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Aerodynamic Characteristics of the Crest with Membrane Attachment
on Cretaceous Pterodactyloid Nyctosaurus
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Abstract: The Nyctosaurus specimen KJ1 was reconstructed under the hypothesis that there is a
membrane attached to the crest; the so-called headsail crest. The aerodynamic forces and moment
acting on the headsail crest were analyzed. It was shown that KJ1 might adjust the angle of the headsail
crest relative to the air current as one way to generate thrust (one of the aerodynamic forces, used to
overcome body drag in forward flight) and that the magnitude of the thrust and moment could vary
with the gesture angle and the relative location between the aerodynamic center of the headsail crest
and body’s center of gravity. Three scenarios were tested for comparison: the crest with membrane
attachment, the crest without membrane attachment and the absence of a cranial crest. It was shown
that the aerodynamic characteristics (increasing, maintaining and decreasing thrusts and moment)
would have almost disappear in flight for the crest without membrane attachment and was non-existent
without the cranial crest. It is suggested from aerodynamics evidence alone that Nyctosaurus specimen
KJ1 had a membrane attached to the crest and used this reconstructed form for auxiliary flight control.
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1 Introduction

Pterosauria (Kaup, 1834) is the first group of vertebrates
that overcame gravity to fly in the sky. The notable feature
is its elongated digit IV on the forelimb, which consists of
three or four long, stout phalanges. The cheiropatagium
attached to this finger forms wings that were capable of
flight. Pterodactyloidea (Plieninger, 1901; Unwin, 2003) is
one form of the Pterosauria, which includes the advanced
species, some of which developed strange headsail crests.

The term pterosaurs with exaggerated crest refers to
certain Pterodactyloidea which possess exaggerated head
crests, a concept not based on taxonomy. These kinds of
pterosaurs are distinguished by having their head crests,
including parietal crests, premaxillary crests and dentary
crests, which account for half of the surface of the skull.
Currently the following species of Pterodactyloidea are
(Marsh, 1876),
Pteranodon sternbergi (Harksen, 1966) and Nyctosaurus
sp. (Bennett, 2003) of Ornithocheiroidea (Seeley, 1901;
Unwin, 2003); Tupuxuara longicristanus (Kellner and
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Campos, 1988),
Campos, 1994), Tupuxuara cristata (Frey et al., 2003b),
Thalassodromeus sethi (Kellner and Campos, 2002),
Tapejara wellnhoferi (Kellner, 1989), Tapejara imperator
(Campos and Kellner, 1997) and Tapejara navigans (Frey
et al.,, 2003c) of Azhdarchoidea (Unwin, 1992; Unwin,
2003). For Ornithocheiroidea and Azhdarchoidea, both of
these super-orders exhibit this structure, most likely as the
result of convergent evolution. However, it is noteworthy
that the non-pterodactyloid pterosaur are not included in the
taxonomy above, like Austriadactylus cristatus (Dalla
Vecchia et al., 2002), Pterorhynchus wellnhoferi (Czerkas
and Ji, 2002) and Raeticodactylus filisurensis (Stecher,
2008).

There have been additional finds of membranous soft
tissue attached to the crests of pterosaurs, such as the case
of the soft tissue crest of Tapejara navigans (Frey et al.,
2003c) attached in between the suprapremaxillary spine
and the rostral crest. Moreover, evidence of soft tissue was
found attached to the elongated parietal spine of
Huaxiapterus benxiensis (Lii et al., 2007).

The major hypotheses of crest function include: front
rudder (Kripp, 1943; Heptonstall, 1971; Stein, 1975),

Tupuxuara leonardii (Kellner and
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Fig. 1. a: Skull of Nyctosaurus KJ1. Scale bars, 20 cm (Bennett,
2003). b: Restoration of Skull of Nyctosaurus KJ1. Scale bars,
20cm. c: Restoration of skeleton of Nyctosaurus. Scale bars, 10
cm. (Williston, 1902).

aerodynamic counterbalance for skull (Heptonstall, 1971;
Bramwell and Whitfield, 1974), airbrake (Bramwell and
Whitfield, 1974), intraspecific display (Bennett, 1992,
2003), thermoregulation (Kellner and Campos, 1989) and a
sign of sexual maturity (Martill and Naish, 2006). Most of
these hypotheses remain in the realm of theoretical
speculation and lack specific testable hypotheses. With the
aid of new material in recent years, the functions of the
exaggerated crest of pterosaurs are discussed from
perspectives of flight dynamics and aerodynamics
hereunder.

