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SUMMARY
The flight pattern of many fly species consists of straight flight segments interspersed with rapid

turns called body saccades, a strategy that is thought to minimize motion blur. We analyzed the
body saccades of fruit flies (Drosophila hydei), using high-speed 3D videography to track body
and wing kinematics and a dynamically-scaled robot to study the production of aerodynamic
forces and moments. Although the size, degree and speed of the saccades vary, the dynamics of
the maneuver are remarkably stereotypic. In executing a body saccade, flies perform a quick roll
and counter-roll, combined with a Slower unidirectional rotation around their yaw axis. Flies
regulate the size of the turn by adjusting the magnitude of torque that they produce about these
control axes, while maintaining the orientation of the rotational axes in the body frame constant.
In this way, body saccades are different from escape responses in the same species, in which the

roll and pitch component of banking is varied to adjust turn angle. Our analysis of the wing
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kinematics and aerodynamics showed that flies control aerodynamic torgues during the saccade

primarily by adjusting the timing and amount of span-wise wing rotation.

INTRODUCTION

When exploring alocal environment, many species of flies exhibit a flight pattern consisting of
straight segments interspersed with rapid turns called body saccades (Collett and Land, 1975;
Tammero and Dickinson, 2002; Wagner, 1986; Wehrhahn et al., 1982). This distinct flight
pattern might serve many functions, but one likely advantage is that the quick turnsallow fliesto
restrict the time periods during which their visual system is severely compromised by motion
blur (Collett and Land, 1975; Hateren and Schilstra, 1999; Land, 1999; Schilstra and Hateren,
1999). Whatever the function, it appears to be the preferred means of changing direction in some
species. For example, arecent analysis of Drosophila melanogaster found that more than 80% of
all changesin heading occur via body saccades (van Breugel et al., 2012).

There is some controversy regarding the neural mechanisms that trigger saccades in
Drosophila (Dickinson, 2014). Severa studies of both free and tethered flight behavior suggest
that most saccades are triggered by visual expansion and thus represent collision avoidance
reflexes that protect flies from flying into large obstacles or avoiding clutter (Censi et al., 2013;
Reiser and Dickinson, 2013; Stewart et al., 2010; Tammero and Dickinson, 2002). Other studies,
however, suggest that some saccades are triggered internally by a deliberately stochastic process
that functionsto optimize the animal’s search efficiency (Maye et al., 2007; Reynolds and Frye,
2007). In addition, flies exhibit rapid turnsin other contexts, such as when they lose contact with
an odor plume (van Breugel and Dickinson, 2014), or in response to a rapid visual expansion as

might be created by an approaching predator (Muijres et al., 2014). It is not known, however,
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whether rapid turns elicited by different stimuli or internal triggers operate via a single common
motor program.

The aerodynamic basis of saccades, which isthe main subject of this paper, has been
investigated previously by Fry and coworkers using the fruit fly, Drosophila melanogaster (Fry
et al., 2003). Based on arelatively small number of high speed video sequences, these authors
proposed a model in which flies change course primarily by creating torque around their yaw
axis (defined in that study as perpendicular to the longitudinal body axis), which they accomplish
by simultaneously changing stroke amplitude and deviations out of the stroke plane. In addition,
these authors reported that the changes in wing kinematics were biphasic, which they interpreted
asindicating that flies generate first torque and then counter-torque during each maneuver.
Finally, they presented a smple model in which the dynamics about the yaw axis were
dominated by inertia during the brief maneuvers, consistent with the production of counter-
torque (Fry et al., 2003). Subsequent authors, however, challenged some conclusions of this
simple model. Hesselberg & Lehmann (2007) noted that due to the reciprocating pattern of wing
motion, the damping about the yaw axisis quite large and should quickly dominate dynamics
during turns — a calculation that was supported by subsequent models and measurements (Cheng
et a., 2010; Dickson et al., 2010). Hedrick and coworkers (Hedrick et al., 2009) went so far asto
suggest that animals over avery large size range need only produce a small amount of counter-
torque during saccades, and can rely primarily on passive damping to coast to a stop after
initiating a turn. Further, studies of corrective maneuversin Drosophila suggested that flies
generate yaw torque by regulating the angle of attack of the wing during the upstroke and

downstroke, and not by altering either stroke amplitude or stroke deviation (Bergou et al., 2010).
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In this paper, we employed 3D high-speed videography to capture the wing and body
motion of the fruit fly, Drosophila hydel, during free flight body saccades. Although this study
repeats the basic paradigm developed by Fry and coworkers over a decade ago (Fry et al., 2003),
the improvements in high speed cameras as well as the utility of an automated machine vision
tracking system allowed usto revisit saccade dynamics with greater resolution and statistical
rigor. The results demonstrate that body saccades are aremarkably stereotyped behavior
combining a brief banked turn (requiring rotation and counter-rotation in roll and pitch) with a
unidirectional rotation about the yaw axis. By measuring the changes in wing motion during
saccades and using a dynamically-scaled robot, we were able to determine the relative
importance of different features of wing motion in generating forces and torques. The results
help to resolve some of the recent controversies regarding the dynamics of saccadic turnsin

Drosophila and other insects.

RESULTS
We tracked atotal of 44 flight sequences (Fig. 1, see Materials and Methods), each

consisting of a straight flight segment followed by a single body saccade (see Supplementary
Movies S1,S2). Assuming that thereis no difference between left and right hand turns, we
mirrored all left hand turns, and then aligned all sequences based on time and heading with
respect to the start of the saccade (Fig. 1E,F, see also Supplementary Movies S3-S6). Heading is
defined as the angular direction of the flight path, not the body orientation. The saccadic turn
angles (Ao), which quantify the total angular change in heading, varied substantially among
saccades from approximately 20° to aimost 180° (Fig. 1E,F, Fig. 2A,B), with an average of
93°+27° (meants.d., n=44). During the maneuvers, flight speed tended to dip briefly and then

gradually rise (Fig. 2C). The duration of turn (At = tgep-tstat) Was 49 +18 ms (n=44), or
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approximately 9 wingbeats, although thisis an underestimate of the entire maneuver because tgart
and tgop Were defined using finite thresholds (see Materials and Methods). These basic saccade
metrics are similar to those previously reported on free flying D. melanogaster (Tammero &
Dickinson 2002; Frye et al., 2003; van Breugel et al. 2012).

To examine how flies ater heading during saccades, we measured the magnitude and
direction of horizontal and vertical accelerations throughout the maneuver (Fig. 2D-F).
Immediately at the start of the saccade, flies generate a horizontal force that results in a sideways
acceleration. The magnitude (ano/g) Of this sideways acceleration first increases and then
decreases (Fig. 2E), whileits orientation (o,) remains relatively constant (Fig. 2D). Vertical
acceleration (a,/g) remains near zero throughout the entire maneuver (Fig. 2F).

