-inspired fault-tolerant strategies.

INTRODUCTION
A hallmark of biological systems is their ability to compensate for 
perturbations, whether of internal or external origins. Environ-
mental perturbations can have severe consequences for survival, in 
some instances causing injury that impairs mobility (1). In arthro-
pods, damage can arise from molting defects, disease, predation, 
aggression for mate selection, etc. A survey of arthropod natural 
populations revealed that 40% of certain arthropod species are 
missing at least one whole appendage (2); therefore, perturbations 
can be the norm rather than the exception. For flying insects, inter-
nal perturbations such as wing damage can have dire consequences 
that affect overall flight performance (1, 3, 4). When a single wing is 
damaged, the situation could be catastrophic, as asymmetric aero-
dynamic forces could rapidly destabilize the body.

The response of flying insects to wing damage can provide critical 
insights into flight-control mechanisms as changes in aerodynamic 
surface translate to changes in forces and moments of the center of 
mass. Wing damage can arise from wear or predation and directly in-
fluences mortality (1, 5, 6); thus, flying insects have likely evolved a 
host of compensatory mechanisms to maintain fitness. Insects, unlike 
birds and bats, cannot repair wing damage and therefore require 
compensatory control strategies from coupled neural and mechan-
ical systems. For instance, dragonflies, moths, bees, and flies can 
readily compensate for a host of wing injuries in flight (3, 5, 7–10), 
but the underlying neural and mechanical strategies to compensate 
for wing damage remain elusive.

Insects, such as flies, are robust to naturally occurring wing dam-
age, which can be achieved by tuned closed-loop control driven 
by sensory feedback. Robust control could enable flies to maintain 
performance without changes in internal neural gains (11). From an 
engineering perspective, flies might implement such a “robust control 
law,” which could maintain stability and appropriate performance 
for a certain range of wing damage without changes in internal con-
trol. Alternatively, they might adaptively change their internal gains 
over time to maintain adequate performance. Under such a scheme, 

flies might implement an “adaptive control law,” similar to how air-
planes change autopilot control parameters as mass decreases be-
cause of fuel consumption over the course of a flight (12). While these 
two hypotheses are not mutually exclusive, i.e., flies could use both 
strategies, teasing out their relative contribution is of great relevance 
to understanding the control principles of flapping flight. These prin-
ciples could aid in the development of control schemes to enable flap-
ping robots to compensate for damage.

Here, we applied a control theoretic framework to reveal how sen-
sory feedback enables flies to compensate for wing damage in flight. 
To quantify how wing damage affects flight performance, we quan-
tified the gaze stabilization response of flies with intact and unilaterally 
damaged wings. To facilitate input-output system analysis, we placed 
flies in a virtual reality magnetic tether, which permits rotation about 
the vertical axis and allows flies to close the loop between visual 
perturbations and body motion. Following unilateral wing area loss 
up to ~40%, flies exhibited only a modest decrease in flight per-
formance during smooth movement and saccades. Flies compensated 
for unilateral wing damage by altering wingbeat amplitude (WBA), 
abdominal angle, and wingbeat frequency. By combining flight data 
in open- and closed-loop experimental paradigms with mathematical 
and robotic models, we show that asymmetric changes in WBA and 
bilaterally symmetric changes in wingbeat frequency are due to both 
active and passive mechanisms. Using control theory, we show that 
compensation to wing damage is achieved by an adaptive increase 
in damping that trades off performance and stability.

RESULTS
Unilateral wing damage marginally decreases gaze 
stabilization performance
To study the influence of wing damage on flight performance, we first 
sought to determine the tuning of the body’s yaw optomotor reflex in 
intact flies by presenting a broadband visual chirp stimulus to mag-
netically tethered flies (Fig. 1A). The frequency of the chirp stimulus 
logarithmically increased from 0.1 to 6.5 Hz over 20 s and was pre-
sented at a constant amplitude of 15°, representing peak speeds be-
tween 9° and 612° s−1, which are within the visual bandwidth limits 
of the yaw optomotor response of Drosophila (13, 14) (Fig. 1B). 
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For the chirp, we let velocity vary as the visuomotor response of 
Drosophila is velocity sensitive (13). This stimulus elicited an optomo-
tor response at all frequencies, but the response was primarily tuned 
to low frequencies (peak speeds of 38° to 188° s−1), representing the 
region with the highest gain and coherence, a measure of linear cor-
relation in the frequency domain to evaluate linearity between input 
and output (see Materials and Methods), and the lowest compensa-
tion error, a performance metrics that combines gain and phase 
(see Materials and Methods; Fig. 1, C to E). At low frequencies, the 
closed-loop gain was close to unity and the phase difference was 
approximately zero, indicative of high compensation performance. 
However, as the stimulus frequency increased, both the gain and 
phase difference decreased rapidly, corresponding to a decrease in 
compensation performance. Above 4 Hz (peak angular velocity of 
377° s−1), the gain and coherence were near zero, and the phase dif-
ference became extremely noisy, suggesting that flies hardly re-
spond to visual motion in this higher frequency band (Fig. 1, C to E). 
Below 0.4 Hz (peak angular velocity of 28° s−1), flies responded 
to each step of individual pixels of the light-emitting diode (LED) 
arena; thus, the stimulus did not elicit smooth movement and had 
overall low coherence, further pointing to nonlinearities (Fig. 1C 
and fig. S1A). We therefore focused our further analyses to frequen-
cies above this threshold. However, unlike canonical linear time-
invariant systems, gaze control in flies is sensitive to visual motion 
amplitude, speed, and frequency (15, 16); thus, we sought to study 
the yaw optomotor response within a stimulus space that avoided 
saturation nonlinearities (either motor or sensory in origin). For a 
fly operating about a putative equilibrium point (e.g., zero retinal 
image velocity), such nonlinearities would not be naturalistic, as they 
would be pushing the fly near its performance limits (either motor 
or sensory) (17).