Paleontologists have brought forward their varied
viewpoints in the discussion of the flight dynamics of
pterosaurs (Heptonstall, 1971; Bramwell, 1971; Frey et al.,
2003a; Chatterjee and Templin, 2004; Wilkinson et al.,
2005). Based on the structure of the crest of Nyctosaurus
sp. KJ1 KJ2, Bennett (2003) believes that the two branches
have no membrane attached between them and they
resemble the horns of cervids. Cunningham and Gerritsen
(2003) hypothesized a membrane crest in Nyctosaurus sp.,
after studying aerodynamics and hydrodynamics. They
believed the existence of a membrane crest would increase
thrust. However, the study only exists as a meeting abstract
and no further details were published.

In the present study, first, the geometric data of crest and
body weight of Nyctosaurus sp. KJ1 according to fossil
material were estimated. Second, three scenarios of
aerodynamic analyses were tested based on the crest
reconstructed of KJ1: the crest with membrane attachment,
the crest without membrane attachment and the absence of
a cranial crest. Then, the relationship between thrust,
moment and the relative location between the aerodynamic

center of the headsail crest and the body’s center of gravity
were explored. Finally, the functions of flight dynamics and
aerodynamics of the crest reconstructed with three different
scenarios were discussed.

2 Fossil Material

To study the aerodynamics of the pterosaurs with
exaggerated crests, we select the most representative genus
Nyctosaurus sp. (KJ1, KJ2) that has a well-preserved skull
with the most exaggerated crest among currently available
specimens. This research is based on the pictures provided
by Dr. S.C. Bennett.

From the fossil it can be concluded that KJ1 is more
completed, and is more favorable for the creation of
complete aerodynamic lift surface than KJ2. So the present
study is based on KJ1.

Nyctosaurus (Marsh, 1876) is a mid to small sized
pterodactyloid,  which  possesses  some  typical
pterodactyloid features, such as three flight phalanges
(Brown, 1986), axe-shaped humerus with triangular ridge,
short and broad sternum (width is 1.5 times the length), and
a T-shaped neural spine on the middle of the conjoined
dorsal vertebrae seen in the cranial view (Williston, 1903;
Bennett, 1989, 1994). The preservation condition of
Nyctosaurus sp. KJ1 differs from that of KJ2. The former
has a well-preserved skull though the occipital skeleton is
missing. The part preserved in the latter is the opposite. To
accurately restore Nyctosaurus sp., KJ1 is taken as the
object for restoration, and the missing part from KJ2 is
reconstructed proportionally.

Both the crests of KJ1 and KJ2 consist of three parts,
namely the superior ramus, the posterior ramus and the
basal section. This crest bears a strong resemblance to the
sail of a windsurfer, which is a triangular sail, supported by
an L-type structure made up of a mast and a rail. The crest
of KJ1 is 717 mm in greatest dimension and stands at a
height of 601 mm above the skull roof, and joins the top of
the skull at a 55° angle. The middle of the basal section is
22.6 mm in width. The superior ramus is 620 mm long, and
the proximal end is 13.5 mm in width, whereas the distal
end is 8.6 mm in width. The posterior ramus formed an
angle of 7° with the top of the skull. It is 164 mm long and
9.1 mm wide (Bennett, 2003) (Fig. 1a).

By comparing the average value of the ratio of the
humerus, radius, ulna, pteroid and IV metacarpus between
KJ1 and KJ2, the scapular, coracoid, pteroid and femur
sizes of KJ1 are summarized in Table 1. The other missing
parts are sourced from the restoration of Nyctosaurus
gracilis (Marsh, 1876) made by Williston (1902a, 1902b)
(Fig. 1c). The major data are as follows: 244 cm wingspan,
15.3 cm body length, 10.2 cm body diameter, 1.5 cm waist
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and 2.27 kg weight. The result can be
estimated from the scale that KJ1 weighs 1.55
kg with a wingspan of 167 cm. The value
results in the study towards the weight of
pterosaurs by Witton and Naish (2008) have
been grossly underestimated, though it can be
used as a reference for this paper. See the
analysis of Section 3.2 D for more details.

