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Fossils of the remarkable dromaeosaurid Microraptor gui and relatives clearly show well-developed ﬂight feathers on the hind limbs
as well as the front limbs. No modern vertebrate has hind limbs
functioning as independent, fully developed wings; so, lacking a
living example, little agreement exists on the functional morphology or likely ﬂight conﬁguration of the hindwing. Using a detailed
reconstruction based on the actual skeleton of one individual, cast in
the round, we developed light-weight, three-dimensional physical
models and performed glide tests with anatomically reasonable
hindwing conﬁgurations. Models were tested with hindwings
abducted and extended laterally, as well as with a previously
described biplane conﬁguration. Although the hip joint requires
the hindwing to have at least 20° of negative dihedral (anhedral),
all conﬁgurations were quite stable gliders. Glide angles ranged
from 3° to 21° with a mean estimated equilibrium angle of 13.7°,
giving a lift to drag ratio of 4.1:1 and a lift coefﬁcient of 0.64. The
abducted hindwing model’s equilibrium glide speed corresponds to
a glide speed in the living animal of 10.6 m·s−1. Although the biplane
model glided almost as well as the other models, it was structurally
deﬁcient and required an unlikely weight distribution (very heavy
head) for stable gliding. Our model with laterally abducted hindwings represents a biologically and aerodynamically reasonable conﬁguration for this four-winged gliding animal. M. gui’s feathered
hindwings, although effective for gliding, would have seriously
hampered terrestrial locomotion.
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vidence now exists that should settle the long-running debate
over a ground-up origin of avian ﬂight vs. the evolution of
avian ﬂight from a trees-down glider. This evidence shows that
the protoavian was arboreal (1) rather than a terrestrial cursor as
many have suggested (2–4). The leading protagonist in this
controversy is presently a dromaeosaur, Microraptor gui, with a
fully formed hind wing that is closely similar to its completely
avian forewing (5), having elongate, aerodynamically advanced
“primary feathers” coming off the metatarsi (5). There seems
little reason to doubt the aerodynamic function of the hindwing,
but there has been controversy over exactly how it was arranged
and used for ﬂight. We decided to address this problem by creating and testing models that closely replicate the anatomical
features preserved in the now numerous fossils of Microraptor
and its close relatives (discussed in SI Text).
Primitively, early archosaurs are sprawling, with the legs set
laterally and elevated at around 75° (6), a preadapted posture for
gliding. Modern birds normally have the thigh elevated and
sprawled to the side in different degrees; for example, it is nearly
perpendicular to the midline in loons and grebes (7). This variation shows that the degree of splaying needed to use the
hindlegs in gliding is not unusual when compared with that in
modern birds. The absence of an antitrochanter and a supra2972–2976 | PNAS | February 16, 2010 | vol. 107 | no. 7

acetabular shelf (SAC) in the eumaniraptorans, including dromaeosaurids, would make elevation and splaying of the legs even
easier (8). Air pressure could have provided most of the force
needed to elevate the leg into a gliding position similar to that in
gliding mammals. This simple positioning was originally assumed
for the four-winged Microraptor gui (5); but later, workers hoping
to recover an upright posture proposed arrangements of the
hindlimbs that would have required complicated systems of locks
and muscles to hold the leg in an only partially elevated position,
e.g., the “biplane” model (9). New anatomical information based
on the discovery of several hundred specimens similar to the
four-winged glider M. gui (and related taxa) has produced converging lines of evidence demonstrating that the original
describers of M. gui (5) were correct in their interpretation of the
ﬂight posture. We postulate, based on examination of this new
material, that M. gui was capable of abducting the hind limbs at
least 65–70° to achieve a gliding posture.
We built a reconstruction of Microraptor (Fig. S1) based on
bones cast in the round from LHV 0026, an articulated specimen
(SI Text). This new specimen represents a larger individual and is
probably a different species of Microraptor but is morphologically
closely similar to M. gui, including the presence of ﬂight-adapted
feathers on the tarsometatarsus. We reconstructed the plumage
using actual bird feathers trimmed to the correct size and shape,
based mainly on the holotype of M. gui (IVPP V13352; Fig. S2
and Fig. S3) featured on the cover of Nature (2003, v. 421, no.