We next studied how unilateral wing damage could influence 
the performance of the optomotor response. To provide higher 

signal-​to-noise ratio than chirp stimuli, we generated a pseudo-
random sum-of-sines stimulus. This stimulus was composed of 
nine logarithmically spaced and superimposed sine signals with 
random phase at each frequency (frequency range: 0.35 to 13.7 Hz; 
fig. S1B). To avoid exceeding the cutoff frequency (and speed) of 
the body of the fly and thereby saturation nonlinearities, the ampli-
tude at each frequency was normalized by a mean angular velocity 
of 52° s−1, which resulted in a peak velocity of 380° s−1 (fig. S1B). 
These experiments were conducted on two separate groups of flies 
with intact and unilaterally damaged wings (chordwise cut of the 
left wing; range: 10 to 40% area loss; Fig. 2A and movies S1 and S2).

We observed that damaged flies drifted slowly in the direction of the 
damaged wing (left; Fig. 2, B and C, and movie S2). In contrast, intact 
flies exhibited smaller drift, which occurred in an arbitrary direction, 
approximately equally in the clockwise and counterclockwise directions 
(Fig. 2C and movie S1). As the optomotor response is guided by a velocity-​
based controller that minimizes velocity or “slip” of the moving back-
ground onto the eye (18), the net velocity of the continuous drift can be 
interpreted as a flight performance deficit due to wing damage.

To tease apart the observed drift and flight performance follow-
ing wing damage, we analyzed the angular velocity of both groups. 
Both groups demonstrated similar performance across a range of 
frequencies of the stimulus. However, the closed-loop gain substan-
tially dropped at 3.7 Hz for both groups of flies, indicative of low-
pass filtering (Fig. 2D). The phase difference gradually increased in 
the same manner for both groups with increasing frequency, again 
resembling a low-pass filter. A statistical comparison of the per-
formance of intact and damaged flies yielded a significant difference 
in gain across all frequencies but not in phase difference (Fig. 2D 
and table S1). Furthermore, damaged flies compensation error was 
similar to intact flies (Fig. 2D and table S1). These results point to a 
modest decrease in gaze stabilization performance following uni-
lateral wing damage.
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Fig. 1. The yaw optomotor reflex is tuned to low frequencies. (A) Magnetic tether system to study the optomotor response. Flies were glued to a magnetic pin and 
suspended between two magnets, thus enabling body motion about yaw (purple arrow). A virtual reality arena is used to play a visual stimulus to elicit an optomotor 
response. A high-speed camera was used to track changes in the fly heading. (B) Average fly angular position (blue) and velocity (red) to a visual chirp stimulus (black) for 
intact flies. The chirp started at a frequency of 0.1 Hz and increased logarithmically to 6.1 Hz. (C) Closed-loop gain and phase difference of the fly optomotor response. 
(D) Compensation error, defined as the vector distance in the complex plane from perfect compensation (gain = 1 and phase = 0°). Dashed line: Deleterious region indicates 
the compensation error (>1) where a fly’s response degrades gaze stabilization more so than if the fly did nothing. (E) Coherence between the chirp stimulus and body 
motion. For (B) to (E), shaded region is ±1 SD. n = 5 flies.
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To measure how the degree of wing damage altered flight perfor-
mance, we categorized flies with similar amounts of wing damage. 
Flies were placed into one of three groups (fig. S2A): flies with more 
than 30% of their wing area removed, flies with 30 to 20% of wing 
area removed, and flies with less than 20% of their wing area re-
moved, corresponding to wing area ratios of <0.7, 0.7 to 8, and >0.8, 
respectively. Here, area ratio is defined as the ratio of the damaged 
wing area to the intact wing area. A statistical analysis revealed no 
significant difference between the gains and phase difference of the 
three groups for all frequencies (table S2). These results suggest that 
flies that lost around 40% of their total wing area performed similar-
ly to flies that had lost only 10%.

To further investigate the impact of wing damage on tethered 
flight performance, we measured the number of stable and unstable 
flies in the magnetic tether for intact and damaged conditions. We 

categorically defined an unstable fly as one that would spin or shook 
continuously and thus failed to stabilize a static background when 
placed in the magnetic tether. Human error in pin placement can 
cause flies to be unstable, which is most likely a result of the pin being 
offset from the longitudinal axis. From 78 flies with a damaged wing, 
36 flies were unstable (46%). For 50 intact flies, 20 were unstable (40%). 
Statistical analysis revealed that these two proportions were not sta-
tistically significant (z test; P = 0.50), thus providing some assurance 
that flies can readily compensate for damage even in tethered condi-
tion and that the proportion of stable flies was not biased between 
intact and damaged conditions. The average wing loss area ratio for 
the stable and unstable flies were not statistically different (t test, 
P = 0.14). These results suggest that the amount of wing area lost had 
little impact on flight performance in the magnetic tether for flies 
that lost 40% or less area of a single wing (fig. S2, B and C).
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Fig. 2. Unilateral wing damage modestly decreases stabilization performance. (A) Histogram of the degree of unilateral wing damage (n = 71 flies). (B) Average re-
sponse for intact and damaged flies to a sum-of-sines visual stimulus (black). Damaged flies drifted toward the damaged (left) wing. (C) Box plot of the drift for both intact 
(green) and damaged (red) flies grouped by direction. Intact flies drifted in both direction (clockwise and counterclockwise) nearly equally (194 and 136 trials, respectively), 
whereas damaged flies drifted mostly toward the damaged wing (toward intact wing: 47 trials; toward damaged wing: 221 trials). Damaged flies exhibited a significantly 
larger drift toward the damaged wing. (D) Closed-loop gain, phase difference, and compensation error for intact (green) and damaged (red) flies in response to a sum-of-sines 
stimulus. Shaded error region is ±1 SD. Wing damage had a significant influence on body gain but not on phase difference (see table S1 for statistics). (E) Gain of intact 
(top) and damaged (bottom) flies for smooth movement gaze stabilization experiments. Gain: Fly velocity/panorama velocity. Motion in the positive direction (toward the 
intact wing) generated significantly higher variance in gains in damaged flies compared to the intact group (F test, P < 0.001 for all speeds). For (A) to (C), intact, n = 40 
(green) and damaged, n = 38 (red). For (D), intact, n = 40 and damaged, n = 38. For (E), intact, n = 25 and damaged, n = 22. NS, not significant.
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While we found an overall decrease in performance in body rota-
tion gain following unilateral wing damage, flies could compensate 
for the decrease in body rotation gain by adjusting head movements. 
Head movements in Drosophila have smaller visuomotor delays 
than wing movements and can reduce retinal slip by up to ~60%; 
thus, the head could readily compensate for asymmetries in wing 
torque production (15). By tracking the head orientation of mag-
netically tethered fruit flies with respect to a fixed vertical axis, we 
measured the head motion of both intact and damaged flies. A fre-
quency domain analysis revealed that head motion of damaged flies 
did not increase to account for the reduction in body motion, and in 
particular, damaged flies had smaller gains particularly at higher 
frequencies (fig. S2D and table S3).