3 Aerodynamic Analysis

3.1 Methods and assumptions

In this section, the different reconstructed
crests of pterosaurs generated aerodynamic
forces and moment in forward flight are
determined  using  the
aerodynamics (Milne-Thomson, 1966) and
flight dynamics theory (Etkin, 1982). Three -
situations each based on the existing
restorations of skulls are taken into
consideration herein: first, the crest with
membrane attachment (we suppose that a
membrane is attached to the crest of
Nyctosaurus sp. KJ1 and forms an
aerodynamic surface like that of a sail (Fig. 1b)); second,
the crest without membrane attachment; and third, the
absence of a cranial crest. For the first situation, due to the
lack of membrane from fossil, it is supposed that membrane
is jointed at the superior ramus, posterior ramus and at the
top of the basal section. The area of the headsail crest of
KJ1 is roughly 550 cm? from the fossil (Bennett, 2003). The
second situation refers to fossil material in the second part
of the paper. In the third situation, KJ1 without cranial crest
would be similar to the common Nyctosaurus (Williston,
1902a, 1902b).

In order to facilitate the analysis of aerodynamic
characteristics, the following assumptions are made: First,
according to KJ1, we can estimate that the section of the
headsail crest consists of a bone and a membrane and that
the camber of airfoil section is zero. That is the headsail
crest is rigid and no any distortion is taken into
consideration for the convenience of the study even though
the patagium of pterosaurs is flexible (Sugimoto, 1998).
Second, it is supposed that each of the bones of the crest
had a circular cross section. Third, neck muscle and bones
of KJ1 can be enough to withstand the crest force and
torque. Fourth, the membrane (if existent) is very thin and
the distribution of its mass is well-proportioned. Finally,
Pterosaurs flew at low-speed, so it is not necessary to
consider compressibility of the air (the density of air varies
with the flight speed), and the density of air is constant.

So the coordinate system can be defined as following:

methods of

Fig. 2. The coordinate system and the gesture angles.
0>0,(@)¢0>0,a>0;(b)p<0,a<0.

When KJ1 is balanced in the horizontal plane, oxyz is the
coordinate system and all of the movements of it are
discussed in the oxy plane. The origin o is the center of
gravity, and y is the flight direction. Axis x is vertical to the
y-axis, which is shown in Fig. 2. Axis z is vertical to the
plane oxy and the direction outwards is positive. In a
coordinate system, if KJ1 flies at the speed V., relative to
earth in still air, and the wind speed is V,, relative to earth
then the relative speed of KJ1 to the air is

Ve= VIVt Vi) +V,

(Fig. 2, because of the benefit in downwind flight, only
the flight against the wind is considered, and that is
Vot V,,>0). Furthermore, there are some angles defined
relevant to flight movements: the angle between the axis of
symmetry of the body and the headsail crest is 8 (the
beginning from y-axis anti-clockwise is positive, ranges
from —90° to 90° due to the structure of the body). The
angle between Vi and the axis of symmetry of the body is ¢
(the beginning from the y-axis anti-clockwise is positive,
ranges from —90° to 90° against the wind). So the angle of
attack between Vg and the axis of symmetry of the headsail
crest is a=p—0 (the beginning from the axis of symmetry of
the headsail crest anti-clockwise is positive. Based on
aerodynamic theory, lift or normal force (L) increases with
o from 0 degrees (Milne-Thomson, 1966), but it decreases
when a has reached a certain value, namely stalling. For the
headsail crest of KJ1 with such a section, the « in stalling is
from about 20° (Wilkinson, 2005). To avoid stalling, the
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Table 1 Measurements of Nyctosaurus sp. KJ1, KJ2 (mm)
(Bennett, 2003, amended)

