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Abstract

The origin of avian flight is one of the most controversial debates in Paleontology. This
paper investigates the wing performance of Caudipteryx, the most basal non-volant dino-
saur with pennaceous feathered forelimbs by using modal effective mass theory. From a
mechanical standpoint, the forced vibrations excited by hindlimb locomotion stimulate the
movement of wings, creating a flapping-like motion in response. This shows that the origin
of the avian flight stroke should lie in a completely natural process of active locomotion on
the ground. In this regard, flapping in the history of evolution of avian flight should have
already occurred when the dinosaurs were equipped with pennaceous remiges and rectri-
ces. The forced vibrations provided the initial training for flapping the feathered wings of the-
ropods similar to Caudipteryx.

Author summary

The origin of avian flight in the perspective of mechanics has been investigated for the
first time. We reported the first evidence for flapping hypothesis based on principle of
physical modeling. This is significant because using modal effective mass method and
reconstructed Caudipteryx, the most basal non-volant winged dinosaur, we captured sig-
nificant and negligible modes and realized that resonance oscillation of Caudipteryx
wings could occur as the running speed approached to the primary frequencies. Such
forced vibrations induced by legs’ motions during running trained the Caudipteryx and
the other feathered dinosaurs to flap their wings.

Introduction

The origin of avian flight has been debated for over 150 years, ever since the discovery of the
first fossil of Archaeopteryx in 1861 [1-35]. Being widely considered as the oldest and most
basal-known avian taxon, Archaeopteryx is characterized by a long boney tail, three clawed
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digits forming the manus, teeth throughout the upper and lower jaws, a furcula, a non-ossified
sternum, and perhaps most importantly, forelimbs with elongate asymmetrical feathers form-
ing large wings. It is widely accepted that birds are nestled within the derived lineage of thero-
pod dinosaurs, the Maniraptora. However, it is still subject to heavy debate how flight evolved
within the Dinosauria, and multiple origins of flight appear increasingly probable [1-12, 24,
31]. Many researchers consider that avian flight evolved through a number of stages from a
ground-dwelling quadrupedal reptile [14-18], cursorial bipedal ground-dweller [13-17, 19],
and arboreal life [14, 20] including parachuting [14, 21, 22], gliding [14, 16, 20, 22, 23], and
eventually achieving active powered flapping flight [14, 16, 20-23]. However, there is increas-
ing support from studies of juvenile birds for a ground up hypothesis in which flight evolved
in a terrestrial animal and the flight stroke evolved directly without an intervening gliding
phase [36-43]. Among non-avian dinosaurs [20], Caudipteryx represents the most basal taxon
with almost completely preserved feathered forelimbs that could be considered ‘proto-wings’
making this taxon important to the study [21] of flight origins [15, 22, 26]. Some other non-
volant theropods from the Cretaceous period have been reported with feathered forelimbs [27,
28]. Caudipteryx is a basal member of the Pennaraptora [1], a derived group of maniraptoran
dinosaurs, sometimes closely allied with birds and the most primitive group with pennaceous
teathers. Caudipteryx has short forelimbs with distally located symmetrical pennaceous feath-
ers and long hindlimbs. The feathering of both fore-and hindlimbs indicates that Caudipteryx
was not a volant theropod [26]. Caudipteryx further differs from modern birds which have
abbreviated tails and forward centered mass locating near the wings [29]. However, the most
primitive winged dinosaur, Caudipteryx, is clearly terrestrial, investigating the aerodynamic
properties of the proto-wings of Caudipteryx has the potential to shed light on the origin of
avian flight [30].

We estimated the maximum running speed of Caudipteryx to be about 8 m/s. This value
was based on the skeletal hindlimb proportions of BPM 00001 and on adopting the assump-
tions [44, 45] with respect to the limb posture of small theropods and the range of Froude
numbers (up to 17) they might have utilized in running (see S1 Speed for detailed calculation
about speed) [44, 45]. We also focused our analysis on a literally generic Caudipteryx with a
body mass of 5 kg, a realistic value given that an empirical equation for estimating theropod
body masses on the basis of femoral length [46] produces results ranging from 4.74 kg to 5.18
kg (mean value = 4.96 kg) for a total of five described specimens (see S1 Mass for detailed cal-
culation about mass) [24, 47, 48].

Any part, mechanism or system has its particular natural frequencies and corresponding
mode shapes [46-51]. Mathematically we can compute which natural frequency and related
mode shape is significant and effective to take them into account [49, 52]. The theory of modal
effective mass is based on natural frequency, modal analysis and effective masses associated
with different directions [49]. The modal effective mass is a measure to classify the importance
of a mode shape when a structure is excited by the enforced acceleration from base. A high
effective mass in a certain direction will lead to a high reaction force at the base and will be eas-
ily excited. Resonance phenomenon occurs on the Caudipteryx when the frequency of the
forced vibrations excited by running legs is matched with any natural frequency of Caudip-
teryx. Hence, by detecting effective natural frequencies of the whole body and analysis of corre-
sponding mode shapes, the velocities of the Caudipteryx that stimulate the wings to flap can be
obtained (50 cm is measured for the step length of Caudipteryx).