To determine whether the decrease in task performance general-
ized to other classes of stimuli, we measured the body response of 
flies to a panorama moving at constant velocity. Corroborating pre-
vious work, intact flies compensated for a moving background by 
nearly matching its velocity, yielding gains close to unity, where 
gain here is defined as the ratio of the fly velocity to background 
velocity (Fig. 2E) (14, 19). Curiously, in intact flies, the variance for 
counterclockwise rotation was higher than for clockwise rotation 
(F test, P < 0.001). The gain and variance of damaged flies were depen-
dent on the stimulus direction. Specifically, when flies rotated toward the 
intact wing, whereby the damaged wing acted as the “motor,” gains were 
not statistically significant from intact flies when applying a Bonferroni 
correction for multiple comparisons (Fig. 2E). We found no signif-
icant effect of stimulus direction on gains for all velocities, suggesting 
that flies compensate strongly for wing damage. However, motion 
in the positive direction (toward the intact wing) generated signifi-
cantly higher variance in gains in damaged flies compared to the 
intact group (F test, P < 0.001 for all speeds). This variability is like-
ly due to the drift observed in damaged flies (Fig. 2, B and C). As in 
a previous study, we found that wing damage had only a very minor 
influence on saccade dynamics (fig. S6). Together, unilateral wing 
damage marginally decreased gaze stabilization performance.

Sensory feedback and passive mechanics modulate WBA 
and wingbeat frequency following wing damage
Unilateral wing damage marginally decreases gaze stabilization perform
ance, and flies might actively compensate for asymmetric torque pro-
duction by modifying their wing kinematics. In free flight, Drosophila 
hydei, a larger species of fruit fly than Drosophila. melanogaster, 
alter wing kinematics following unilateral wing damage (9). D. hydei 
increase wingbeat frequency and adjust wing motion asymmetrically 
to counteract roll torque imbalances due to a unilateral loss in aero-
dynamic surface. However, the extent by which these compensation 
strategies are driven by active or passive mechanisms remains 
unclear. For instance, an asymmetry between the stroke angles of 
the left and right wings might arise from differential drag forces due 
to a unilateral loss in wing aerodynamic surface. Furthermore, a 
decrease in wing inertia might be accompanied by a concomitant 
increase in wingbeat frequency due to an increase in the resonant 
frequency of the wing-thorax mechanical system (20) and therefore 
may not require active neural control. Seminal work showed that 
the frequency of oscillation of asynchronous muscle is near reso-
nance without any neural feedback (21). We sought to resolve the 
potential influence of passive aerodynamic and mechanical effects 
on compensatory flight strategies. To achieve this, we compared 
the WBA [two-dimensional (2D) projection of stroke angle] and 

wingbeat frequency of flies in a rigid and magnetic tether system. As 
these two paradigms provide different control topologies (open 
versus closed loop), comparison of flight behavior between these 
paradigms can provide unique insights into the contribution of sen-
sory feedback in flight control (Fig. 3A) (17). We reasoned that if 
relative changes in WBA between intact and damaged flies were the 
same in the presence (magnetic tether) and deficit (rigid tether) of 
visual reafference and body mechanosensory feedback, then an 
increase in WBA would be best explained by passive mechanics, as 
opposed to active compensation. Similarly, if wingbeat frequency 
was the same in both paradigms, then passive mechanics might be 
the best explanation for changes in wingbeat frequency.

To tease out the contribution of active and passive mechanisms, 
we first compared WBA in the rigid and magnetic tether when flies 
were presented with a static visual pattern, thereby simulating hov-
ering conditions. We quantified the change in WBA (WBA) between 
the left and the right wing. In both the rigid and magnetic tether, 
unilateral wing damage significantly increased the WBA between 
intact and damaged flies (t test, P = 0.01 and P < 0.001 for the rigid 
and magnetic tether, respectively) (Fig. 3B). However, WBA in the 
magnetic tether was significantly larger than in the rigid tether (t test, 
P < 0.001). Together, these results suggest that passive aerodynamics 
and visual feedback both contributed to the increase in WBA. To 
reveal how visual feedback modulates WBA, we quantified the left 
and right WBA individually in both the rigid and magnetic tether 
(Fig. 3, C and D). The damaged (left) WBA was different in dam-
aged flies between paradigms, suggesting that WBA modulations of 
the damaged wing are driven by both passive and active mecha-
nisms (t test, P < 0.001). Similarly, the intact (right) WBA was mar-
ginally smaller for damaged flies in the magnetic tether, suggesting 
that flies actively modulate the intact wing (t test, P = 0.01). There 
was a significant decrease in the intact wing WBA of damaged flies 
in the rigid tether, but because the visual stimuli were identical for 
rigid flies with and without damage, mechanics or feedback of non-
visual origin may be responsible (Fig. 3C). Together, these results 
show that both passive mechanics and sensory feedback underlie 
wing control following unilateral damage.