The time course of roll rate, pitch rate, and yaw rate during the maneuvers (Fig. 1C, 2G-I)
along with their integrals and derivatives (Fig. S1) show that flies rotate about all principal body
axes, and thus body saccades constitute a banked turn. Flies also increase force production so the
vertical component remains roughly equal to body weight (Fig. 2J,F). The orientation of F in the
body reference frame remains constant (Fig. 2K,L), consistent with the so-called * helicopter
model’ of insect flight (David, 1978; Gotz and Wandel, 1984). Thus, as with more rapid escape
maneuvers (Muijres et al., 2014), afly generates sideways accel erations during saccades by
rotating its body rather than by adjusting the orientation of the force vector in the body frame.

To determine how the flies control roll, pitch and yaw throughout the saccade, we
estimated torque about these axes as the sum of torque required to overcome inertia (inertia
torque) and torque required to overcome damping (damping torque) (Fig. 3, seeEgn 2in
Materials and Methods). Torque about the yaw axis consists mostly of damping torque

confirming that yaw rotations during a saccade are highly damped (Hedrick et al., 2009;
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Hesselberg and Lehmann, 2007). In contrast, torque about the roll axis consists about equally of
inertial torque and damping torque, whereas damping torque about the pitch axisis negligible
compared to inertial torque. The fact that rotations about the pitch axis are poorly damped during
saccades is supported by a recent study of forward flight dynamicsin fruit flies (Elzinga et al.,
2014).

A ssimple means of implementing a banked turn would be to rotate the body about a fixed
axisin the stroke plane and then to counter-rotate to continue level flight, while at the same time
generating a yaw rotation to align body orientation with the new flight heading. The magnitude
of the turn could then be adjusted by regulating the amount of torque produced, and not its
direction. Evidence that flies might implement such asimple control schemeis shown in Fig. 4.
The torque vectors for the primary rotation phase and the counter-rotation phase for all 44
sequences (in blue and orange, respectively) aligned remarkably well (Fig. 4A,B). The average
torque vector axes for theinitial rotation and counter-rotation are defined as the primary torque
axis w4 and the counter-torque axis 4, which are oriented 36° and 8° from the longitudinal body
axis, respectively. The time history of the direction (Fig. 4A) and magnitude (Fig. 4C,D) of the
torque component in the stroke plane exhibits a biphasic shape indicative of rotation and counter-
rotation about the 1 and 1, axis, respectively (Fig. 4C). In contragt, little torque is generated
about the orthogonal axes (u,, and p,,, respectively, Fig. 4D; see also Fig. S2). Thus, animals
execute the banked turn by generating torque and counter-torque about two control-axes (¢4 and
L) whose orientation remains constant from saccade to saccade (Fig. 4A,B). The magnitude of
the torque produced about the control axes, however, does correlate with the turn angle (Fig 4F),

which suggests the mechanism by which flies regulate the size of the heading change.
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Simultaneously with the rotations about the 14 and 1, axes, but within alonger time
scale, flies generate a unidirectional yaw torque in the same direction as the change in heading
(Fig. 4E). Also, the magnitude of mean yaw torque during the turn is positively correlated with
turn angle (Fig. 4H). Although not necessary for changing the direction of the flight path, the
yaw rotation is required to align the longitudinal body axis with the new heading. This correction
to minimize sidedlip is not fully completed in most sequences due to limitations of our
visualization volume (Fig. 4E). Note that by rotating about the yaw axis whileits body is banked,
the fly will generate a head down movement within the world frame of reference. This could
explain why the initial body rotation axis x4 and counter-rotation axis 1, are not aligned and that
L6 includes a smaller pitch (down) component.

The sequence of 21 averaged wingbeats (n=44 trials) show that all kinematic parameters
(wingbeat frequency, stroke angle, deviation angle, and wing rotation angle, Fig. 1C) change
during a saccade, and that these modifications are all very subtle (Fig. 5A-G). Wingbesat
frequency increases by only afew Hz and all modificationsin wing angles are less than 5°.
Nevertheless, replaying the averaged kinematic sequence on the robotic fly generated normalized
forces (JF[) and torques (Traii, Tpitch @nd Tyaw) that were similar to those estimated from body
dynamics (using Egns 1-2 in Materials & Methods, respectively, Fig. 5H-K). For example, the
time history for the moment about the roll axis measured on the robotic fly exhibits the torque
and counter-torque that is predicted from body dynamics (Fig. 51). Thus, although the measured
changes in wing motion are subtle, they appear sufficient to capture the requisite changes in
forces and moments reasonably well. Because the robotic fly is fixed and cannot translate and
rotate in response to the forces and moments it generates, we did not expect (nor obtain) a perfect

match between the measured forces and moments and those cal culated from body dynamics.
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To better understand how flies modulate wingbeat kinematics to control torque around
each individual control axis during a saccade, we extracted the wing kinematics associated with
peak torque about the 14, 1, and yaw axes from the entire dataset and replayed these kinematics
on therobotic fly (Fig. 6, see Materials & Methods). The kinematics correlated with peak torque
production exhibit distortion of all three wing angles (Fig. 6A-C), and when played through the
robot, produced the expected torques (Fig. 6D-F). The fly’swing motion is able to create
positive yaw torgue throughout almost the entire wingbeat, with the exception of brief periods
during stroke transitions (Fig. 6D). In contrast, torque production about the ¢4 and /4 axesis
more complicated in that the time history includes both positive and negative excursions and the
magnitude of the transient peaks are quite large relative to the average value (Fig. 6E). Most of
the variations in torque production relative to the torque generated by the steady flight wingbeat
(i.e. the symmetric wingbesat that produced weight support and no net torque, Fig 1D), occur at
the start of the upstroke and downstroke, just after stroke reversal (Fig. 6E). The wingbeat
patterns that generate peak torque about the 14 and 1 axes create very little mean torque about
the orthogonal axes (u,, and u,, ), even thoughout the magnitude of the oscillations through the
stroke is quite large (Fig. 6F).

Next, we constructed a set of systematically distorted stroke patterns ranging from steady
flight conditions to kinematics that generate peak torque about the 14, 1, and yaw axes, and then
replayed these on the robot (see Materials & Methods). For yaw, torque measured using the
robot matched the values derived from body motion (Egn 1) throughout the entire range of
distorted kinematics (average difference ~2%, Fig. 7A). For the 14 and 1 axes, the torques
derived from body motion are about 66% and 59% (respectively) from that measured with

robofly, suggesting that the dynamic model for roll and pitch (Egns 2-4) may be oversimplified
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or that the torque measured using arobot in afixed reference frame do not accurately model the
free flight case. We also measure the cross-talk (i.e. torque generated around orthogonal axes)
produced by the kinematics associated with production of peak torque around the different
torque axes. For the yaw case, the cross-talk about the roll and pitch axes was -24% and 27% of
[Tyawl|, respectively (Fig. 7A). For the 1 case, the cross-talk about the i,, and yaw axes was 3%
and 45% of [Tua|, respectively, and for the 1, case, the cross-talk around the i, and yaw axes
was 23% and 47% of [T|, respectively (Fig. 7B). The cross-talk between the yaw torque and
torque about the axes in the stroke-plane (Fig. 7A,B) shows that our method did not enable usto
completely separate the effect of torque and force production about the different principal axes.
Thisismost likely due to the fact that during saccadic maneuvers, flies increase force production
and produce torque about the different axes in synchrony. So, wingbesats that produced large
torque about the axes in the stroke-plane tended to also produce high yaw torgue and increased
aerodynamic forces (Figure 5).