To this end, a simplified mathematical model, a Finite Element Model, a reconstructed
physical model of Caudipteryx, and experiment on young ostrich have been utilized. The sim-
plified mathematics model helps us to understand how to face with the kinematics of Caudip-
teryx. Finite Element (FE) model gives a precise and acceptable result to compare with the
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reconstructed model on the test rig and experiment on running juvenile ostrich proves the
mathematical analyses and simulations.

Methods
Ethics statement

All experiments using juvenile ostriches, data collection and data analysis procedures in this
research were carried out in full accordance with ethical rules for animal welfare and according
to the requirements of the Ethics Committee of Tsinghua University.

Modal effective mass and kinematics of Caudipteryx (mathematical model)

Effective mass categorizes the significance of a mode shape while a structure is excited by
forced vibrations from the base. A higher effective mass will certainly lead to a higher reaction
force from the basis, while mode shapes with lower related modal effective masses are hardly
excited by base vibration and will provide lower reaction forces at the basis [49-55] (see S1
Text for detailed explanations about modal effective mass method). The analyses using the the-
ory of modal effective masses represent that at which velocities, Caudipteryx could most obvi-
ously sense flapping on its wings and shoulder joints. This phenomenon is purely governed by
the natural biophysics.

Seven-degree-of-freedom system of simplified Caudipteryx’s body mass. Any system
under free vibration oscillates at its natural frequencies which are properties of the dynamical
system established by its mass and stiffness distribution. When the external force excitation is
oscillatory, the system is forced to oscillate at the excitation frequency and if this frequency
coincides with one of the natural frequencies of the system, a condition of resonance is
encountered. As energy is dissipated by friction and damping, vibrating systems are all subject
to damp. The small values of damping have very little influence on the natural frequencies of
the system, therefore, the computations of the natural modes are generally made on the basis
of no damping. Equation (529) and Fig C in S1 Text with considering damping in a system
illustrate that damper decreases the amplitude of natural frequency vibration to fully damp the
whole system (damping is limiting the amplitude of vibration at resonance). Hence, in an
oscillating system, small value of damping ratio (less than 10%) almost cannot effect on free
natural vibration and it only reduces the amplitude of vibration in long term [49] (see S1 Text
for detailed explanations about vibration theory).

In order to find out Caudipteryx’s natural frequencies, related mode shapes and effective
masses, a simplified seven-degree-of-freedom rigid body system was first established (Fig 1).
Modes with relatively high effective masses are readily excited by running stimulation. How-
ever, the modes with low effective masses cannot be readily excited in this manner. This theo-
retical model divided Caudipteryx into seven elements/masses (body, two legs, two wings, tail,
and neck and head) and as the excitation from the basis (running legs) is supposed in vertical
direction, the response will be expected in the same direction with excitation (it is shown in
the precise FE model of Caudipteryx that there is no effective mass in lateral motions in any
mode). Hence, in this model, the degree of freedom (DOF) for each element/mass was defined
solely in vertical direction (namely x;,x,,. . .,x7). It is a relatively rough estimation of natural
frequencies, mode shapes and effective masses to divide the whole body of Caudipteryx into
seven degrees of freedom in vertical direction while ignoring the rolling of the body. The sys-
tem is excited by the displacements of walking feet, x, and xs. After these excitations the whole
body masses (Table B in S1 Table) move along their individual directions. The homogeneous
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Fig 1. Seven-rigid-body system of Caudipteryx. The simplified rigid body system illustrates the mechanism of moving parts, main body, wings, legs, neck and
head, and the tail of the Caudipteryx. The masses of all parts are represented by lumped mass points and the muscles at the joints are replaced with springs (As
damping coefficient does not significantly affect the natural frequency, we simplified the joints which are composed of tendons, muscles, ligaments and soft
tissues as purely elastic springs with no damping). Different effective masses of these seven primary modes of the simplified Caudipteryx show different
possibilities to be excited.

https://doi.org/10.1371/journal.pchi.1006846.9001

equation of the lumped-mass system dynamics is expressed as [49, 52].
M; X7 + CraXrg + Kooy, = F (1)

where M, , is the lumped mass matrix, C,,, is damping matrix, K5, is the stiffness matrix,
X, is the acceleration vector, x., , is the velocity vector, x,; is the displacement vector and F
is the base excitation function. Normal modes (natural frequencies) are free undamped vibra-
tions that depend only on the mass and stiffness of the system and how they are distributed
[49]. Therefore, damping and excitation force are not required to be taken into account in Eq
(1). Hence the equation is rewritten as

M, % + K%, =0 (2)

Solutions for the homogeneous Eq (2) would be earned in terms of eigenvalues (natural fre-
quencies) and eigenvectors (mode shapes). With the mass distribution of Caudipteryx (Fig 1
and Table B in S1 Table), we consider each degree of freedom as a motion in the x,,,-direction
to simplify the effective modal mass calculation.