In both paradigms, we confirmed that unilateral wing damage el-
evated wingbeat frequency (Fig. 3D) (9, 22, 23). Wingbeat frequency 
in the rigid tether was measured using a wingbeat analyzer, whereas 
a microphone measured wingbeat frequency in the magnetic tether 
(see Materials and Methods). We confirmed that the microphone 
provided a robust estimate of wingbeat frequency by comparing the 
signal to our wingbeat analyzer as a benchmark (fig. S3). Following 
unilateral wing damage, the wingbeat frequency was no different be-
tween magnetically and rigidly tethered flies (t test, P = 0.45; Fig. 3E). 
This result suggests that the increase in wingbeat frequency following 
wing damage may be a manifestation of a passive change in wing-​
thorax resonance.

In rigidly tethered flies, wingbeat frequency scaled with the amount 
of damage (linear regression, P = 0.01; Fig. 3E). By ablating a por-
tion of the wing, we effectively reduced the inertia of an oscillatory 
system composed of the two wings and the thorax. Previous work 
showed that wingbeat frequency scales with wing inertia, as predicted 
by a linear spring-mass-damper model (23). Consistent with this pre-
vious work, we modeled the wing-thorax system as a second order 
pendulum system with inertia and damping (see the Supplementary 
Materials). From this simplified model, we estimated that the natu-
ral frequency n should scale according to
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	​​ ​ n​​  = ​   k ─ 
l ​√ 
_

 ​A​ r​​ ​
 ​​	 (1)

where k is a constant that accounts for the torsional stiffness of the wing 
joint, l is the wingspan, and Ar is the wing area ratio. Although this 
simplified mechanical model could explain some of the vari-
ance (R2 = 0.22), the high variance in wingbeat frequency is likely 

because it is under active control and because flies need not flap at 
wing-thorax resonance. Rigidly tethered flies can actively modulate 
wingbeat frequency because of changes in visual and gyroscopic 
feedback (24, 25). Another possibility is that variation in flight kine-
matics reflects distinct flight control strategies of individual flies. 
Therefore, changes in wingbeat frequency following wing damage 
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are likely a manifestation of both passive and active mechanisms. 
Similarly, the wingbeat amplitude of the damaged (left) wing increased 
with the amount of damage, although there was considerable vari-
ability (linear regression, P = 0.022; R2 = 0.178; Fig. 3F). By combin-
ing fly data with mathematical models, our data suggest that both 
active visual control and passive mechanics underlie flight strategies 
to compensate for wing damage.

Wing kinematics are influenced by wing damage in an 
insect-inspired resonant system and aeromechanics model
Like flies, insect-scale flapping wing robots are subject to passive 
mechanical scaling because of wing damage. Previous work demon-
strated the implications of nonlinear aerodynamic damping and its ef-
fect on flapping amplitude and frequency using spring-mass-damper 
lumped models (26–28). Furthermore, studies showed how chang-
ing wing aerodynamics and inertia together influence resonance for 
the design of micro air vehicles (26, 27). To reveal the extent to which 
passive mechanisms influence wing kinematics in an insect-inspired 
resonant mechanical system, we developed a robophysical model 
(fig. S4A). Both the robotic wing and the fruit fly wing operated in a 
similar dynamical regime in air [fly wing Reynolds number (Re) = 
~120; robot wing Re = 500 to 600 at resonance], and thus, the robot 
model can provide insights into the contribution of unsteady aero-
dynamics at the insect scale, despite having different wing kinematics 
and not being dynamically scaled to D. melanogaster. Furthermore, 
because the robot is open loop by design, it can provide a baseline 
for the contribution of passive mechanisms in shaping wing kine-
matics in a resonant system. Supporting the contribution of passive 
mechanics, the resonant wingbeat frequency of the robophysical model 
scaled with the amount of wing damage, as predicted by a linear aero-
mechanics model with quasi-steady assumptions (see the Supple-
mentary Materials; fig. S4B). Corroborating previous work with a 
similar robot (29), the robophysical and aeromechanics model like-
wise exhibited an increase in wingbeat amplitude with an increase 
in wing damage (fig. S4C), although higher damage caused a satura-
tion nonlinearity because of wing hinge geometry constraints (see 
the Supplementary Materials). Despite the simplified quasi-steady 
aeromechanical model, the close agreement between the model and 
physical prototype suggests that unsteady aerodynamics may play little 
role in shaping passive wing kinematics following a loss in aerody-
namic surface. Together, the robophysical model provides insight into 
how wing kinematics are modulated passively in an insect-inspired 
resonant system.

Wing damage causes a compensatory abdominal response 
of nonvisual origin
In addition, flies with damaged wings shifted the position of their ab-
domen by about 9° toward the intact wing, pointing to active com-
pensation following wing damage (Fig.  4A). This compensatory 
strategy moved the center of mass toward the intact wing. In contrast, 
the abdomen of intact flies remained, on average, aligned to the long 
axis of the body. To determine whether the abdominal response 
might be driven by nonvisual senses, e.g., mechanosensory feed-
back from the damaged wing, we repeated the same experiment in 
the rigid tether system. As in the magnetic tether, the abdominal 
response of damaged and intact flies in the rigid tether was signifi-
cantly different (t test, P < 0.001; Fig. 4A). The abdominal response 
of damaged flies in the rigid tether scaled with wing damage, which 
itself scaled with WBA (Fig. 3), suggesting that wing damage drives 

a compensatory abdominal response of nonvisual origin (Fig. 4B). 
Together, these results support the hypothesis that a shift in abdomen 
position is driven by a mechanosensory-based reflex loop between 
the wings and abdomen.

Compensation strategy to wing damage suggests 
adaptive control
We showed that unilateral wing area loss as large as 40% leads to mod-
est changes in overall flight performance during gaze stabilization 
(Fig.  2). In particular, we showed that active and passive mecha-
nisms underly changes in wing kinematics to balance aerodynamic 
forces generated by the damaged (left) and intact (right) wing (Fig. 3). 
From a control engineering standpoint, compensating for internal 
perturbations (e.g., change in aerodynamic surface of a wing) can be 
implemented via careful controller design. One strategy is to imple-
ment robust control to maintain function in the presence of know 
uncertainties (30). By carefully choosing controller parameters, one 
can demonstrate bounds within which a system will remain stable 
and maintain function without having to change controller param-
eters. Another strategy is to implement adaptive control, whereby 
function is maintained in the presence of unpredictable uncertain-
ties. A hallmark of adaptive control systems is that the controller 
parameters are not fixed: They change in response to changes in 
system dynamics and uncertainties (12). Specifically, adaptive con-
trol allows for a system to change controller gains to achieve similar 
closed-loop performance, e.g., following changes to the body (plant) 
that could be due to damage.