6921), as well as a survey of >100 additional specimens. We used
the feathered reconstruction (Fig. S4) as a detailed pattern,
along with airfoil shapes from modern birds, to build a molded
urethane foam model (SI Text). We subjected the foam model to
glide tests intended to determine whether our interpretation of
the proportions and body plan of the extinct animal could have
supported a gliding ecology during life. This model performed a
number of successful glides, but it became apparent that we
needed a more modular model with adjustable and replaceable
components to allow us to analyze glide performance. This led us
to design a model based on techniques used to build ﬂying airplane models, which we refer to as the “ﬂight model.”
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Fig. 1. Top and front views of the different conﬁgurations of the ﬂight
model. (Top View) Tracing showing the abducted hindwing and the biplane
hindwing conﬁgurations. All components are the same except for the
hindwings. (Front View) Schematic view showing the three hindwing conﬁgurations (dashed lines, forewings; solid lines, hindwings). Lengths, angles, and
proportions are to scale. b, Polystyrene foam body; f, forewing; h, hindwing; l,
aluminum wire leg skeleton (streamlined fairing omitted for clarity); n, neck
plate for mounting balance weights; s, structural spine plate; t, tail.
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Fig. 2. (A) Average of glide angles measured in the middle third (“midglide”) and last third (“late glide”) of the videotaped glides. (B) Average of
air speeds measured in the middle third and last third of the videotaped
glides. Error bars show SE.

ratio, L/D (10). The overall mean glide angle for all measured
late glide segments was 13.7°. That glide angle yields G = 4.1. If
we assume that this represents an equilibrium glide, it would
indicate an L/D of 4.1.
Although there was a slight variation in initial launch speeds
(SI Text), the average glide speeds during the middle and late
stages of the glide were very consistent, with averages of between
5.95 and 6.45 m·s−1 (Fig. 2B). The overall average glide speed
from the middle and late glide segments was 6.14 m·s−1.
The biplane conﬁguration had the main lifting surface of the
hindwings extending 5 cm below the body (12 cm below the spine
plate), so it could not be launched from our catapult. Thus, we
chose to perform a hand launch of the biplane model at our
indoor location, with a hand launch of the model in the straighttip hindwing conﬁguration (“abducted hindwing”) for comparison. Both conﬁgurations were launched from a height of 4.43 m.
Air speed of the abducted conﬁguration immediately after
launch was 7.54 m·s−1 and for the biplane was 7.66 m· s−1. Both
models made substantial level ﬂights before visibly pitching down
into readily apparent descents. At 3.5 m into the level portion of
the ﬂight, the airspeed of both models was essentially the same,
6.65 m·s−1 for the abducted wing model vs. 6.67 m·s−1 for the
biplane model. The level segment of the abducted hindwing model
was 8.9 m long, and the speed at pitch-down was 4.7 m·s−1. The
level segment of the biplane model was shorter (5.0 m), and it
pitched down at a higher speed (6.65 m·s−1). Total glide length for
the abducted hindwing model was 20.26 m vs. 18.03 m for the
biplane model. The biplane model appeared to be in a nearequilibrium glide in the descending segment (with a very mild
phugoid around a mean glide angle of 23°) because its air speed in
the middle of the descent, 5.42 m·s−1, was essentially the same as its
speed just before impact, 5.38 m·s−1. In contrast, the abducted
hindwing model accelerated throughout the descending segment
of the glide, with an air speed of 7.08 m·s−1 and a glide angle of 31°
just before touchdown; it presumably would have leveled out
eventually, given a great enough launch height. Although the
touchdown speed of the biplane model was quite low (<5.5 m·s−1)
compared with most glides of the other conﬁgurations, the
location of the biplane hindwings caused them to impact ﬁrst,
PNAS | February 16, 2010 | vol. 107 | no. 7 | 2973
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Results
We made glide tests on ﬂight models with three different
hindwing conﬁgurations: abducted (laterally elevated) with
“cranked” or bent-up tips; abducted with straight tips; and the
biplane conﬁguration of Chatterjee and Templin (9) (SI Text).