KJ1 KJ2 KJ2/ KJ1
Skull 245 316 1.29
Upper jaw 210 270 1.29
Lower jaw 242 299 1.24
Scapula “43.5” R54.4; L56.0 -
Coracoid “37.5” R48.3; 1L47.0 -
Humerus 61.8 72.3 1.17
Radius 107 132 1.23
Ulna 107 142 1.28
Pteroid 82.9 121 1.46
Metacarpal IV 202 243 1.20
Wing Phalanx 1 €227.6” 289 -
Wing Phalanx 2 “119.77 152 -
Wing Phalanx 3 “89” 113 -
Femur “56.2” R71.9;L70.9 -
Tibiotarsus “65.9” R83.6;.83.8 -

Note: The number inside the quotation mark is the estimated value.
ranges of a from —20° to 20° are discussed herein).

3.2 Thrust and angles relevant to flight

If o is not zero, based on aerodynamics (Milne-
Thomson, 1966) the speeds and pressures of the surface on
two sides of the headsail crest are different (Bernoulli’s
theorem). Integral surface pressure and friction of airfoil,
the total aerodynamic force Fi,y, is obtained (Fig. 3). It can
be broken down into two components, which are
perpendicular to each other: the tangential force D that
shares the same direction with Vj and the normal force L
that is perpendicular to Vi in the coordinate system (Etkin,
1982). Moreover, the aerodynamic moment would be
generated if the aerodynamics center does not overlap the
body’s center of gravity.

To analyze the force on the headsail crest, the origin is
moved to the axis of symmetry of the headsail crest
horizontally, as seen in Fig. 4. So the total aerodynamic
force is Fiy (Decomposing L and D or Fi, directive to ox
and oy respectively, thrust (7) and lateral force (F)) of the
headsail crest come out.).

In general, the speed of a pterosaur in flight ranged from
10 m/s to 20 m/s (Bramwell and Whitfield, 1974), and the
speed of wind V,, is considered ranging from O m/s to 12 m/
s. In this paper, the Vz = 20m/s is taken as the reference
speed. As a result, the normal force coefficient C; and the
tangential force coefficient Cp are obtained by non-
dimensionalizing L and D, respectively (S=550 cm” as the
reference area) as followingfollows:

C.=2L/(pViS) 6

Cp=2D/(pViS) 2)

Similarly, we can obtain thrust coefficient Cr, lateral
force coefficient Cpr and total aerodynamic force
coefficient Cpiory as following:

Cr=2TI(pViS) 3)
Cri=2F/(pViS) 4)
Crioal = Froral (0.5pVS) (5)

where p=1.225 kg/m’, the density of air.

a
¢
! Foa

Fig. 3. The sketch of aerodynamics generation
due to angle of attack () for a symmetric airfoil.

Then, the following formulas can be yielded from the
documents (Etkin, 1982):

Cr=Cr a (6)

Cp= CDO+KCIZ, (7)

where the constants are C7,=3; Cpy=0.01; K=0.05 (Cy, is
the slope of lift line; Cpy is the drag coefficient, while lift is
ZEero; CD,-:KCL2 is the induced drag, Etkin, 1982, pp53).

According to Fig. 4, the relationships are listed as

followingfollows:
Cyr= Cy sin(p)—Cp cos(p) ®)
Cr= Cp cos (p)—Cp sin (p) ©)]
take equations (6) and (7) to equations (8) and (9),
Cr=aCy, sin(p)~(Cpp+Ka® CZ, ) cos (9) (10)
Cri=aCy, cos (9)—(Cpo+Ka® CL, ) sin () (1)

According to the range of 6, ¢ and a defined above, the
curve group of the thrust coefficient (Cr) versus the angle
of attack (a) under different ¢ and @ is drawn and shown in
Fig. 5.

The results can be obtained from Fig. 5 for the crest
reconstructed with membrane attachment as following:

(A) In forward flight against the wind, thrust could be
generated by the crest with membrane attachment. It might
be a positive value to benefit in overcoming body drag in
cruising or a negative value to braking. When ¢ is fixed
(wind and flight direction are fixed), only altering 6
(making the neck turn right or left) can change the thrust
between a positive value and a negative value.