The effective mass characterizes the mode and it is independent from the eigenvector nor-
malization. Modal participation factors L; is determined by

L, = ¢/Mo, (3)

where ¢; is the ith mode and ¢, is the rigid body.
The generalized effective mass is

oL
M, = m. (4)

i

where M, is the ith effective mass and m; is the generalized mass of mode i.
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To establish the kinematic equation, the boundary conditions of the system are set as that

mx, =k, (x, —x,) +k(x; — %) — ky(x, — x5) — Ky (%, — x,) — k(% — x5) — k;(x, — x)
myx, = k,(x, — x,
myx, = ky(x, — x;

myx; =k,

3

( )
( )
( )
mix, =k,(x, —x,) —
(%, — x;)
mg¥, = ks(x, — x;)
m.x, = k,(x, — x,)

Then the kinematic equations of the system are

m %, + (k, + ky + k, + ky + kg + k;)x, — kyx, — kyx, — kyx, — kx, — kgxg —kx, =0
myX, — k,x, +k,x, =0

myxX, — kyx, +kx; =0

mx, —kx, + (k, +k,)x, =0 (6)
mx; — k.x, + (k, + k;)x, =0

meX — kgx, +kxg =0

m.x, —k,x, + k,x, =0

In accordance to Table B in S1 Table and Eqs (2) and (6), the eigenvalues in rad/sec can be
found by solving det(K-w>M) = 0. (see S1 Text for detailed explanations about mass and stiff-
ness matrices using Interval Analysis.)

x=[x x x x x x x| (7)

)

X=1% Xy X3 Xy X5 X Xy (8)

24 0 0 0 0 0 0
0 05 0 0 0 0 O
0O 0 05 0 0 0 O
M=|0 0 0 02 0 0 0 (9)
O 0 0 0 02 0 O
0O 0 0 0 0 05 0
Lo 0 0 0 0 0 07
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(3300 —200 —200 —650 —650 —800 —800]
—200 200 0 0 0 0 0
—200 0 200 O 0 0 0
K= |-650 0 0 1650 0 0 0
—650 0 0 0 1650 0 0
800 0 0 0 0 80 0
| —800 0 0 0 0 0 800 |

The eigenvalues in rad/sec are expressed in vector form as below
o=[12.1 20 23.05 364 47.6 90.8 922]"
Then frequencies in Hz are expressed as
f=1[1.924 318 3.67 58 7.57 1445 14.7]"

wheref, =20 i=1,2,---,7.

2n
The eigenvector matrix is

[0.393 0 0.256 0.146 04 0 —0.127]
062 -1 -0.77 -0.06 -0.09 0 0
062 1 =077 —-0.06 -0.09 0 0
®= 0158 0 0108 0.07 0.22 1.58 1.55
0.158 0 0.108 0.0 022 —1.58 1.55
0432 0 038 08 —097 0 0.03
| 045 0 048 -091 -041 0 0.02 |

(10)

(13)

The eigenvectors could be normalized so that the generalized mass is an identity matrix.

0

= ®'M® =

§>
o O O O o O =
o O O O O = O
o O O O = O O
S O = O O O O
S B O O O O O
_ o O O o o o

0
0
1
0
0
0

The coefficient vector L is

L=®"MF=[2.158 0 040 0.10 0.19 0 0.36]'kg

(15)

where7 =[1 1 1 1 1 1 1] canbeintroduced as an influence vector that shows the

displacements of the lumped masses.
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The modal participation factor I'; for mode i is written as

r ===~ 16
= (16)

Hence, the modal participation vector is
=[2158 0 040 0.10 019 0 0.36]" (17)

Both coefficient vector L and modal participation vector I' could be identical because of the
generalized mass matrix. The modal effective mass m,; for mode i is

t~[4v|

meff.i -

(18)

D

ii

The effective mass regarding to the related natural frequency presents the possibility of the
exiting vibrations in running (Table C in S1 Table). Therefore, the summation of the effective
masses equals the total mass of the seven-degree-of-freedom system.

My + Mgy + My + Mg, + My + Mg+ My = 5kg (19)

Finite element model of Caudipteryx (FE model)

Finite Element Model of Caudipteryx provided a precise analysis as the number of elements
were sufficient enough and non-structural masses to cover the whole body mass to reach to 5
Kg were also taken into account. Also, except those elements which have boundary conditions,
all elements have full DOF in any direction (Fig 2 and S1 Fig).