Both of the abducted hindwing conﬁgurations have an anhedral
(negative dihedral) angle of 20° at the root (Fig. 1). We also used
two different tail conﬁgurations. One tail had the tips of the
surfaces angled up 20° forming a shallow V shape (the vee-tail)
and one with the surfaces horizontal (the ﬂat tail).
We analyzed six glides of the cranked-tip hindwing conﬁguration launched from a height of 2.11 m, one of the same
conﬁguration from a launch height 3.33 m, and four of the
straight-tip hindwing conﬁguration from the 3.33 m launch
height. Most ﬂights were made with the vee tail. We also analyzed one ﬂight with a ﬂat tail (and the straight tip hindwing) and
found no noticeable difference in stability relative to the veetail conﬁguration.
Of the glides launched from a height of 2.11 m, 5 glides
exceeded 17 m total length; the longest glide from this height,
19.1 m, yields a mean glide angle of 6.3°. Of the glides launched
from a height of 3.33 m, four exceeded 22 m total length,
including a glide of 23.9 m with a mean glide angle of 7.9°. These
mean glide angles understate the actual equilibrium glide angles
because they include level segments immediately after launching.
Glide angles measured from videos of the 11 glides analyzed
ranged from 3° to 21°. Each glide was divided into equal early,
middle, and late phases; because of the level segment right after
the launch in the early phase, we ignored data from the early
phase and focused on the middle and late phases. Fig. 2A shows
that late in the glide, for both cranked tip and straight tip hind
wings, the glide angles average 13–14°. Indeed, all but one of
those glides had late glide angles of >11°. The angles in the
middle of the glide are not as consistent, with the cranked tip
conﬁguration averaging only 70% of the straight-tip conﬁguration’s midglide angle. The glide angle, θ, deﬁnes the glide
ratio, G (the distance ﬂown forward for every unit distance of
descent in altitude), by the relationship G = 1/(tan θ). In an
equilibrium glide, the glide ratio is identical to the lift to drag
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breaking the hindwings and preventing further glide tests of
that conﬁguration.
Comparing the two abducted conﬁgurations, the lower average glide angle for the cranked tip glides was most likely due to
the fact that most of the measured glides for the cranked-tip
conﬁguration were launched from the lower height, so the
middle of their glides were a bit earlier in time than the middle
of the glides of most of the straight-tip conﬁguration. The similarity in glide angles late in the glides suggests that the later
stages of the glide were more likely to be in equilibrium.
Using the average wing area of the two abducted hindwings
(0.143 m2), and setting the average weight of those two conﬁgurations equal to lift (4.11 N), we can calculate the lift coefﬁcient
(CL; SI Text). Based on our overall average glide speed of 6.14
m·s−1, we calculate CL = 0.640.
Discussion
A positive dihedral angle is used by airplane designers to increase
stability (11). Our Microraptor model’s forewings had conventional
positive dihedral (dihedral angle 2.4°, with additional 10° polyhedral
at the tips), comparable to that used on model airplanes and by
soaring birds. Its hip joint precludes Microraptor from having positive
dihedral on the abducted hind wings, however, and limits them to
having negative dihedral or anhedral. Even with the large anhedral
angle (−20°) of the hind wings, the Microraptor model was surprisingly stable and gave reasonably straight glides in the majority of
successful launches. We started our glide tests using the vee-tail
conﬁguration (essentially a small wing with dihedral of 20°) on the
assumption that the stabilizing effect of such a tail might be necessary to counter the destabilizing effect of the hind wing. We chose
the vee arrangement to augment stability, with the idea that the live
animal might have had the feathers angled up into such a V-shape,
or that ﬂight loads might have passively bent them up. Although
most modern birds ﬂy with a ﬂat tail fan, some birds, such as
grackles, form the tail into a shallow V in slow ﬂight. The shape of
the tail surface corresponds to the shape of the fan of tail feathers in
multiple fossils of Microraptor (Shandong Tianyo Museum of Natural History; SI Text). We also started with cranked tips on the hind
wings, representing primary feathers free to bend upward a certain
amount under ﬂight loads, again to reduce the anhedral effect. We
then tried hind wings with straight tips (representing stiffer feathers),
which made no noticeable difference in stability. Finally, we tried a
ﬂat tail (dihedral = 0°). We analyzed one glide with the ﬂat tail,
which showed no apparent difference in stability from the glides with
the vee tail. Thus, despite conventional airplane design principles,
our model appeared to be quite stable, with a hind wing having
substantial anhedral and a ﬂat tail. Even the biplane conﬁguration,
which looked somewhat ungainly, proved to be quite stable once
enough weight was added at the head to adjust the center of gravity
to accommodate its more-forward hind wing location.