(B) When ¢ is fixed (wind and flight direction are fixed),
Cr keeps growing with a increased. KJ1 can get the
maximum Cy by altering a or  (KJ1 makes its neck turning
right or left), which is under a certain speed of wind to get
appropriate o to produce thrust by adjusting 6. In Fig. 5, the
maximum Cyis about 1.

(C) When Cr and V,, are fixed (in cruising), in order to
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Axis of symmetry of the
headsail crest

Axis of symmetry of the
headsail crest

Fig. 4. The loading analysis of KJ1.
6>0,(@)¢p>0,0>0;(b)p<0,a<0.

minimize 6, KJ1 can change ¢ (that is the direction of
flight). Not only does KJ1 realize € to the minimum for
ensuring forward vision, but it also keeps a reasonable a to
produce the thrust needed.

(D) For comparison, with a wing span of 167 cm, the
mass of KJI being 1.55 kg is a reasonable assumption.
From Fig. 5, the maximum of C; could exceed 1 (for the
crest reconstructed of KJ1 with the membrane attachment
above, it is estimated that the thrust 7', is about 14.15 N),
which is considerably large (93%) in relation to the weight
of KJ1. Therefore, thrust generated by the crest with
membrane attachment could serve as one of the propulsive
forces (overcome body drag in forward flight) for KJ1.

In the situation of the crest reconstructed without the
membrane attachment (bones only), the aerodynamic
forces are obtained (L and D) by the method of
Computational Fluid Dynamics (CFD), where the reference
area §=102.27 mm? is from fossils of the orthographic
projection, and the reference velocity Vi =20 m/s is the
same as the situation of the crest with membrane
attachment. The results from CFD are shown in Fig. 6.

Based on Fig. 6 and equation (8), the maximum value of
Cryields 0.096. Similarly, it is estimated that the thrust (7)
of the crest reconstructed without the membrane
attachment is about 0.24 N (accounting for 1.6% body
weight), which is far less than that of the crest reconstructed
with the membrane attachment. Therefore, it is impossible
that thrust generated by the crest without the membrane
attachment could serve as one of the propulsive forces
(overcome body drag in forward flight) for KJ1.

3.3 Approach of increasing, maintaining and
decreasing thrusts (7) and moment (Mz)
The aerodynamic moment generated by the aerodynamic

-05 |

Fig. 5. Cr versus a curve group for the crest reconstructed
with membrane attachment.

—90°<p<90°, the interval is 10°, —20°<a<20°, red line: —90°<0<0°, the
head turns right; blue line: 0°<#<90°, the head turns left.

0.5-
04l \N“a-._‘_‘_‘_‘_‘_-__.ﬁ_#_ﬂ___”"'l
0.3} (o
S G
2 02f
«
)
0.1
0 /
0.1 Lo 1 i
-20 -10 0 10 20

a

Fig. 6. C, and Cp vary with o for the crest reconstructed
without membrane attachment.

forces surrounding the body’s center of gravity should
attract attention. Mz is mainly analyzed here (direction of z-
axis is positive, it can mainly allow changing the direction
of flight in cruising in KJ1). According to the restoration of
the crest with or without the membrane attachment, the
position of the aerodynamics center can be measured by the
method of plane graphing (Raymer, 1999, pp 49), shown in
Fig. 7 (for the crest with membrane attachment as an
example). The method for measuring the position of the
body’s center of gravity is referred to as the reference of
Bramwell and Whitfield. While flying, KJ1 pitches its
head, after which the relative position of the aerodynamics
center and the body’s center of gravity vary in the
following attitude:

First, it is defined that the direction of F.y intersected
the plane of symmetry of KJ1’s body at point A. Then,
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Fig. 7. The sketch of measuring the position of the aerody-
namic center (the crest with membrane attachment).

three possible relative locations between point A and the
center of gravity are discussed as followings:

(1) When A is on oz axis (the body’s center of gravity is
at point o), then Mz=0 regardless of what Fi,, is. In this
case, KJ1 needs to constantly adjust the pitch
of the head slightly to fit the changing air
current (namely the changing of Vj).
Meanwhile KJ1 could also gain thrust by
keeping 6 (or a) and ¢ in the appropriate
magnitude, which would contribute to the
flapping wing propulsion (if 7>0), and
reduce the consumption of energy for a long
distance cruise. It is supposed that this
situation may be the common strategy during
the animal’s long distance flying.