Experiments with reconstructed wings on the test rig with Caudipteryx
robot and Ostrich

We reconstructed the real-sized robot of Caudipteryx on the test rig in accordance with the
existing fossils (BPM0001) (S2 Fig). The robot is composed of body, tail, neck, wings and legs,
and the skeleton is fabricated from ABS plastic. There is no definite evidence for tertiary feath-
ers of Caudipteryx. We therefore only reconstructed the primary and secondary remiges from
the feathers of extant birds. Using metal pins, we attached them to the antebrachial to generate
artificial articulated wings.

In the reconstructed wings, we imbedded force sensors (S3A Fig) to collect the data of lift
and thrust/drag (S3C, S3D, S3E and S3F Fig).

In order to verify experiment by Caudipteryx robot and the forced vibrations phenomenon
induced by legs, we also implemented the experiment on a half-adulted ostrich whose mass is
6.7 kilograms (Fig 3A) as a similar living bird to Caudipteryx. This process was performed
through observations on a running juvenile ostrich (S2 Video) and experiments on running
ostriches (S3 Video). A device was fixed on the ostrich’s back (Fig 3B) to measure the velocity,
acceleration (S3 Fig), rolling angles of body, and wings (54 Fig). To investigate the responses of
the body and the wings in running and the advantage of aerodynamic effects of flapping wings
of feathered dinosaurs, we fabricated four different sizes of feathered forearms with the sim-
plest plate wings (Fig 3C) and executed experiments on the ostrich. Therefore, lift and thrust/
drag forces produced by artificial wings during running were also measured by the force sen-
sors (S3A and S3B Fig). The connections of the shoulder joints were particularly designed in
order to avoid the effect of frictions and inertial forces during locomotion.
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Effective Mass (gram) versus Natural Modes

F]apping Mode ) Natural Fre(ll\}llzgg gl:ﬁb\;irsus Natural
1800 1623.33 (V=12.5 m/s) < sef
1600 ) 4 1554.2 (V=5.79 mss) “ :
1400 . 4
1200 2 )
1000 5 |, . ®
800 0..00
600 377.657 (V= 5.86 m/s) 1 3 5 7 9 11 13 15 17 19
400 g 351.593
117.041 (V=17 ms) _
> 108.981 265408
=~ — p=
6 7 N o :: - o~ -
8 9 10 1 12 " S - :
BX - Axis 1718 19 4

Y - Axis ( Vertical direction )

W 7 - Axis

Fig 2. Modal effective mass of Caudipteryx. FE model of Caudipteryx by using modal effective mass illustrates that the most obvious flapping modes are
occurred at the speeds of 2.50 m/s and 5.79 m/s. Y-axis is in the vertical direction and X and Z axes are in lateral directions.

https://doi.org/10.1371/journal.pchi.1006846.g002

Results

Mathematical model shows the first mode of the forced vibrations to flap the wings when Cau-
dipteryx ran on the ground at the speed of about 2 m/s, the mode shape of which is expressed
with a vector of n; = (0.393 0.62 0.62 0.158 0.158 0.432 0.45)". The FE model analysis results of
the modal effective mass of the Caudipteryx (Table E in S1 Table) indicate that the effective
natural modes occur only in vertical direction (Y-axis) and they are almost zero in lateral
motions (X and Z axes). It expresses that the first natural frequency of about 1.99 Hz is not
effective, but the second one of about 2.58 Hz and the third mode of about 5.79 Hz considering
the maximum speed of Caudipteryx (the forecasted velocity is about 8 m/s for Caudipteryx)
are effective and important. In other words, the oscillation about the torso axis is the first
mode (S1 Fig). Therefore, the Caudipteryx should roll its whole body about the torso direction
when they ran at a low speed (around 2 m/s) near the first primary frequency. The second pri-
mary mode (the most effective mode) occurred as the running speed approached to 2.5 m/s. It
means flapping modes were easily excited at low frequency while Caudipteryx ran on the
ground at the velocity from around 2.5 m/s to a little faster than 5.8 m/s (S1 Fig).