To determine whether the neural controller of flies might be adap-
tive to our imposed perturbations, i.e., controller parameters change 
because of wing damage, we derived parametric frequency response 
functions (FRFs) of individual flies. Using the derived FRFs, we es-
timated the parameters of the internal neural controller and body 
dynamics (Fig. 5A). Specifically, by fitting a transfer function to the 
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open-loop transfer function was generated from experimental data shown in Fig. 2A (solid line). Green line, intact; red line, damaged; black dashed line, best-fit transfer 
function (R2 = 0.90 and 0.89 for intact and damaged flies, respectively). Shaded region is ±1 SD. (D) Estimated open-loop gains for intact and damaged flies (t test, 
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and damaged flies (red). (H) Comparison of damping coefficients of intact and damaged estimated using a flapping counter-torque model. (I) Simulation of the closed-
loop system estimated from the empirical open-loop transfer functions (Eqs. 3 and 4). Dashed line, simulation; solid lines, stimulus (gray) and actual fly responses (green, 
intact; red, damaged). (J) Pole-zero map of the closed-loop transfer function for intact (green) and damaged (red) flies. The pole is shown at the mean location across all 
flies. (K) Closed-loop pole location for intact (green) and damaged (red) flies. For all panels, intact, n = 40 flies and damaged, n = 38 flies.
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empirical FRF, we estimated the open-loop transfer function G(s) of 
intact and damaged flies. The open-loop transfer function G is

	​ G  = ​ 
​​ ̇ ​​ f​​ ─ E ​​	 (2)

where ​​​ ̇ ​​ f​​​ is the angular velocity of the fly and E is the error or differ-
ence between the fly angular velocity and stimulus angular velocity 
​​​ ̇ ​​ s​​​ (for clarity, the complex frequency s is omitted; Fig. 5A). We fit 
transfer functions of different orders to the frequency domain data 
and determined that the best fit was a first-order transfer function 
with no zeros, a single pole, and a time delay (see Materials and 
Methods), where the pole is the root of the denominator, which de-
termines the stability of the system. Increasing the order of the 
transfer function did not significantly improve the fit accuracy. For 
instance, fitting the data to a transfer function with one zero and 
two poles (one of which is at the origin) allowed us to model the 
internal controller as a proportional-integral controller (fig. S5, A to 
C). The integral gain was significantly smaller than the proportion-
al gain and, in some flies, was not different from zero (fig. S5C). 
This suggests that a first-order model with no zeroes can parsimo-
niously capture the dynamics of yaw gaze stabilization in fly flight. 
A first-order model is consistent with the notion that flies are sensi-
tive to optic flow (velocity) and that the yaw optomotor response is 
dominated by aerodynamic damping (18). Thus, our proposed model 
is based on proportional (P) feedback control, where the fly’s turn-
ing torque is proportional to the error E, with the system dynamics 
determined by the ratio of inertia and damping (see Eqs. 7 to 9 and 
the Supplementary Materials). The best-fit, open-loop transfer func-
tions to the experimental data yielded

	​​ G​ intact​​ = ​​​e​​ −0.021s​ 
⏟

​​ 
Delay

​ ​  ​ ​​   12.2 ─ s + 3.1 ​ 
⏟

​​  
Controller and body dynamics

​​​	 (3)

and

	​​ G​ damaged​​ = ​ e​​ −0.22s​ ​  9.8 ─ s + 5.6 ​​	 (4)

where s is the complex frequency. While some individual animal vari-
ation was present, the variation was similar between intact and dam-
aged flies (fig. S5D). Both models captured the overall dynamics of 
the behavioral data (R2 ~ 90%; Fig. 5C).

By evaluating the numerator and denominator of G, we can ac-
quire critical insights into how flies compensate for wing damage 
(see the Supplementary Materials). The numerator combines the neu-
ral controller gain and static gain of the body (plant), referred to as 
the open-loop gain. The denominator determines pole location and, 
thereby, the stability of intact and damaged flies. A statistical com-
parison of the intact and damaged open-loop gain yielded a significant 
decrease in gain in damaged flies (Fig. 5D and Table 1). A pole-zero 
map further revealed the different parameter (poles) between both 
open-loop systems despite both systems being stable (Fig. 5E). By 
pulling out the lowest denominator coefficients of both transfer 
functions, we estimated the damping coefficients of both groups 
of flies (see Materials and Methods). Damaged flies had an overall 
larger damping coefficient compared to intact flies (Fig. 5F), which 
could be due to an increase in wingbeat amplitude and frequency 
(t test, P < 0.001) (9). To uncover the possible role of damping due to 
flapping following wing damage, we estimated the damping coeffi-
cient of intact and damaged flies based on a flapping-counter torque 
(FCT) model (see the Supplementary Materials) (31). In contrast to 
our experimental data, this model predicted an overall decrease in 

damping due to flapping motion following wing damage (Fig. 5G). 
Therefore, passive FCT effects themselves cannot explain the exper-
imentally determined increase in damping. Together, these results 
indicate that wing damage not only alters the yaw gaze stabilization 
performance of flies but also modifies the coupled body dynamics 
and neural controller used to stabilize gaze.