We discovered that the ﬂight model was extremely sensitive in
yaw to the head angle, which could provide a very simple, natural
steering mechanism: “turn head to look left, turn left.” The living
animal probably could also perform some or all of the movements with its wings that are used by modern gliding birds.
Whether the animal steered with its head or its wings, however,
its stable conﬁguration would have signiﬁcantly reduced the
control corrections needed to glide, which greatly simpliﬁes the
neural control requirements (12).
Although maximum steady-state lift coefﬁcient values >1.0 have
been reported for ﬂying animals (13, 14), our model’s glides were
probably not performed at a high enough angle of attack to give the
maximum lift coefﬁcient. Our estimated equilibrium CL value of
0.640 seems quite reasonable. It is within the range of values
reported for large birds (15) and is actually quite close to the CL
value for minimum drag measured on a gliding hawk (16). In fact,
a tandem-wing arrangement with a small anterior–posterior
separation, as in our model, leads to some mutual interference
2974 | www.pnas.org/cgi/doi/10.1073/pnas.0911852107

such that less total lift is produced than would be produced by the
sum of the front and hind wings operating separately. Given that
we had limited ability to adjust the model’s aerodynamic trim, and
given the probable interference of the tandem conﬁguration, a CL
value <1.0 is to be expected.
The overall average glide angle near the end of the measured
glides was 13.7°. This corresponds to a L/D of 4.1. Although this
is low compared with modern soaring birds of similar weight and
wing area (e.g., red-tailed hawk: L/D = 10.0) (17), it is within the
range for smaller birds such as budgerigars at 4.5 and crows at 5.0
(17) and wood ducks at 3.8 (13). Here again, the tandem-wing
arrangement works against Microraptor: induced drag (i.e., drag
caused by lift production) is a function of processes that occur
mainly at the wing tip, and two tandem wings effectively have
more tip than a single wing with the combined span and area of
the tandem wings. This effect is related to the wing’s aspect ratio,
AR (AR = [span]2 ÷ planform area), where wings with higher
AR have less induced drag. The forewings alone of our model
have a very bird-like AR of 7.4, but when combined with the
straight-tip hindwings, altogether the combined fore- and hindwings have an AR of only 3.7. By being two slightly separated
wings instead of a single wing of aspect ratio 3.7, our model’s
fore- and hindwings will produce somewhat less induced drag
than if they were really a single wing with an aspect ratio of 3.7
(short and broad), but more drag than a single wing with a span
equal to the sum of the forewing and hindwing spans (long and
narrow). Even treating them as a single wing, Microraptor’s
aspect ratio is still substantially higher than the aspect ratios of
1.2–2.2 of such pure gliders as modern ﬂying lizards (10), ﬂying
squirrels (18), and colugos (19), although some extinct reptilian
gliders such as Xianglong zhaoi (20) had similar or even higher
aspect ratios than those of Microraptor.
We can also compare our glide speeds with an engineering
rule of thumb used to estimate ﬂight speeds based on wing
loading (17). Using the average weight and wing area of our two
abducted hindwing models, this relationship gives a speed estimate of 6.2 m·s−1 (SI Text), essentially the same as our measured
overall mean speed late in the glide of 6.1 m·s−1.