We fabricated four simplest plate wings with different sizes and did experiments on the
ostrich to compare the lift forces obtained from the flapping wings passively applied by forced
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Fig 3. Biophysical vibration of the wings. (A) Wearable devices to detect the performance of wings. The back bracket was manufactured through 3D printer
with ABS plastics. The angular accelerometer sensor, force sensor and SD card were all mounted on the bracket (S3B Fig). The accelerometer sensor on the
back and the wings were used to measure the rolling angle of body and wings respectively during locomotion on the ground. A force sensor is embedded
between the arm and the body to measure the lift generated by the flapping wings (S3A Fig). (B) Simplified wing mechanism. Every wing has a flexible structure
that is jointed with the body via elastic rubber belts, which are used to simulate the function of muscles. (C) Reconstruction of wings of different sizes. The first
wing represents the forearm with filament feathers. From the second one to the fourth one, the length of feathers increases gradually. The second one
represents the short feather, the third one represent middle feather while the fourth one with the longest feathers represents the largest wing (the realistic wing
is the third one in accordance to the fossil).

https:/doi.org/10.1371/journal.pchi.1006846.g003

vibrations during running. At the same running speed, the wings with filament feathers (1st
wing) provided the smallest lift, the largest value of which is less than 0.13 N, while the ones
with longer feathers could provide larger lift (2nd and 3rd wings), and the longest feather (4th
wing) could provide the largest lift which exceeds 0.42 N (S3 Fig).

Discussion

In the simplified rigid body system of seven degrees of freedom of Caudipteryx, the whole sys-
tem can be excited by the displacements of feet, x, and x5 during running. After this excitation,
the whole body masses move along their individual vertical directions in this model (Fig 1). It
illustrates the kinematics of Caudipteryx mathematically. In order to obtain the precise results
using computer simulation, Finite Element Method reveals the phenomenon that the maxi-
mum effective mass occurs in the second mode which is a flapping mode. Only in the most
effective mode, could the wings of Caudipteryx be excited to flap evidently and then sense lift.
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Therefore, the results of the FEM model (second model) through Finite Element Method have
been considered because of having the highest accuracy. On the other hand, in the FE model
simulated by FEM, computer calculations represent that the first natural frequency which had
been roughly calculated in the first mathematical model (first model) is almost equal to that of
the FEM model; and the other natural frequencies (from the second to the seventh) in compar-
ison with the FEM model (second model) have some deviations but still acceptable. Also in the
first model the modal effective masses of each natural mode might not be equal to the accurate
FEM model, but the summation of which in simplified seven-degree-of-freedom model must
be 5 kilograms. The reason is the limitation on the number of elements/masses (solely seven
masses) and having only one DOF in the vertical direction. The effective mass analysis discov-
ers that the first mode has never been effective (Table E in S1 Table). As the speed approached
to the second primary frequency, the Caudipteryx output the second oscillation mode. It is the
flapping of the wings up and down with the same amplitudes and same directions. The simula-
tion has been extended by either increasing or decreasing the mass of each part of the Caudip-
teryx (Table D in S1 Table) and assumed eight excessive masses except the actual one (S5 Fig)
(by measuring) from 2 kg to 10 kg in a similar geometrical model. Hence, the frequencies and
corresponding effective masses in Y-axis have been studied (Table F in S1 Table). The analyses
reveal that the performance of effective modes of any model (models A, B, .. ., I) are identical
but at different frequencies. It means that in all mass distribution models, effective mode
mainly depends on the creature’s velocity. When the forced vibration frequency is near the sec-
ond natural frequency, the flapping mode will be occurred. The natural frequency decreases
from 4.0 Hz in mass model A to 1.8 Hz in mass model I (S5 Fig) in the second mode. There-
fore, as the weight of the creature increases, the velocity necessary to reach flapping mode
might be decreased.

With the observation of the experiments, we realized that when the speed of the recon-
structed Caudipteryx robot on the test rig (S2 Fig) reached 2.31 m/s (near the value of what has
been simulated by FEM model), the robot’s wings started to output most obvious flapping
motions which is the resonance of forced vibrations in physics (Fig 4). Using theory of modal
effective mass and reconstruction of Caudipteryx zoui (BPMO0001) (S6 Fig and Table A in S1
Table), we infer that flapping flight could be developed earlier than gliding in the evolution of
avian flight. When the running speed was near the second primary speed of about 2.5 m/s,
both wings of the Caudipteryx generated oscillations similar to flapping wings.