Next, we varied the kinematics for each of the three wing anglesin isolation to determine
their relative contribution to torque (Fig. 7C,D). Aswas also the case for evasive maneuvers
(Muijres et al., 2014), the sum of torques resulting from modulating the different components of
wing motion separately matches the torque generated by modulating all components
simultaneously, indicating a remarkable degree of linearity. For all torque axes, wing rotation
angle had the strongest effect on changesin total torque, whereas changes in stroke amplitude
and stroke deviation contribute modestly to the control of torque around the t4 and ., axes and
make almost no contribution to the control of yaw torque (Fig. 7C,D).

As suggested by a previous study of D. melanogaster, a change in the mean offset of the

rotation angle will create yaw torque by increasing the angle of attack during one half-stroke and
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decreasing it on the other (Bergou et d., 2010). However, another means by which wing rotation
might influence torque is through changes in the timing of wing rotation relative to stroke
reversal, which can change forces via unsteady mechanisms (Dickinson et al., 1999). To explore
the relative importance of these two potential mechanisms, we estimated both the relative phase
shift and mean offset of the time course of the wing kinematic angles for the left and right wings
during the strokes that generated peak torque (Figs 8, S3). Figure 8C-F shows that thereis a
phase shift of ~5° in the wing rotation angle of the left wing relative to the right during wing
strokes that produce peak torque around the y4 and s axes, but there is no evidence for a change
in mean offset. In the case of yaw torque, a phase shift of ~3° is accompanied by an offset of ~4°.
Thus, athough torque about the yaw, 11, and 1, axes are all primarily controlled by changesin
the time course of wing rotation, our results suggest that the relative mechanisms are different.
Flies regulate the torque about the 14 and 1, axes by modulating unsteady rotational lift
mechanisms during stroke reversal (Dickinson et al., 1999), whereas yaw torque is controlled by
a combination of unsteady effects at stroke reversal and differencesin drag during the
trandational phase of the two half strokes (Bergou et al., 2010). Thisinterpretation is consistent
with the time history of the changes in torque throughout the wingbeat for the kinematics that
produce peak torques (Fig. 6). Y aw torque is produced mostly during the trandation phase of the
wingbeat (Fig. 6D), which isindicative of an asymmetry in drag production between the two
wings. In contrast, changes in torque about the 14 and 1 axes (relative to a steady wing stroke)
occur mostly at the start of each wingstroke (Fig. 6E), suggesting modulations in rotational

effects.
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DISCUSSION
Our analysis showed that fruit flies perform body saccades by executing stereotyped

banked turns (Fig. 2). The axes of theinitial rotation (1) and subsequent counter-rotation (i)
are aligned 36° and 8° from the roll axis of the fly, respectively (Fig. 4B). Flies control the size of
the turn by regulating the magnitude of torque around these rotation axes (Fig. 4F), and not by
adjusting their orientation as they do during more rapid escape maneuvers (Muijres et al., 2014).
Flies also rotate unidirectionally around the yaw axis during saccades to correct for the
misalignment between body orientation and heading (i.e. sideslip) that accumulates as a result of
the banked turn.

Using asimple dynamic model, we were able to estimate the relative contribution of
inertia and damping during a saccade (Fig. 3). We found that yaw dynamics are dominated by
passive damping that results from the reciprocal flapping pattern, as suggested by Hesselberg &
Lehmann (2007). Pitch dynamics, in contrast, are dominated by inertia, and the contribution of
damping and inertiaiin roll dynamicsis roughly equal. Thus, saccade dynamics are quite
complex and accurate models must include both inertial and damping terms (Bergou et al., 2010;
Cheng et al., 2010; Dickson et al., 2010; Fry et al., 2003; Hedrick et al., 2009; Hesselberg and
Lehmann, 2007). The model for rapid turns proposed by Hedrick and coworkers (2009) in which
insects rely primarily on passive damping to generate counter-torque may not be as general as
proposed, assuming that other insects also employ banked turns and do not simply rotate about
the yaw axis.

The maneuver that we have measured in fruit flies using high speed videography is
similar to the body saccades of blowflies, measured elegantly by Schilstra & Hateren (1999)

using tiny inductive cails. Thus, at least two species of flies, encompassing arather large range
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in scale, execute banks turns to produce rapid changes in flight direction. Given the high degree
of similarity within their nervous systems, it islikely that body saccades of Drosophila and
Calliphora are generated by homologous circuits.

Visually-€elicited escape maneuvers (Muijres et al., 2014) and voluntary body saccadesin
fruit flies both consist of a banked turn, but the dynamics of the two maneuvers are different
enough to suggest that they are produced by distinct motor programs. Although body saccades
are fast, the changes in heading during evasive maneuver are faster, consistent with amore
pronounced rotation of the body that reorients the mean force vector to produce a larger
horizontal component. As a consequence, flies do not maintain weight support during the initial
stages of an escape maneuver, whereas they do during body saccades (Fig. 2F,J). Similarly, yaw
is poorly controlled during theinitial stages of an evasive maneuver, resulting in large sideslip
angles that are corrected long after the fly changes heading. During a body saccade, the yaw
correction is better coordinated with the banked turn, so that sideslip is minimized throughout the
maneuver. Perhapsthe greatest difference between the two maneuvers relates to the manner by
which the magnitude of the change in heading is controlled. Flies regulate the turn angle of a
saccade by varying torque magnitude about two highly stereotypic axes (141 and /&), whereas
during evasive maneuvers the turn angle is controlled by adjusting the direction of the body
rotation axis within the stroke plane. One interpretation that unifies all these differencesis that
evasive maneuvers may be optimized to alter flight heading as quickly as possible at the expense
of flight control and motion blur, whereas body saccades are optimized to restrict retinal slipto a
brief period.

The transition from rotation to counter-rotation during a body saccade is quite fast and

such a pattern might be generated in a feed-forward manner by a central motor program or,
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aternatively, the initial rotation might trigger the counter-rotation via a sensory-mediated reflex.
The halteres are a likely source of such feedback, as they mediate compensatory reactionsto
imposed rotations (Dickinson, 1999; Nalbach, 1994; Ristroph et al., 2010; Sherman and
Dickinson, 2003). Previous studies of saccades using a magnetic tether in which the animal is
freeto rotate about its yaw axis suggest that haltere feedback, but not visual feedback, plays a
role in terminating saccades (Bender and Dickinson, 2006b). Interpretation of these prior
experiments using magnetic tethers is complicated, however, by the new free flight data which
show that Drosophila bank to change direction at the start of the saccade. Given their time
course, the slow unidirectional saccade-like rotations that flies exhibit on magnetic tethers most
likely represent the slower yaw phase of afree flight saccade. Thus, the manipulation
experiments performed by Bender and Dickinson (Bender and Dickinson, 2006b) might indicate
that haltere feedback isinvolved in regulating the duration of the slower yaw correction phase of
a saccade but do not directly address the question of whether feedback triggers the faster
counter-rotation phase of theinitial banked turn.