Our model’s mass, 0.43 kg for the cranked-tip hindwings or
0.41 kg for the straight tip conﬁguration, was much lower than
the living Microraptor, because of our use of light-weight modeling materials. Based on water displacement tests with a
detailed, anatomical reconstruction, we estimate that the live
mass of a four-winged Microraptor specimen the size of our
model would have been 1.23 kg, giving a weight of 12.1 N. Using
the same wing geometry as our model and the weight of a live
animal, Tennekes’s rule of thumb yields a glide speed estimate of
10.6 m·s−1. Modern birds with similar weight and wing area
include the common buzzard (weight (W) = 10.0 N, wing area
(S) = 0.27 m2, estimated ﬂight speed (v) = 9.9 m·s−1), the redtailed hawk (W = 10.9 N, S = 0.209 m2, v = 11.7 m·s−1), and the
roseate spoonbill (W = 13 N, S = 0.226 m2, v = 12.3 m·s−1) (17).
Although Microraptor would have had a ﬂight speed similar to
the ﬂight speeds of these birds, the hawks have L/D values of
∼10.0 (10), which means that they would have a much ﬂatter
equilibrium glide than that of Microraptor.
The model in the biplane conﬁguration proposed by Chatterjee and Templin (9) could be made to glide reasonably well,
although probably with a steeper equilibrium glide than our
abducted hindwing conﬁgurations; but our model tests revealed
some problems with this concept. Because of the hindlimb posture, the biplane hindwings only provided 0.049 m2 of wing area,
as opposed to >0.14 m2 for either of the abducted hindwings.
Thus, the total wing area of the biplane conﬁguration is only two
thirds of the area of the other conﬁgurations. Moreover, this
conﬁguration was heavier: even though its hindwings were
lighter, the forward location of the hindwings required the center
of gravity (CG) to be located 9.5 cm anterior to the CG location
Alexander et al.

Glide Tests. Hand-launching the molded-foam model in outdoor locations
demonstrated the need for a more controlled setting, so all glide tests of the
balsa–plywood–foam ﬂight models were made indoors, on an indoor football practice ﬁeld, with the launcher mounted on a pair of step ladders. A
tripod-mounted digital camcorder recorded glides. Videos were played back
frame-by-frame on Macintosh computers using iMovie software and analyzed by hand (SI Text). Angles were measured directly, and displacements
and known time intervals between frames were used to calculate speeds.

Glider Design. We used the urethane foam model, patterned after the
feathered model, for numerous hand-launched glides, but it was not robust
enough for catapult launching and it allowed no reasonable way to test
1. Norberg UM (1985) Evolution of vertebrate ﬂight: An aerodynamic model for the
transition from gliding to active ﬂight. Am Nat 126:303–327.

2. Padian K, Chiappe LM (1998) The origin and early evolution of birds. Biol Rev Camb
Philos Soc 71:1–42.
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Catapult Launcher. Glide tests of the molded-foam model and the ﬁrst conﬁguration of the ﬂight model demonstrated that launching by hand was too
inconsistent to achieve a repeatable performance. We thus built a launcher
that accelerated the model to ﬂight speed using a stretched length of latex
rubber surgical tubing. When properly set up, the catapult launched the
model at well above the model’s stall speed.
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Materials and Methods
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different conﬁgurations. Thus, we designed a ﬂight model based on techniques used to build ﬂying airplane models. The wings were a combination of
plastic ﬁlm–covered, balsa rib-and-spar framework and thin, curved balsa
sheets, carefully matched to the shape of the feathered model. A thin plywood plate on top of a polystyrene foam body deﬁned the zero-incidence
plane and supported the wings, tail, and neck plate (for adding weights at
the head location to adjust the center of gravity). All models used the same
forewings, set in a typical gliding bird posture with slight dihedral. We built
three hindwings, two abducted laterally and angled down 20° from the
horizontal (representing 65–70° of abduction): one with tips “cranked” or
bent up to be horizontal; one with tips aligned with the rest of the wing;
and one in the biplane posture of Chatterjee and Templin (9). The biplane
hindwing was essentially a wire skeleton holding the wing tip below the
belly of the body and abducted laterally (Fig. S4 and Fig. S5). The tail, a
carbon-ﬁber tube with balsa plates representing plumage, was attached to
the body via a joint that could be adjusted between glides to increase or
decrease the tail incidence. Most glides used a tail with tips of the plumage
elevated into a shallow V shape, but a tail with ﬂat plumage was also used
(construction details and dimensions in SI Text).