(2) When KIJ1 pitches its head down, A is
located in front of the center of gravity from
the view Fig. 8a (namely in the positive
direction of y-axis). When KIJ1 flies in
balance, T, ¢ and 6 (or ) keep constant at a
certain time. At this time, if the crest is
disturbed initiative by itself or passive by the
air current to make a increased (or 6
decreased), T would be increased (seen in
Fig. 5) and Mz would be decreased (seen in
Fig. 8a; solid, Vi is from the left side of the
head; dotted line, Vi is from the right side of
the head). On the contrary, if « is decreased
(or 6 increased), then T would be decreased

and Mz would be increased. This may be the |
gravity.

way for KJ1 to make thrust (7) increased (or decreased) and
at the same time moment (Mz) decreased (or increased).

(3) When KIJ1 raises its head, A is located behind the
body’s center of gravity from the view Fig. 8b (namely the
negative direction of the y-axis). Similarly, when KJ1 flies
in balance, 7, ¢ and 6 (or a ) keep constant at a certain time.
At this time, if the crest is disturbed initiative by itself or
passive by the air current to make a increased (or 6
decreased), 7 would be increased (seen in Fig. 5) and Mz
would be increased too (in contrast with the above-
mentioned result, seen in Fig. 8b; solid, Vi is from the left
side of the head; dotted line, Vi is from the right side of the
head). On the contrary, if a is decreased (or @ increased),
both T"and Mz would be decreased. This may be the way for
KJ1 to make thrust (7) and moment (Mz) increased (or
decreased) at the same time.

To summarize: KJ1 might be able to control (increasing,
maintaining and decreasing) thrust (7) and moment (Mz)
with the same or reverse changes by adjusting gesture angle
and the pitch of the headsail crest.

3.4 Comparison of three reconstructed crest forms
First, for the purposes of comparison, three possible
forms reconstructed with the crest with membrane
attachment, without membrane attachment and the absence
of cranial crest are named Forml, Form2 and Form3,

Ve Vi

Fig. 8. Aerodynamic force (Fiy,) and momentum (Mz) vary with the relative
positions between the aerodynamic center and the center of gravity (solid: Vj is
from the left side of the head; dotted line: Vi is from the right side of the head).

a: A is located in front of the body’s center of gravity; b: A is located behind the body’s center of
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respectively.

According to section 3.2, in forward flight against the
wind, Forml and Form2 could generate thrust, but the
magnitude is very different in two forms (for KJ1, thrust
ranges from —14.15 N to 14.15 N of Form1 and from —1.08
N to 0.24 N of Form2). Form1 effects on overcoming body
drag of KJ1 for auxiliary flight propulsion or braking
obviously than Form2. Form3 almost could not generate
the thrust in flight.

Based on the section 3.3, thrust (7)) and moment (Mz) can
be increased, maintained and decreased the same or
reversely by adjusting the gesture angle and the pitch of the
crest for Forml and Form2. The effects of 7" and Mz of
Forml are stronger than that of Form2 because of the
different variable ranges of 7. It is possible that Form1 can
make KJ1 turn right or left and accelerate or decelerate
rapidly. Of course, there are no aerodynamic and flight
dynamic functions for Form3.

4 Conclusion

Based on the analysis above, we conclude that the huge
headsail generates aerodynamic force (thrust, which is
almost over 90% of the body weight). By adjusting the
angle of the crest in relation to the air current, KJ1 could
generate considerable thrust toward the direction of flight,
and control the thrust and moment increasing, maintaining
and decreasing the same or reversely by changing the
gesture angle and the relative position of the aerodynamic
center and the body’s center of gravity.

Comparison of the aerodynamic and flight dynamic
analysis of the crest of KJ1 with membrane attachment,
without membrane attachment and the absence of cranial
crest, shows that the above aerodynamic characteristics
would almost disappear in flight for the crest without
membrane attachment and would be non-existent without
the cranial crest. In those cases the exaggerated crest of the
animal would have few aerodynamic characteristics.
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