At face value, it is not immediately clear why the open-loop gain 
decreases following wing damage, as both mechanics and neural 
control are coupled in flight. However, the open-loop system misses 
critical dynamics that are present in the closed-loop system. Flies 
operate in closed loop in the magnetic tether, and therefore, closed-
loop stability and performance must be evaluated to contextualize 
the role of open-loop gains. To quantify how the changes in open-loop 
gain and damping influenced closed-loop performance, we substituted 
the empirical open-loop FRFs of intact and damaged flies (Eqs. 3 
and 4) into the closed-loop system (Eq. 5). Specifically, we computed 
the closed-loop system response H from the empirically determined 
open-loop system G as

	​​    H ​  = ​   G ─ 1 + G ​​	 (5)

(see the Supplementary Materials). Our simulation of the closed-loop 
systems ​​   H ​​ demonstrated a very close match to the experimental 
data, further supporting our modeling choice and assumptions, e.g., 
linear time invariance (Fig. 5H). Evaluating ​​​   H ​​ intact​​​ and ​​​   H ​​ damaged​​​ yield-
ed nearly identical pole locations for the two closed-loop systems 
(Fig. 5,  I and J). This conclusion held when including a Padé ap-
proximation to the time delay (fig. S11). This analysis suggests that 
a decrease in gain in damaged flies has the benefit of maintaining 
stability at a level similar to intact flies. Therefore, flies trade off per-
formance (decrease in closed-loop gain; Fig. 2D) and stability (simi-
lar pole location; Fig. 5J) by decreasing open-loop gain and actively 
increasing yaw damping.

DISCUSSION
We found that flies compensate for extensive wing damage to one wing 
by modulating the neural control of damping, in a way analogous to 
human-engineered adaptive control systems. By combining mathe-
matical modeling and experimental data, we show that damaged flies 
compensated for changes in wing aerodynamic surface by adjusting 
wingbeat amplitude and frequency, guided by both feedback control 
and passive mechanics (Fig. 3). Removing 10 to 40% of the area of a 
single wing modestly altered overall yaw gaze control performance 
during smooth movement (Fig. 3). Using a control theoretic framework, 
we demonstrate that damaged flies operate at a lower open-loop gain 
and, therefore, lower gaze compensation performance, but that this 
decrease in gain is accompanied by an active increase in damping 
that maintains stability at a level similar to intact flies (Fig. 5).

Table 1. Comparison of estimated parameters for intact and 
damaged flies. Means ± 1 SD. 

Controller parameter Intact Damaged P value

Open-loop gain 12.21 ± 2.9 9.8 ± 2.3 1.3 × 10−4

Damping coefficient 
(Nms) 1.6 ± 0.8 × 10−12 2.9 ± 2.4 × 10−12 5.8 × 10−4
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Our results suggest that flies can tolerate severe wing damage by 
modulating damping to maintain adequate stability and perform
ance. By assuming a model of the body grounded in studies of yaw 
dynamics in Drosophila, our control theoretic approach enabled us 
to begin to describe the dynamically coupled neural controller and 
internal (body) dynamics. A decrease in open-loop gain decreased over-
all performance by producing smaller responses to the visual error 
(Fig. 5C). While a decrease in gain could be solely due to changes in 
body (plant) dynamics, when considering the closed-loop system, 
we show that the closed-loop pole locations are not statistically dis-
tinguishable between intact and damaged flies (Fig. 5, I and J). The 
similar location of poles concomitant with changes in damping sup-
port the hypothesis that damaged flies implement an adaptive con-
trol strategy via modulation of gains to maintain stability similar to 
intact flies. By modeling damping due to FCT, we predicted that 
damping should decrease following wing damage, but flies instead 
increased overall damping (Fig. 5, F and G). Notably, if passive me-
chanics were to dominate, then we would have expected flies with 
different amounts of wing damage to have different closed-loop pole 
locations because wingbeat frequency, which directly influences 
aerodynamic damping (32), increases with wing damage (Fig. 4B). 
These results suggest that active mechanism(s), other than FCT, in-
creased damping. An interesting possibility is that damping is in-
creased by haltere-based, inner-loop feedback (33), although body 
movement frequency may be below the threshold of the haltere sys-
tem (13). In addition, the change in visuomotor gain described here 
is consistent with the notion that flies can adjust visuomotor gains 
to learn novel feedback dynamics, as demonstrated in seminal work 
using virtual reality closed-loop paradigms (34, 35). Overall, flies’ cou-
pled mechanics and neural compensation exhibit attributes analo-
gous to robust and adaptive systems.

Our results support the notion that both passive mechanics and 
sensory feedback modulate wingbeat frequency and amplitude in 
response to wing damage. Following wing damage, we showed that 
wingbeat frequency was similar between magnetically and rigidly 
tethered flies (Fig. 3E), which suggests that the increase in wingbeat 
frequency is a manifestation of a passive change in wing-thorax res-
onance. This conclusion corroborates previous studies, which showed 
that wingbeat frequency scales with wing damage, as predicted by a 
linear mass-spring-damper model (9, 22, 23). Seminal work by Machin 
and Pringle (21) showed that this frequency modulation may be a 
property of asynchronous muscles because of delayed stretch acti-
vation. Recent work in tethered soldier flies showed that unilateral 
wing damage decreases wingbeat amplitude but does not change fre-
quency but that bilateral wing damage increases wingbeat frequency 
(36, 37). Deora et al. (37) argued that the increase in wingbeat fre-
quency following unilateral wing damage in freely flying Drosophila 
(9) could have been an active response due to loss of lift. However, 
our results suggests that this is not the case in Drosophila because 
tethered flies with unilateral wing damage experience a consider-
able increase in wingbeat frequency (Fig. 3E). Thus, fruit flies and 
soldier flies may rely on different wing regulation and coordina-
tion mechanisms.

We found that a loss in wing area corresponded to a scaled abdom-
inal response of nonvisual origin. This result supports the hypothesis 
that a shift in abdomen position is driven by a mechanosensory-based 
reflex loop between the wings and abdomen. It is likely that the rel-
ative shift in sensor population that follows from loss of wing area 
elicits the abdominal response. The shift in abdomen position observed 

in flies may be analogous to the wing-driven abdominal response in 
moths (38). At present, it is unclear how this reflex participates in 
yaw torque production, if at all, as its function could be obscured by 
the constraints of the magnetic tether. A previous study in free flight 
support the notion that Drosophila could generate small corrective 
yaw torques with their abdomen (39). Furthermore, hawk moths 
can use their abdomen for pitch stability (40). One possibility is that 
shifting the center of mass toward the intact wing helps modulate 
compensatory roll responses observed in free flight (9).