The balsa–plywood–foam ﬂight model is intended to be a 1:1 scale model
of the fossil specimen. Dimensions are given in Table S1, and the various
conﬁgurations are shown in Fig. 1, Fig. S6, and Fig. S7.
To provide stability, gliding airplane models typically have ballast weights
added to place the craft’s center of gravity (CG) at or near 25% of the wing’s
mean chord length aft of the wing’s leading edge—the “quarter-chord”
location (26)—which places the CG at the wing’s aerodynamic center (AC)
(27). For tandem-winged craft, the AC will be between the two wings
(SI Text). We added lead weights to the front of the body and to the neck
platform at the location of the head to place the CG of the two abducted
hindwing conﬁgurations 12.2 cm behind the forewing root leading edge.
Because the biplane hindwings are much smaller than the abducted
hindwings, and the biplane hindwings are so far forward they partly overlap
the forewings, the CG of the biplane conﬁguration was 2.7 cm behind the
forewing root leading edge.
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of the other conﬁgurations. This required adding >200 g of
weights to the head region of the biplane conﬁguration, as
opposed to the 50–60 g needed to position the CG of the other
conﬁgurations. Thus, the total weight of the biplane conﬁguration corresponded to a live weight of 13 N, which, combined
with the lower wing area, gave it a wing loading 78% higher than
the other conﬁgurations. This wing loading produces a ﬂight
speed estimate of 13.4 m·s−1.
The weight needed in the head region to properly position the
CG in the biplane conﬁguration suggests that this was not a
practical posture for the live animal. A mass of 200 g for the head
of the model corresponds to a head mass of 500 g in the live
animal. Given a head volume of ≈105 cm3, such a head weight
seems physically impossible and, indeed, would represent more
than one third of the estimated live mass of the whole animal. In
contrast, the weight needed to balance the models with abducted
hindwings implies a 125–150-g head mass, which is an excellent
match with the likely head volume (being a mixture of bone with
a density of 2 g/cm3 and soft tissue at ≤1 g/cm3).
In addition, in the biplane conﬁguration, the feathers on the
hind limb proximal to the ankle could not be used for lift production, only for streamlining the leg. Yet the length and vane
asymmetry of these feathers are classic indicators of liftproducing ﬂight feathers (21, 22). Finally, our model tests
demonstrated that the abducted conﬁguration of the hindwing is
much less fragile and better positioned to support ﬂight and
landing loads than the biplane conﬁguration. In the biplane
conﬁguration, ﬂight forces must be resisted actively by muscles,
and the bones are not oriented to carry vertical loads efﬁciently.
In the abducted hindwing conﬁgurations, natural limits on
articulations allow much of the aerodynamic load to be carried
passively, and the forces are spread out along the length of the
wing, making the bones’ orientation more mechanically efﬁcient.
Almost a century ago, William Beebe suggested that modern
birds might have a four-winged ancestor, and he presented a
hypothetical description strikingly similar to our ﬂight models of
Microraptor (23). Our ﬂight model of a four-winged Microraptor
in the conﬁguration with abducted hindwings is entirely consistent with the fossil evidence, including recent observation of
many new fossil specimens of Microraptor and related animals
(SI Text) (24). Our physical model proved to be a surprisingly
stable passive glider with aerodynamic characteristics within the
range of modern birds. Indeed, a tandem wing arrangement is
considered less sensitive to center of gravity variations and hence
is inherently more longitudinally stable (25). Obviously, the living animal was capable of active control, but we suggest that the
tandem wing conﬁguration may have been advantageous because
it requires less active stabilizing ability. It would thus have less
need of the reﬂexes associated with active stabilization as used by
modern powered ﬂying animals (11), although possibly at the
expense of some maneuverability. We suggest that Microraptor
was an adept glider and would have had little difﬁculty gliding
from tree trunk to tree trunk or climbing trees, but would have
been very awkward and vulnerable on the ground. The primary
feathers on the tarsometatarsus (foot) of the hindwing of M. gui
were too long in relation to the limb bones to have allowed the
hindwing to fold compactly as does the modern bird wing. Just as
colugos and sloths have their limbs encumbered by patagia, the
hindwing feathers on Microraptor would severely hamper any
terrestrial locomotion.
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