By exploiting the high throughput capabilities of our tracking system, we were able to
make accurate measurements of the changes in wing motion during saccades (Fig. 6). All three
wing angles (¢, %) exhibit a biphasic modulation during the time course of the saccade, as
expected from the production of torque and counter-torque (Fig. 5B-G). These data are
consistent with the previous observations of Fry and coworkers (Fry et al., 2003), although these
authors misinterpreted this biphasic pattern as indicating active breaking around the yaw axis,
when it ismore likely that they observed evidence for the counter-rotation about the i, axis.
Replaying the pattern of wing motion on a stationary robot generated a time history of forces and

moments that matched those derived from free flight body dynamics reasonably well, but not
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perfectly (Fig. 5H-K). The match for total flight force and yaw were quite good, whereas roll
torque based on the wing kinematics and the robot measurements were larger than roll torque
derived from body dynamics. This mismatch is perhaps not too surprising, given that the saccade
basically consists of arapid roll and counter-roll (i.e. the 4 and 1, axes are not too far off the
roll axis). Thus, errorsthat derive from the fact that the kinematics from arotating fly were
replayed on a stationary robot would be particularly large for this degree of freedom. Other
sources of error include the possible inaccuracies of our dynamics model, which did not include
cross terms and used damping coefficients based on steady-state approximations.

By mining the entire database, we were able to determine the pattern of wing motion that
correlated with peak torque production around the 14, 1, and yaw axes (Fig. 6), and then to
determine the relative contribution of the three wing angles to the moments by playing
systematically distorted wing patterns through the robotic fly (Fig. 7). The results indicate that
changes in the time history of the wing rotation angle, which strongly influences the angle-of-
attack, are by far the most important for regulating torque about the 4, 1, and yaw axes (Fig.
7C,D). However, the torque modulations about the yaw axis and about the two axes in the stroke
plane (i1 and up) appear to occur viatwo distinct aerodynamic mechanisms (Fig. 8). As
suggested by Bergou and coworkers (2010), changes in the mean offset of the wing rotation
angle magnitude lowers the angle-of-attack during one half stroke whileraising it on the other,
thus producing an upstroke-to-downstroke imbalance in drag and thus net torque around the axis
normal to the stroke plane. Although our results support this mechanism (Fig. 6A,D and Fig.
7A,B), we aso found that the flies adjust the relative phase of wing rotation as well, thus
creating additional yaw torque via unsteady mechanisms at stroke reversal (Dickinson et al.,

1999; Sane and Dickinson, 2002). Flies also create torque about the 14 and 1, axes via changes
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in wing rotation angle, but in these cases the effect appears to be mediated amost entirely by
changes in phase, and thus through unsteady effects at stroke reversal (Fig. 6E and Fig. 7C-F).
One possible explanation for this difference is that changes in angle of attack during the
trandlational portion of the stroke would be undesirable for regulating roll because they would
generate large cross-talk in yaw torque.

A quite surprising result of our analysis was the relatively small importance of stroke
amplitude and stroke deviation in the control of torque during saccades (Fig. 7C,D). Thiswas
particularly true for yaw torque, an observation that complicates interpretation of many tethered
flight studies, which collectively show that flies generate large changes in stroke amplitudein
response to both visual and mechanosensory rotations about the yaw axis (e.g. Sherman &
Dickinson 2003), as well as transient spontaneous changes that have been ubiquitously
interpreted as fictive saccades. These changes in stroke amplitude were quite large and clearly
correlated with yaw torque (Tammero, 2004). Why do tethered flies generate such large changes
in stroke amplitude that do not seem necessary to generate yaw torque in free flight? One
possibility is that the stroke amplitude signal measured during fictive saccades is indicative of
theroll and pitch required for a banking maneuver, and not for yaw production per se. If true,
this has immediate implications for the underlying circuitry asit is noteworthy that the stroke
amplitude changes associated with fictive saccades are unidirectional, i.e. there is no evidence of
an attempt at a programmed counter-rotation.

Recently, Schnell and coworkers (Schnell et al., 2014) suggested that the basic optomotor
circuit in Drosophilaincludes an integral feedback term that might be mediated by Ca®*
dynamicsin the terminals of the interneurons that encode horizontal rotation. Because the

putative integrator winds up with prolonged stimulation, flies generate extremely large motor
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responses during typical open-loop optomotor experiments. Although this hypothesis explains
why the optomotor responses in tethered flight are so large relative to the kinematics changes
exhibited during free flight maneuvers, it does not explain why flies generate such enormous
changes in stroke amplitude when presented with stimuli that should €licit the production of yaw
torque. Perhaps flies respond to visual rotation about the yaw axis by producing not just yaw
torque but also roll torque, because they are attempting to turn via banking, as has been
suggested by previous authors (Mronz and Lehmann, 2008). This hypothesis could be tested in

the future by measuring free flight responses to horizontal motion.

MATERIALSAND METHODS

Animals and experimental setup

The methods used in this study were identical to those described in detail elsewhere
(Muijres et al., 2014) and are only briefly outlined here. Experiments were performed on 1-to-5
day old male and female Drosophila hydel, from alaboratory stock reared in a 14:10 (L:D) light
cycle. Each day, approximately 50 one-day-old flies were released in the experimental chamber
4 hours before their subjective dawn, after which experiments ran for 8 hours. The experimental
chamber consisted of atrangparent cylindrical enclosure, surrounded by a panoramic array of
green LED panels (Reiser and Dickinson, 2008) that provided a uniform illumination of 70 lux.
Flies were filmed using three synchronized high-speed cameras (Photron SA5 with AF Nikor
60mm lenses, lens aperture = f/22), which viewed the central portion of the arena from above and
from two orthogonal side positions (Fig. 1A). The cameras operated at 7,500 frames per second
with an image resolution of 1024x1000 pixels, exposure time of 1/30,000 second, and image
depth of 12 bits. Due to limitations in optics, the region of interest was restricted to a cube ~40

mm on each side. Each camera view was backlit using high intensity infrared light panels, which
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were strobed in synchrony with every exposure. To maintain the inside temperature at ~25°C, we
passed refrigerated air around the outside of the flight chamber. At the start and end of each 5-
day recording period, we calibrated the camera system using direct linear transformation (DLT)
(Christoph Reinschmidt; http://isbweb.org/software/movanal.html).

Throughout each experimental session, the cameras sampled continuously. When afly
flew directly through the center of the region of interest, it tripped an infrared laser crossbeam,
which automatically triggered the storage of 372 ms of data both before and after the trigger
event. We captured more than 300 flight sequences, of which the magjority consisted of a straight
flight path, but occasionally afly would perform a saccadic maneuver (Supplementary Movie
S1). Although fruit flies are largely insensitive to infrared light, we were concerned that the high
intensity of the IR trigger lasers might elicit behavioral responses. For this reason, we only
analyzed the saccades that flies initiated before passing through the trigger point. Given our
sampling methods, we have no way of knowing whether any given saccade was elicited by visual

expansion or via some internal stochastic event.