Step length in running animals varies with speed and gait and animals do not just have one
step length. Any given velocity in this research such as 2, 2.5 and 5.79 m/s dedicated to first, sec-
ond and third modes was obtained by measuring and assuming some parameters from the fossil
such as step length, stiffness and mass (see S1 Text for detailed explanations about Caudipteryx
velocity and step length). To eliminate these uncertain values, we used interval analysis which is
a powerful mathematical tool in engineering (see S1 Text for detailed explanations about Inter-
val Analysis method). Modal effective mass and Interval Analysis represent that flapping motion
occurred at lower velocity. It means, if step length was between 30 cm to 70 cm and if mass was
between 3 to 7 kg, Caudipteryx had flapping motion and it occurred at lower velocities (there
must be a value that will render the second mode although we do not know the exact number
which is in a certain Interval). Hence, the velocities of 2.5 m/s and 5.86 m/s are only two cases
among all possibilities. Therefore, the conclusion that the second and the third modes must
occur at a certain value is an objective conclusion. Further, the physical phenomenon of flap-
ping motion (induced by forced harmonious vibrations) always be generated in running, but
we cannot obtain the precise value of running speed since it might be expressed with an interval
of velocity. Hence, the role of body oscillation during a run should be taken into account in
order to understand the origin and evolution of avian flapping wings.
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Fig 4. Forced vibrations of wings of Caudipteryx robot deduced by test rig (S1 Video) which approaches the flapping flight of modern birds [56].
Through curve iteration, we obtained the flapping function Gygh = 932.75in(19.01t-3.35)+28.18sin(15.25t-5.103)+898.2 sin(19.16t+6.034) and Oy =
135.6 sin(6.453t+1.808)+1558 sin(0.4013t+6.198)+6.517 sin(18.87t + 0.4756). We here defined the anticlockwise motion of both wings as the positive
direction. Therefore, the down stroke for the left wing is a positive motion while the down stroke for the right wing is a negative one.

https://doi.org/10.1371/journal.pcbi.1006846.9004

Experiment results on ostrich indicated that the vibrations of the feathered wings were eas-
ily induced when ostrich ran on the ground. Under the assumption of the same length of fore-
arms for the feathered dinosaurs, the wing with the shortest feathers generated the flapping
motions with the largest amplitude while the ones with longer feathers produced the flapping
motions with smaller amplitudes (54 Fig). This is interpreted by the air resistance. The larger
the wing area, the larger the resistance, and the smaller the amplitude for the passive vibra-
tions. This experiment suggests that the flapping motion might be developed by the forced
vibrations during terrestrial locomotion when the winged dinosaur appeared on the earth.
However, the lift obtained from the running-foot forced vibrations shows that the longer and
larger the wing was, the larger the lift would be (S3 Fig). Therefore, forced vibrations may rep-
resent the earliest stages in the evolution of forelimb flapping in winged theropods. This sug-
gests that flapping behavior evolved in non-volant theropods long time ago before they could
actively fly.
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Experiments on the Caudipteryx robot based on the fossil (Caudipteryx sp. IVPP V12430)
and the experiments on artificial wings placed on the back of a juvenile ostrich indicated that
the forced vibrations of plumage forearms during walking and running taught the winged the-
ropods to flap their wings. These analyses suggest that the impetus of the evolution of powered
flight in the theropod lineage that lead to Aves may have been an entirely natural phenomenon
produced by bipedal motion in the presence of feathered forelimbs.

Supporting information

S1 Fig. Computer simulation for the first twenty natural frequencies. Computer simula-
tions were executed at the finite element software of ABAQUS (S4 Video). The basic elements
in the simulation were shell, linear quadrilateral with the type of S4R. The first primary mode
is the rigid swaying of the wings; the second one is the flapping mode.

(TIF)

S2 Fig. Reconstructed Caudipteryx robot from fossil BPM 0001. The measurements from
Caudipteryx zoui BPM 0001 (Caudipteryx sp. IVPP V12430) have been used to appraise the
whole body of Caudipteryx and to characterize the appropriate relationship for the robot and
mathematical models of this dinosaur. Every part of the robot was fabricated with 3-D printer,
guided by the information from the fossil.

(TIF)

S3 Fig. Experiment on the Ostrich to get the lift produced by the artificial wings with the
simplest plate form. (A) Force sensor. They are embedded into the wearable device to mea-
sure lift dynamically. In this experiment, each wing has one force sensor to measure the
dynamic lift. (B) Embedded accelerometer and SD card on a bracket. The accelerometer rec-
ords the running speed of the ostrich, and collect all experiment data to a micro SD card. (C)
Lift from the filament wing. The largest lift of one wing is 0.13 N when the speed is approach-
ing 4 m/s. (D) Lift from the short wing. The largest lift of one wing is about 0.22 N when the
speed is approaching 4 m/s. (E) Lift from the middle wing. The largest lift of one wing is about
0.3 N when the speed is around 4 m/s. (F) Lift from the longest wing. The largest lift of one
wing is over 0.42 N when the speed exceeds 4m/s. The results show that, at the same speed,
longer feather will generate larger lift.

(TIF)

S4 Fig. Experiment on the Ostrich to obtain responses of the body and the wings in run-
ning. (A) Definition of the flapping angles of the wings. The clockwise rotation is the positive
direction for the left wing while the anticlockwise rotation is the positive direction for the right
wing. (B) Response of the filament feathers. The largest flapping angle of the wings is around
25°. (C) Response of the short feathers. The largest flapping angle of the wings is about 20°.
(D) Response of the middle-sized feathers. The largest flapping angle of the wings is less than
15°. (E) Response of the longest feathers. The largest flapping angle of the wings is less than
10°. This results show that two wings will move up and down simultaneously, which is the
flapping motion when the ostrich runs. Longer feather will have smaller flapping angle because
of the air resistance during this passive experiment.