In the magnetic tether, flies generate yaw turning torque in re-
sponse to visual motion, and at present, it is unclear whether the 
wing kinematics that produce turning are similar in free flight. Free-
ly flying flies generate ballistic banked turns (saccades) primarily by 
adjusting the timing and magnitude of wing rotation angle (41, 42). 
To our knowledge, it is not known whether flies use a similar strat-
egy to generate nonsaccadic smooth turns, as elicited in our experi-
ments (Fig. 1). How flies modulate wing kinematics in the magnetic 
tether may be different from those in free flight because flies can 
only rotate about the yaw axis and cannot translate. However, under 
constant speed yaw visual rotation, visuomotor gains in the mag-
netic tether are similar to free flight gains (14, 19), suggesting that flies 
can compensate despite these constraints. The visuomotor gains in 
the magnetic tether are likely dependent on the steering capacity and, 
therefore, the wing motor capacity of the flies. In free flight, flies 
must regulate their altitude with changes in wing motion; however, 
previous studies have shown that maintaining rotational stability 
and executing fast rotational maneuvers require very little (or even 
negligible) increase in muscle energy output (43) and tiny changes 
in wing motion (41, 42). Therefore, we do not expect that maintain-
ing altitude would affect the fly’s steering capacity considerably. Be-
cause flies in the magnetic tether are not challenged by the need to 
support body weight or regulate other degrees of freedom such as roll, 
pitch, or side slip, our results must be interpreted with appropriate cau-
tion. An interesting avenue for future research will be to determine 
how flies in the magnetic tether control their wings, which may pro-
vide insights into the flexibility of flapping flight control in flies.

The notion that compensation to wing damage is a manifesta-
tion of adaptive changes in gain has important implications for the 
design of fault-tolerant insect-scale robots (44). For instance, it could 
inspire the design of closed-loop control algorithms for flapping ro-
bots with on-board vision. As in flies, flapping robots could be designed 
with active control of wing parameters and abdominal (e.g., tail) an-
gle guided by stabilizing passive mechanics to rapidly compensate 
for wing damage (9, 45, 46) or with passive control such as passive 
aerodynamic drag balancing (47). Together, the fly-inspired strategies 
described here might enable the next generation of adaptive insect- 
scale robots to fly in uncertain environments.

MATERIALS AND METHODS
Animal preparation
Animal preparation was similar to previous work (19). In short, female 
fruit flies (D. melanogaster) aged 3 to 5 days were cold-anesthetized 
at 4°C and glued to a stainless-steel pin at the thorax. Flies rested for 
approximately 1 hour before the start of the experiments. After the 
rest period, flies were then suspended between two magnets inside 
a virtual reality arena (Fig. 1A) (48). The magnetic tether enabled 
flies to pivot about the yaw axis, while restricting motion in other 
directions. The inertia of the ferromagnetic pin is less than 1% of 
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the fly’s inertia about the yaw axis (rod diameter = 100 m and tip 
diameter = 12.5 m; Minutien pin, Fine Science Tools). The sap-
phire bearing provides a coefficient of friction of approximately 
~0.1 (Vee Jewel Bearing, Bird Precision), which flies can readily 
overcome (19). To investigate the effects of wing damage, we ablated 
a portion of the left wing along the width (chord-wise ablation) using 
8-mm micro-scissors (Fine Science Tools). Only flies that success-
fully completed at least three trials were used in the analysis. Flies 
that were unstable because of excessive shaking, had a low WBA (lower 
than 100o), or continuously stopped flapping their wings were not 
used in the analysis. After the experiments, damaged flies were cold-​
anesthetized again and had both wings removed at the base. The 
wings were placed flat under a microscope and imaged using a 
camera mounted on the microscope. A custom-written MATLAB 
routine was used to calculate the area of the intact and damaged 
wings. Overall, the amount of wing area removed was similar to 
previous work in free flight (9). Rigid tether preparations were con-
ducted in a similar manner to previous studies (15). In short, female 
fruit flies with intact and damaged wings were glued to a tungsten 
pin. The wings were unilaterally damaged by clipping a small 
portion of the left wing along its width (chord-wise cut). Overall, 
flies with more than ~40% wing area removed were unstable in the 
magnetic tether; hence, wing damage was restricted so that flies lost 
at most ~40%.

Stimuli and experimental setups: Magnetic tether
The virtual reality arena (48) allowed us to elicit an optomotor re-
sponse by presenting flies with a moving visual stimulus (moving 
background). The background consisted of uniformly spaced bars 
with a spatial wavelength of 22.5° subtending onto the fly eye. To 
test the impact of wing damage, distinct stimuli were used to elicit 
an optomotor response. A chirp stimulus was initially used to gauge 
the frequency tuning of the optomotor response. The frequency of 
the chirp stimulus logarithmically increased for 0.1 to 6.1 Hz while 
maintaining a constant amplitude of 15°. On the basis of the results 
of the chirp analysis (Fig. 1), a second experiment was designed to 
test the impact of wing damage on flight performance at specific 
frequencies with higher signal-to-noise ratio (Fig. 1). We therefore 
designed a second experiment using a sum-of-sines stimulus. The 
stimulus was generated by summing nine single sine waves with fre-
quencies that ranged from 0.35 to 13.7 Hz. The components of this 
stimulus had a random phase and an amplitude normalized by 52° s−1 
to avoid saturating the visual and motor system. Each trial lasted 20 s 
and was presented eight times to each fly. Flies that could not com-
plete at least three trials were not used in the analysis. A third set of 
experiments was conducted to measure flight performance when 
compensating for a background moving at constant velocity. The 
background was moved at five velocities from 70° to 130°s−1 in both 
the clockwise and counterclockwise directions. The heading of the 
fly was recorded using a bottom-view camera (Basler acA640-750 um) 
at 80 to 160 frames s−1 (fps). Wing data were collected by measuring 
the wingbeat amplitude (extreme position at downstroke-to-upstroke 
reversal) using a modified version of Kinefly (16, 49). Wingbeat fre-
quency was measured using a microphone (Polsen OLM-10) inter-
faced to an amplifier (Polsen PMA-1). The microphone was placed 
~1 cm directly above the fly. The output signal from the amplifier 
was recorded and digitally filtered with a high-pass filter with a cut-
off frequency of 120 Hz. A fast Fourier transform (FFT) was used to 
estimate the flapping frequency from the filtered signal.