Measuring body and wingbeat kinematics
We manually selected 44 sequences from the entire data set for detailed analysis, which
we subjectively classified as body saccades based on visual inspection of the raw video
sequences. To extract kinematics throughout these saccades, we used an automatic machine-
vision system as described in arecent analysis of escape maneuvers (Fig. 1B) (Muijreset al.,
2014). The tracking routine provided us with Kalman filtered estimates of the body and wing
kinematics throughout each flight sequence (Fig. 1C, Supplementary Movie S2) (Muijreset a.,

2014).

17



The Journal of Experimental Biology — ACCEPTED AUTHOR MANUSCRIPT

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

For all Kalman filters, the cross-product valuesin the error covariance matrices (R and
Q) were set to zero, and covariance matrix R was set to identity. Thus, adjusting the parameters
in covariance matrix Q controlled Kalman smoothing. For positional data, we used alinear
Kaman filter and the smoothing parameters of matrix Q were scaled according to a Taylor
series. Q values corresponding to position were set to dt?, velocity values were set to 1, and
acceleration values were set to 1/dt?, where dt is the time step between two measurements
(inverse of the frame rate).

To filter body and wing orientation data, we used an extended Kalman filter with two
filtering steps (Y un & Bachmann, 2006), because quaternion update is non-linear. For body
orientation filtering, we used the following Q parameters. For the first iteration, Q parameters
associated with angular velocities and angular accelerations were set to zero, and parameters
associated with quaternions were set to 0.003. For the second iteration, angular velocity
parameters were set to 0.0001, angular acceleration parameters were set to 0.0001/dt?, and
guaternion parameters were set to 1. For wing orientation filtering, we used a similar strategy but
less smoothing was desired. For the first iteration, angular velocity parameters and angular
acceleration parameters were set to zero, and quaternion parametersin Q were set to 1. For the
second iteration, angular velocity parameters in Q were set to 1/dt?, angular acceleration
parameters were set to 0, and quaternion parameters were set to 1.

Body position data consists thus of Kalman filtered estimates of position, X(t), velocity,
U(t), and linear acceleration, a(t). Based on U(t) and a(t), we determined the start and end of
each saccade by estimating horizontal accelerations normal and tangential to the flight path (an(t)
and ar(t), respectively). Using an expectation maximization-based clustering analysis on an(t)

and ar(t) for all measured flight sequences (Muijres et al., 2014), we divided flight sequences
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into steady and maneuvering segments, such that steady segments satisfied an<0.19g and -
0.17g <ar<0.14g, where g is gravitational acceleration. The times at which a saccade starts (tsart)
and ends (teng) Were defined as the moments when body accelerations passed these threshold
values. Note that these pointsin time do not encompass the entire length of the maneuver, but the
method enabled us to systematically and objectively define and align the saccades.

Based on the velocity data, we determined flight heading, o(t), which we used to
determine the turn angle, Ao, for each saccade. U(t) was also used to determine changes in flight
speed, dU(t), throughout the maneuver relative to the start of each sequence. Linear acceleration,
a(t), was used to estimate the direction, o, and magnitude, ano/g, of normalized acceleration
within the horizontal plane, as well as the magnitude of the vertical acceleration, a,/g. Body
orientation was expressed in the body Euler angles (yaw, yg; pitch, &; and roll, 7¢) in the world
reference frame and normalized angular velocity of the body, £2 = { @, @y, @}, in the body
reference frame (Fig. 1C). All rotation rates were normalized using fseady, Where fgeaqy 1S the
wingbesat frequency during steady flight for D. hydei, (~ 189 Hz, from Muijres et al. 2014).

Each tracked wingbeat was expressed by the wingbeat frequency, f, and three Euler
angles within the body reference frame: wing stroke angle, ¢, stroke deviation angle, % and wing
rotation angle, « (Fig. 1C). Note that al body and wing orientation variables are defined relative
to the stroke plane, which is defined as horizontal during steady flight (Fig. 1C). For D. hydei,

thisisat an inclination angle of 47.5° relative to the long axis of the body (Muijres et al., 2014).

Estimating aerodynamic forces and torques based on body dynamics
The aerodynamic forces throughout a flight maneuver can be estimated directly from

body accelerations as:
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F(©) = (a®)+g)/lal, D)

where F isthe aerodynamic force vector normalized with body weight, mg, and g ={0, O, g} is
the gravitational acceleration vector. The orientation of this force vector in the body frame was
defined asthe roll (&) and pitch () angle of F relative to the stroke-plane normal (Fig. 1C), and
is calculated based on the body Euler anglesand F.

The aerodynamic torque produced throughout a maneuver was estimated from the body
rotations. Because aerodynamic damping has been shown to be an important source of passive
stability in flapping flight (Hesselberg and Lehmann, 2007; Hedrick et al. 2009), we estimate
normalized torque T using alinear model based on both normalized angular vel ocities and

accelerations:
T(t) =C2(t)+102(), (2)

where 2 is the angular acceleration vector of the body normalized by fzieady, andwhichis
estimated by numerically differentiating 2. C is the aerodynamic damping coefficient matrix
normalized by mgl/fseay, Wherel iswing length, and | isthe body inertia matrix normalized by
r’r‘gl/fzieady. Because aerodynamic torque produced by a wing scales with the product of force and

wing length, we normalized torque by Ja+g|ml. We modeled C as

Croll 0 0
C= 0 Cpitch 0 ) (3)
0 0 Cyaw
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and| as
Iroll 0 0
I= 0 Ipitch 0 . (4)
0 0 Loy

Thus, our simplified model assumes that all interaction coefficientsin both C and | are
negligible.

The damping coefficientsin C were based on damping estimates for D. melanogaster
reported in literature (Cheng et al., 2009; Dickson et al., 2010). The yaw-damping coefficient for
D. hydei (Cyav) Was estimated by scaling values measured for D. melanogaster using a robotic
model (Dickson et al., 2010). Roll and pitch damping for D. hydei were based on computational
estimates of damping coefficientsin D. melanogaster (Cheng et al., 2009). For consistency
among the damping coefficients for the three degrees-of-freedom, we first linearly scaled all
damping coefficients estimated for D. melanogaster by Cheng et al. (2009) equally, such that
yaw damping was equal to that reported by Dickson et al. (2010), and then scaled these values to
the slightly larger species, D. hydei. Thisresulted in the following normalized roll, pitch, and
yaw damping coefficients: Ciqi = 0.22; Cgitch = 0.08; Cyav = 0.41. Note that the damping
coefficient for yaw is 5 times greater than for pitch and twice as large as that for roll.

Inertia coefficients within the stroke-plane reference frame were estimated based on a
cylindrical body model with body mass m and pitch angle of 47.5° and awing model consisting
of a horizontal disk divided into 100 concentric rings (Fig. 1C). Each ring has a homogenously

distributed mass equal to the mass of the local spanwise wing section plus its added fluid mass.
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Following (Ellington, 1984), total wing mass was estimated as 5% of body mass, and added mass
was equal to a cylindrical fluid mass circumventing each wing section. Thisresulted in
normalized roll inertia |, = 0.64, normalized pitch inertial ien = 1.07, and normalized yaw

inertia lyay = 0.57.