(TIF)

S5 Fig. Modal effective mass of Caudipteryx by means of eight excessive assumed mass dis-
tribution. (A) changes of natural frequencies with respect to the modes. (B) effective masses in
Y-axis versus modes and velocities to reach to the flapping or second modes. The natural fre-
quency decreases from 4 Hz in mass model A to 1.8 Hz in mass model I in the second mode,
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hence, as the weight of the creature increases, the velocity in order to reach to the flapping
mode might be decreased.
(TIF)

S6 Fig. Fossils of Caudipteryx. (A) Caudipteryx dongi IVPP V12344 and (B) Caudipteryx sp.
IVPP V12430.
(TIF)

S1 Video. Experiments on the test rig. Experiments were in the stationary situation when the
robot flapped actively from 2.5 Hertzs to 6.3 Hertzs. Both produced positive lift and thrust
forces in this case.

(MP4)

$2 Video. Observation on the juvenile ostrich. The forced vibrations of the wings of the
young ostriches are easily found when they run on the ground.
(MP4)

$3 Video. Experiments on the ostrich. Experiments were accomplished on the ostrich when
it ran on the ground with different reconstructed wings of Caudipteryx. Collected data show
that the flapping of the wings is a natural process of the forced vibrations under the actuation
of running feet.

(MP4)

$4 Video. Computer simulation on vibration modes of Caudipteryx. Computer simulations
were also accomplished on reconstructed Caudipteryx with wings. Flapping motion is one of
the primary modes of the Caudipteryx which is easily excited under the actuation of running
feet.

(MP4)

S1 Text. Supplementary materials.
(PDF)

S1 Table. Tables.

(PDF)

S1 Speed. Speed calculation.
(XLSX)

S1 Mass. Mass calculation.

(XLSX)

Acknowledgments

The authors acknowledge the kind suggestions from Prof. Dr. Pascal Godefroit from Royal
Belgian Institute of Natural Sciences, Prof. Dr. Corwin Sullivan from the Department of Bio-
logical Sciences, University of Alberta, Canada, Prof. Dr. Zhong-He Zhou and Prof. Dr. Min
Wang from the Key Laboratory of Vertebrate Evolution and Human Origins, Institute of Ver-
tebrate Paleontology and Paleoanthropology, Chinese Academy of Sciences, Beijing, 100044,
P.R. China.

Author Contributions
Conceptualization: Jing-Shan Zhao.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1006846 May 2, 2019 13/16


http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1006846.s006
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1006846.s007
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1006846.s008
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1006846.s009
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1006846.s010
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1006846.s011
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1006846.s012
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1006846.s013
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1006846.s014
https://doi.org/10.1371/journal.pcbi.1006846

O PLOS

COMPUTATIONAL

BIOLOGY

Identification of avian flapping motion from non-volant winged dinosaurs

Data curation: Yaser Saffar Talori, Jing-Shan Zhao, Zhi-Heng Li, Jingmai Kathleen
O’Connor.

Formal analysis: Yaser Saffar Talori, Jing-Shan Zhao.
Funding acquisition: Jing-Shan Zhao.

Investigation: Yaser Saffar Talori, Jing-Shan Zhao, Yun-Fei Liu, Wen-Xiu Lu, Zhi-Heng Li,
Jingmai Kathleen O’Connor.

Methodology: Yaser Saffar Talori, Jing-Shan Zhao, Wen-Xiu Lu.

Project administration: Jing-Shan Zhao.

Resources: Jing-Shan Zhao, Zhi-Heng Li, Jingmai Kathleen O’Connor.

Software: Yaser Saffar Talori.

Supervision: Jing-Shan Zhao.

Validation: Yaser Saffar Talori, Jing-Shan Zhao, Wen-Xiu Lu, Jingmai Kathleen O’Connor.
Visualization: Yaser Saffar Talori, Jing-Shan Zhao.

Writing - original draft: Yaser Saffar Talori, Jing-Shan Zhao.

Writing - review & editing: Yaser Saffar Talori, Jing-Shan Zhao, Jingmai Kathleen O’Connor.

References

1. Foth C., Tischlinger H. & Rauhut O.W.M. New specimen of Archaeopteryx provides insights into the
evolution of pennaceous feathers. Nature 511, 79-82 (2014). https://doi.org/10.1038/nature 13467
PMID: 24990749

2. Sullivan C., Xu X. & O’Connor J.K. Complexities and novelties in the early evolution of avian flight, as
seen in the Mesozoic Yanliao and Jehol Biotas of northeast China. Palaeoworld 26, 212-229 (2017).