Rigid tether
Rigidly tethered flies with intact and unilaterally damaged wings were 
placed inside a virtual reality arena. We presented flies with a static 
pattern composed of uniformly spaced bars with a spatial wave-
length of 22.5°. A camera recording at 100 fps captured the wing 
blur motion, which enabled us to measure the wingbeat amplitude 
of each wing (WBA). The camera was placed below the fly so that 
measurements of wing angles were a 2D projection of stroke angles. 
In addition, a custom wingbeat analyzer recorded the wingbeat fre-
quency by tracking the shadow of the left and right wings projected 
onto a photodiode. The wingbeat analyzer has been described pre-
viously in detail (50). Flies were exposed to a static background for 
10 s, and each presentation was repeated three times.

Tracking in the magnetic tether
The head and body motion of flies in the global reference frame 
were tracked using a custom-written MATLAB code (15). The left 
and right WBAs in both magnetically and rigidly tethered flies were 
tracked using custom software adapted from Kinefly (49, 51). WBA 
for each fly was determined by calculating the angle between the edge 
of the wing blur and the axis along the fly’s body. Videos of magnet-
ically tethered flies were first registered to eliminate yaw motion.

Flight performance metrics
To quantify the impact of wing damage on flight performance, we 
calculated multiple performance metrics used in system identifica-
tion of engineering systems (gain, phase difference, coherence, and 
compensation error). This analysis was conducted in MATLAB using 
custom-written code. The gain and phase difference were estimated 
using the FFT function. The gain was calculated by dividing the mag-
nitude of the FFT of the output (heading of the fly) by the input 
(motion of the visual pattern). The phase difference was estimated 
by subtracting the phase of the output from that of the input. Co-
herence, a linear estimate of how much power is transferred from 
the input to the output of a system, was calculated using the built-
in MATLAB function mscohere. Coherence was used as a metric 
to define the stimulus parameters, which avoided saturation non-
linearities. Last, we computed compensation error, a metric that 
combines both gain and phase (52). For a dynamic system, a gain 
of 1 and a phase difference of 0 indicate perfect tracking. Com-
pensation error  is the vector distance in the complex plane 
(norm) between actual tracking performance H and perfect track-
ing Z0 expressed as

	​   =  ‖H − ​Z​ 0​​‖​	 (6)

Therefore, a compensation error of 0 indicates perfect tracking, 
whereas larger values indicate imperfect tracking. The gain, phase 
difference, coherence, and tracking error were estimated for each 
individual fly and then averaged out across all flies to determine the 
grand mean for every experimental condition.

System and parameter identification
Because the magnetic tether restricts body motion to rotation about 
the yaw axis, this allowed us to approximate the body dynamics of 
the fly as a first-order differential equation

	​ I​ ̇ ​(t ) = − C(t ) + (t)​	 (7)
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where  is the angular velocity of the of the fly in yaw,  is the torque 
generated by the wings, I is the inertia of the fly about the yaw axis 
[5.2 × 10−13 Nms2; (53)], and C is the damping coefficient about the 
yaw axis (or about the point of rotation offset from the center of 
mass in the magnetic tether). This model explicitly defines velocity 
as the state variable, which is consistent with the notion that the yaw 
optomotor reflex is sensitive to optic flow.

All transfer function fitting was performed using MATLAB 
(MathWorks Inc.). We fit the fly response to approximate the 
open-loop transfer function (Fig. 5, A and B) (54). The feedback 
error was calculated by subtracting the actual motion of the fly from 
the visual stimulus. This allowed us to approximate the internal, 
open-loop transfer function. A transfer function was fit to the em-
pirical FRF using a modified least-square estimate in MATLAB. We 
tested transfer functions of different order but found that a first-​
order transfer function with a nonzero delay produced the best fit. 
The time delay accounts for the delay of the optomotor response and 
was set as a free parameter with a maximum of 0.8 s. Only fits with 
at least 65% goodness of fit (R2) were used in estimating controller 
parameters. The average R2 for intact flies was 93 ± 4.5 and 89 ± 7.4% 
for damaged flies (normalized root mean square error = 0.07 and 
0.11, respectively). The frequency response of both intact and dam-
aged flies was fit to a transfer function G(s) of the form

	​ G(s ) = ​  ​b​ 0​​ ─ s + ​a​ 0​​ ​ ​e​​ −​​ d​​s​​	 (8)

where a0 and b0 represent free parameters, e−ds is the delay term with 
delay d, and s is the complex frequency. For a first-order mechani-
cal system, we can estimate the damping coefficient through the 
following equality
	​​ a​ 0​​  = ​  C ─ I ​​	 (9)

where C is the damping coefficient, and I is the yaw moment of inertia.

Statistics
For all box plots, the central line is the median, the bottom and top edges 
of the box are the 25th and 75th percentiles, and the whiskers extend to 
± 2.7 SDs. Unless otherwise specified, we report means ± 1 SD. Signifi-
cant differences are stated as *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001.

Note Added in Proof: Recent work suggests that head movements 
in Drosophila are damped by the halteres [B. Cellini and J.-M. Mongeau, 
Nested mechanosensory feedback actively damps visually guided 
head movements in Drosophila. Elife 11, (2022); https://doi.org/10.7554/
eLife.80880].

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/ 
sciadv.abo0719

View/request a protocol for this paper from Bio-protocol.
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