Correlating wingbeat kinematics with torgue production
To determine how a fly controls torque throughout a saccade, we correlated changesin

wing kinematics with torques estimated from body dynamics (Egn 2). Wing kinematics were
correlated with torque about an axis defined by atorque vector, T', by parsing the complete
dataset into steady wingbeats and wingbeats in which the fly generated some absolute magnitude
of T' (JT’]) that was larger than one standard deviation of the entire distribution of [T’ | for all
wingbesats in the dataset. Changes in kinematics angles throughout a wingbeat relative to the
steady wingbeat angles were linearly correlated with the stroke-averaged normalized torque

estimated from body dynamics (Egn 2) as:

mod(xT")i = (& - Ksteaty) ! [T’} 5)

where mod(x;T"); is the wingbeat modification variable for kinematic angle x (representing
either ¢, % or @) of thei™ wingbeat in the dataset of [T’| producing wingbeats. Kseady 1S the
equivalent kinematics angle distribution of the average steady wingbeat of D. hydei, based on
1603 wingbeats measured by Muijreset al. (2014) (Fig. 1D).

Variation in wingbeat frequency (which is equal for both wings) is excluded from this

analysis because such modulation could not alter torque directly. By fitting a Fourier series
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through the complete dataset of mod(x;T’), we determined the average wing kinematics
modulation distributions, MOD(x;T") for each kinematics angle and torque axis. Fourier series

were fitted using a Levenberg-Marquardt algorithm and are defined as:

k(t*)=a,+ i a, cos(2znt*)+b, sin(2znt*), (6)

n=1

where a, and b, are the Fourier series coefficients for the n'™ order, and zis normalized time for
each wingbeat (t* =t f). All Fourier series (MOD(g,T'), MOD(4T’), MOD(, T’)) were 8™ order
(N=8). From the MOD(x; T") estimates, the set of wing kinematics variables that would result in a

given amount of torque [T’ | about torque axis T’ can be reconstructed by:
K= Kseady + [T'| MOD(x; T'). @)

Measuring aerodynamic forces and torques using a dynamically scaled robot
Apart from estimating aerodynamic forces and torques from body dynamics (Egn 1 and Eqgn 2,
respectively), we also estimated forces and torques from wing kinematics, using a dynamically
scaled robot in afixed body reference frame (Dickinson et al., 1999). This technique enabled us
to study the aerodynamics of saccadic maneuversin a systematic and detailed manner. We
replayed the wingbeat kinematics in afixed body reference frame because aerodynamic and
inertial effects of body rotations were modeled using Egn 2. Note that aerodynamics effects due

to body translations were ignored.
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To assess the accuracy of our methods, we compared torque measurements based on the
wingbeat kinematics with the torque estimates based on body dynamics (Egn 2). This analysis
was performed on two sets of data. The first dataset consisted of the mean wing kinematics and
body dynamics throughout the average saccade, estimated by aligning the wingbeats from all
maneuvers. This enabled usto test qualitatively whether the measured changes in wingbeat
kinematics captured the forces and torques produced throughout the saccade. The second dataset
was based on the systematic analysis described above, in which we correlated wingbeat
kinematics with torque production. Using Egn 7, we constructed a set of kinematics patterns that
should produce a systematically increasing amount of body torque about a specific body axis T'.
The range of body torques was chosen such that it captured the complete behavioral envelope of
measured torque production. We defined a body torque distribution spanning a range from zero
body torque (steady flight) to a torque equal to approximately three times the standard deviation
of the [T’ | distribution for all measured wingbeats, and parsed it into 8 values. For each, we
created the matching deformed wingbeat kinematics using Eqn 7. We then replayed the set of
systematically distorted wing kinematics on the robotic fly and measured the resulting stroke-
averaged forces and torques about all three orthogonal body axes, and compared these values
with the values of body torques. This approach also enabled us to determine cross-talk between
torgue modulations about the different orthogonal axes. The distributions of |T’ | and the
corresponding wing kinematics constructed using Eqn 7 were also used to study the effects of
stroke, deviation, and wing rotation angle on torque production. Using a method similar to that
described by Muijres et al. (2014), we systematically modulated one wing kinematics variable,

while maintaining steady kinematics for the other angles, and replayed these on the robot.
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Cases in which body torque was equal to three standard deviations of the [T’ | distribution,
which we considered as an estimate for peak torque production, were analyzed in more detail
using two complementary methods. First, we replayed the wingbeat kinematics that
corresponded to this peak torque (estimated using Egn 7) on the robot and measured force and
torque throughout the wingbeat. Second, we analyzed the changes in wing kinematics that result
in peak torque production. For each kinematic angle, the difference in kinematics between the
left and right wing might result from temporal phase shift, from a shift in the mean value, or
from higher order modulations in the time history (Fig. 1D). For each kinematic variable, we
estimated the temporal phase shift and offset in mean value between the left and right wing by
systematically trandating the left wing data along the time (z) and ordinate (k) axes. For each
combination of Azand Ax; we determined the root mean square error (RM SE) between the right
wing and shifted left wing values. The combination of Az7and Axat which RM SE was minimum
defines the phase shift an angular offset between left and right wing for that wing kinematics
angle and [T’ | axis combination. The corresponding magnitude of RM SE quantifies how well the

wing kinematics modulations are described by Azand Ax; relative to any higher order

modulations.
List of symbolsand abbreviations
A Amplitude
a ={ayay,a;} Acceleration vector in the world reference frame
an Horizontal acceleration normal to the flight path
ar Horizontal acceleration tangential to the flight path
an Fourier series coefficient
bn Fourier series coefficient
dt Time step between measurements (inverse of camera frame rate)
C Normalized aerodynamic damping coefficient matrix
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du

Flight speed relative to the start of the maneuver

F Normalized aerodynamic force vector in the world reference frame

f Wingbeat frequency

g={0,0,g} Gravitational acceleration vector

g Gravitational acceleration scalar

I Normalized inertia coefficient matrix

I Wing length

m Body mass

mg Body weight

9 Error covariance matrix of Kalman filter

R Error covariance matrix of Kalman filter

T Normalized aerodynamic torque vector in the body reference frame

T An arbitrarily defined aerodynamic torque vector

t Timerelative to the start of the saccade

t* Normalized time within awingbeat relative to the start of the downstroke
U ={u,v,w} Ve ocity vector in the world reference frame

X={xy,z} Position vector in the world reference frame

Xg = {Xs,YB,Z8} Position vector in the body reference frame

o Rotation angle of the wing around itslong axis

B Pitch angle of the aerodynamic force vector in the body reference frame
Y Deviation angle of the wing out of the stroke plane

Ad Shift of the mean wing rotation angle of the left wing relative to the right
AT Phase shift of the left wing movement relative to the right wing movement
Ak Shift of the mean wing kinematic angle of the left wing relative to the right
AC Turn angle of the saccade

At Duration of a saccadic turn

n Body roll angle derived from roll rate ax

ne Body roll Euler anglein the world reference frame

(7 Body pitch angle derived from pitch rate ay
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563
564
565
566
567
568
569

570

6 Body pitch Euler angle in the world reference frame

K Wing kinematics angles

7 Torque axis angle within the stroke plane relative to the roll torque axis

N Primary torque axis angle (mean torque angle during the initial phase of the
banked turn)

Ugt Angle within the stroke plane and orthogonal to z

> Counter-torque axis angle (mean torque angle during the counter-torque
phase of the banked turn)

Uy Angle within the stroke plane and orthogonal to

S Roll angle of the aerodynamic force vector in the body reference frame

o Heading (the direction of the horizontal body velocity component)

Oa Direction of horizontal body acceleration component

T Phase within awingbeat relative to the start of the downstroke

) Stroke angle of the wing within the stroke plane

74 Body yaw angle derived from yaw rate a;

Ve Body yaw Euler angle in the world reference frame

Q ={ wy, ay, v} Normalized rotation rate vector of the body in the body reference frame

Wx Normalized body roll rate in the body reference frame

@y Normalized body pitch rate in the body reference frame

Wy Normalized body yaw rate in the body reference frame
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Figure Legends
Figure 1. Experimental setup, coordinate system conventions, and flight tracks of saccades. (A)

The experimental setup consists of acylindrical enclosure, three synchronized high-speed
cameras with IR LED backlighting, and a laser triggering system. (B) An automated machine
vision system tracks kinematics by projecting body and wing models onto the three orthogonal
cameraimages. (C) Measured parameters in the body reference frame. Body dynamics are

described by the angular velocity vector of the body, £2 = { ax, @y, @,} and its derivatives, about
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the principal body axes Xg = { Xs,Ys,25} . Wing kinematics are defined by stroke angle within the
stroke plane, ¢, deviation angle out of the stroke plane, ¥ and wing rotation angle, . Based on
the vector sum of body acceleration and the gravitational acceleration vector, we determined
normalized force vector, F, with orientation in the body reference frame defined as force pitch
angle, S, and roll angle, & (D) Temporal dynamics of the wing kinematics angles for asingle
wingbesat. The black trace shows the average steady wingbeat of D. hyde that isused as a
baseline for our analysis (from Muijres et al., 2014). Grey traces show hypothetical wing angles:
stroke angle has a phase shift of Az=5° relative to the steady wingbeat, wing deviation has a
mean deviation angle shift of Ay=5°, and wing rotation angle has both a shift of Az=5° and Ac
=5° (E,F) Sideview (E) and top view (F) of the flight tracks of all 44 trials. Traces are color-
coded with time according to the scale bar in (E). Note that all left-handed turns have been
mirrored into right-handed turns, and all sequences were aligned according to position and

heading at the start of the saccadic maneuver (tsat = 0 ms).

Figure 2: Saccadesin flies consist of banked turns. (A) Heading and speed (depicted as vectors
of horizontal velocity component) after the saccades for al measured trials separately (grey) and
its mean (black solid vector), relative to the aligned initial zero heading (black dotted mean
velocity vector). Speed is scaled according to the reference vector of 0.1 m/s. (B-L) temporal
dynamics of experimental parameters. (B) Heading relative to initial heading of 0°,c. (C)
Changes in flight speed relative to initial flight speed, dU, (D) Direction of the horizontal
component of body acceleration in the world reference frame, oz. (E) Horizontal component of
normalized body acceleration, ano/g. (F) Vertical component of normalized body acceleration,

a,/g (negative values are shown such that upwards accelerations are in the positive y axis
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direction). (G-1) Normalized roll rate (G), pitch rate (H), and yaw rate (1). (J) |F|, normalized
aerodynamic force generated by the fruit fly. (K,L) & roll angle (K), and g, pitch angle (L) of F
(seeaso Fig. 1C). In B-L, grey traces depict data from separate trials and the black traces with

grey bars show the mean and 95% confidence interval for all trials.

Figure 3: Throughout a saccade, flies produce torque about all body axes, the roll axis, pitch
axis, and yaw axis. The total normalized body torque (A-C) is the sum of torques required to
resist aerodynamic damping (D-F) and to resist inertia (G, H). All torques are defined in the body
reference frame (Figure 1C) and normalized by |a+g|ml. Grey lines show data from the separate

saccades, black lines with grey bars are means and 95% confidence intervals for al trails.

Figure 4: The early stage of a saccade can be separated into two phases, an initial body rotation
(-25ms<t<-5ms, datain blue) and a counter-rotation (30ms<t<60ms, datain orange). During
each phase, flies produce torque about two body axes and keep torque about the third orthogonal
axisto aminimum. (A) Direction of torque within the stroke plane, 4, throughout the saccade.
(B) Vectors depicting orientation and magnitude of torque component within the stroke plane,
Tu, during the initial rotation phase (blue) and during the counter-rotation phase (orange) (see
(A) for the time windows). The black dashed vectors are mean Ty for both time windows,
defining the primary torque axis (t4=36°) and the counter-torque axis («=8°). Normalized
torque vectors are scaled according to the reference vector of 0.01. (C) Torque about the primary
torgue axes 14 (t<12.5ms) and the counter-torque axis 1 (t>12.5ms). (D) Torque about the
orthogonal axes u,, (t<12.5ms) and u,, (t>12.5ms). (E) Torque about the yaw axis. (F) Average

magnitude of normalized body torque relative to turn angle Ao about the 14 (blue) and 14
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(orange) axes. (G) Torques about their orthogonal u,, and u,, axes. (H) Torgque about the yaw
axis. All torques are defined in aright-handed reference frame relative to the (4, 1 and yaw axes
and were normalized by |a+g|ml. In A, C, D, and E, grey lines show data from all measured

saccades, and black lines with grey bars are means and 95% confidence intervals.

Figure 5: The average wing and body kinematics, determined by aligning the wingbesats of all
trials relative to the start of each saccade, show that flies produce aerodynamic torques
throughout a saccade using small changesin their wing movement patterns. (A) Wingbeat
frequency f, (mean and 95% confidenceinterval). (B) Stroke angle, ¢, for the left (blue) and right
(red) wing. (C) Differencein stroke angle at the end of the downstroke (blue) and upstroke
(orange). (D) Deviation angle, . (E) Difference in deviation angle amplitude during the
downstroke (blue) and upstroke (orange). (F) wing rotation angle, ¢. (G) Differencein wing
rotation angle at mid-downstroke (blue) and mid-upstroke (orange). (H) Normalized stroke-
averaged force, |F|, based on body accelerations (black trace for mean and grey bar for 95%
confidence interval) and based on wing kinematics shown in B, D, and F (green trace). (1-K)
Normalized roll torque, Trai (1), pitch torque, Tpich (J), and yaw torque, Tyaw (K). Plotting

conventionsin (I-K) arethe same asin H.

Figure 6. Average wing kinematics angles and torque for wingbeats that generate peak torque
about the control axes. (A-C) Kinematics angles for the left wing (blue) and for the right wing
(red) for strokes that generated peak yaw torque (A), peak 14 torque (B), and peak 1 torque (C).
(D) Normalized yaw torque measured by replaying wingbeat kinematics in pand A (black) and

the steady flight kinematicsin Fig. 1D (grey) on the robotic fly model. Solid lines are time series
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throughout the wingbeat, dotted lines are stroke-averaged values. (E) Normalized torque about
the 14 axisfor the kinematicsin panel B (blue), normalized torque about the 1, axis for the
kinematicsin C (orange), and torque about the 14 and 1, axes for the steady flight wingbeat
kinematicsin Fig. 1D (black and grey, respectively). Note that the black and grey traces are so
similar that they appear to be asingleline. (F) Normalized torques about the p,  and u,, axes,

using the color conventionsasin E.

Figure 7: Torques derived from body dynamics plotted against stroke-averaged torques
measured using arobotic fly. The data are based on a graded series of wing kinematics that range
from steady wingbeats to those that produce peak torque about the 14, 1, and yaw axes as shown
in Fig. 6A-C. (A) Comparison of torque about the three principal body axes. yaw (black), roll
(red), and pitch (blue), for the kinematics correlated with yaw production. (B) Comparison of
torque about the 14 (blue), the 1 (orange), i, , (grey), u,, (also grey), and yaw (black) axes.
Positive values are for the kinematics correlated with control of torque about the 4 axis,
negative values are for the kinematics that controls torque about the 14 axis. (C) Torques
produced by varying the different wing kinematics parameters correlated with yaw torque control
in isolation while maintaining all others at steady flight conditions. The effect of the different
parametersis shown in blue (stroke angle, ¢), magenta (deviation angle 7), and green (rotation
angle ). The grey trace is the sum of the torques for the separate cases; the red trace shows the
case where all kinematics angles were varied together. The thin black solid linein all panels
shows a match between torques determined from body dynamics and from wing kinematics
played through the robot. (D) The same analysisasin C, but using the kinematics correlated

with the control of torque about the 1 axis (positive values) and the i axis (negative values).
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Figure 8: Flies modulate the phase of wing rotation to control torque about the z4 and /& axes,
and modulate both the phase and offset of wing rotation to control torque about the yaw axis. (A)
Wing rotation angles of the right wing (red), left wing (grey), and left wing trace (blue dotted)
that has been translated along both abscissa (wingbeat phase) and ordinate (rotation angle) to
produce the lowest RM SE between the right and shifted left wing traces. (B) A plot of RMSE as
afunction of plot of wingbeat phase (-10°<A 7<10°) and mean wing rotation angle
(-10°<A0<10°) for the kinematics correlated with peak yaw torque. Maximum correlation
(minimum RM SE) is depicted by awhite dot. RMSE is coded in grey on alogarithmic scale. (C
and D) Thesame analysisasin A and B, but for the data correlated with peak torque about the 14
axis. (E and F) The same analysisasin A and B, but for the data correlated with peak torque
about the w4, axis.

Supplementary Figure L egends

Figure S1: Temporal dynamics of body rotations throughout the saccadic maneuver. Rotational
dynamics of the fly body are described as angular positions (A-C), normalized angular velocities
(D-F) and normalized angular accelerations (G-1) about the principal body axes (roll axis, pitch
axis and yaw axis as defined in Fig. 1C). The temporal dynamics of the angular positions were
estimated by integrating angular velocities in the body reference frame (integration constant was
set to zero at the start of each track); angular velocities were normalized by the wingbeat
frequency at steady flight, fseaqy, €stimated by Muijres et al. (2014); angular accelerations were
estimated by differentiating angular velocities, and were normalized by the steady wingbeat
frequency fzieady. Grey lines show data from all measured saccades, and black lines with grey

bars are means and 95% confidence intervals for all trails.
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Figure S2: Torque dynamics within the stroke plane throughout the saccadic maneuver,
described by torque about the primary torque axis (4 (A), the counter-torque axis i (B) and their
respective orthogonal axes u,, (C) and u,, (D). All torques are normalized by |a+g|ml; grey
lines show data from the separate saccades, and black lines with grey bars are means and 95%
confidence intervals for all trails. The vertical dotted line defines the point in time where torque
in the stroke plane is approximately zero, and that therefore separates the primary rotation phase

and the counter-rotation phase (t=12.5 ms).

Figure S3: Correlation between wingbeat kinematics angles of the left and right wing, for the
kinematics that resultsin peak yaw torque (Ieft column), peak torque about the primary 4 axis
(middle column), and peak torque about the counter-torque axis z (right column). (A-C)
kinematics angles of the right wing (red), the original kinematics of the left wing (grey), and the
trandlated left wing kinematics for which correlation between the wingbeat kinematics angles of
the left and right wing were maximal (blue dotted traces). (D-L) root-mean square error (RM SE)
based on the difference between the left and right wing kinematics angle throughout the
measured phase shift range -10°<A7<10° and mean kinematics angle shift range -10°<A x<10°
(maximum correlation at minimum RM SE is depicted by a white dot): (D-F) for stroke angle;
(G-1) for deviation angle; (JL) for wing rotation angle. Logarithmic values of RM SE are scaled

according to the scale bar in (L).
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Supplementary Movie L egends

Movie S1: Top view of afruit fly performing a saccadic maneuver. The movie is slowed down
100 times, and every third recorded frameis shown. The turn angle of this saccadeis

approximately 90 degrees, which is close to the average saccadic turn angle for all trails.

Movie S2: Body and wings model of afruit fly performing a saccadic maneuver. The movieis
slowed down 300 times. The turn angle of this saccadeis approximately 90 degrees, which is

close to the average saccadic turn angle for al trails.

Movie S3: A movie of all 44 flight tracks overlaid on top of each other, viewed from below. The
movieis slowed down 100 times, and traces are color-coded with time according to the scale bar
in Fig. 1E. Notethat all left-handed turns have been mirrored into right-handed turns, and all
sequences were aligned according to position and heading at the start of the saccadic maneuver

(tstart =0 mS).

Movie $4: A movie of all 44 flight tracks overlaid on top of each other, viewed from the side as
shown in Fig. 1F. The movieis slowed down 100 times, and traces are color-coded with time
according to the scale bar in Fig. 1E. Note that all |eft-handed turns have been mirrored into
right-handed turns, and all sequences were aligned according to position and heading at the start

of the saccadic maneuver (tgat = 0 ms).

Movie S5: A movie of all 44 flight tracks overlaid on top of each other, viewed from the front.
The movieis slowed down 100 times, and traces are color-coded with time according to the scale

bar in Fig. 1E. Note that all left-handed turns have been mirrored into right-handed turns, and all
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sequences were aligned according to position and heading at the start of the saccadic maneuver

(tstart =0 mS).

Movie S6: A movie of all 44 flight tracks overlaid on top of each other, in perspective view. The
movieis slowed down 100 times, and traces are color-coded with time according to the scale bar
in Fig. 1E. Note that all left-handed turns have been mirrored into right-handed turns, and all
sequences were aligned according to position and heading at the start of the saccadic maneuver

(tstart =0 mS).
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