3. ZhangF.C., Zhou Z.H., Xu X., Wang X.L. & Sullivan C. A bizarre Jurassic maniraptoran from China with
elongate ribbon-like feathers. Nature 455, 1105—-1108 (2008). https://doi.org/10.1038/nature07447
PMID: 18948955

4. XuX.,Zheng X.T., Sullivan C., Wang X.L., Xing L.D., Wang Y., Zhang X.M., O’Connor J.K., Zhang F.C.
& Pan Y.H. A bizarre Jurassic maniraptoran theropod with preserved evidence of membranous wings.
Nature 521,70-73 (2015). https://doi.org/10.1038/nature 14423 PMID: 25924069

5. DececchiT.A., Larsson H.C.E. & Habib M.B. The wings before the bird: an evaluation of flapping-based
locomotory hypotheses in bird antecedents. PeerJ 4, €2159 (2016). https://doi.org/10.7717/peer].2159
PMID: 27441115

6. Fowler D.W. & Freedman E.A., Scannella J.B., Kambic R.E. The predatory ecology of Deinonychus
and the origin of flapping in birds. PLoS ONE 6, €28964 (2011). https://doi.org/10.1371/journal.pone.
0028964 PMID: 22194962

7. Zanno L.E. & Makovicky P.J. Herbivorous ecomorphology and specialization patterns in theropod dino-
saur evolution. Proceedings of the National Academy of Science 108, 232-237 (2011).

8. Schaller, N.U. Structural attributes contributing to locomotor performance in the ostrich. PhD Disserta-
tion, University of Heidelberg, 129 pp (2008).

9. HeT., Wang X.L. & Zhou Z.H. A new genus and species of caudipterid dinosaur from the Lower Creta-
ceous Jiufotang Formation of western Liaoning, China. Vertebrata PalAsiatica 47, 178—189 (2008).

10. XuX., Zheng X.T. & You H.Y. Exceptional dinosaur fossils show ontogenetic development of early
feathers. Nature 464, 1338—1341 (2010). https://doi.org/10.1038/nature08965 PMID: 20428169

11.  Xu X, Zhou Z.H., Dudley R., Mackem S., Chuong C.-M., Erickson G.M. & Varricchio D.J. An integrative
approach to understanding bird origins. Science 346, 1253293 (2014). https://doi.org/10.1126/science.
1253293 PMID: 25504729

12. Hutchinson J.R. & Allen V. The evolutionary continuum of limb function from early theropods to birds.
Naturwissenschaften. 96 (4), 423—-448 (2009). https://doi.org/10.1007/s00114-008-0488-3 PMID:
19107456

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1006846 May 2, 2019

14/16


https://doi.org/10.1038/nature13467
http://www.ncbi.nlm.nih.gov/pubmed/24990749
https://doi.org/10.1038/nature07447
http://www.ncbi.nlm.nih.gov/pubmed/18948955
https://doi.org/10.1038/nature14423
http://www.ncbi.nlm.nih.gov/pubmed/25924069
https://doi.org/10.7717/peerj.2159
http://www.ncbi.nlm.nih.gov/pubmed/27441115
https://doi.org/10.1371/journal.pone.0028964
https://doi.org/10.1371/journal.pone.0028964
http://www.ncbi.nlm.nih.gov/pubmed/22194962
https://doi.org/10.1038/nature08965
http://www.ncbi.nlm.nih.gov/pubmed/20428169
https://doi.org/10.1126/science.1253293
https://doi.org/10.1126/science.1253293
http://www.ncbi.nlm.nih.gov/pubmed/25504729
https://doi.org/10.1007/s00114-008-0488-3
http://www.ncbi.nlm.nih.gov/pubmed/19107456
https://doi.org/10.1371/journal.pcbi.1006846

GPLOS |saisermom

Identification of avian flapping motion from non-volant winged dinosaurs

13.

14.
15.

16.

17.
18.
19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.
30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

Ostrom J.H. Archaeopteryx: notice of a “new” specimen. Science 170, 537-538 (1970). https://doi.org/
10.1126/science.170.3957.537 PMID: 17799709

Ostrom J.H. Bird flight: how did it begin? Am. Sci. 67, 46-56 (1979). PMID: 434589

Forster C.A., Sampson S.D., Chiappe L.M. & Krause D.W. The theropod ancestry of birds: new evi-
dence from the Late Cretaceous of Madagascar. Science 279, 1915-1919 (1998). PMID: 9506938
Garner J.P., Taylor G.K. & Thomas A.L.R. On the origins of birds: the sequence of character acquisition
in the evolution of avian flight. Proc. R. Soc. Lond. B. 26, 1259—1266 (1999).

Sereno P.C. The evolution of dinosaurs. Science 284, 2137-2147 (1999). PMID: 10381873

Lewin R. How did vertebrates take to the air? Science New Series 221, 38—-39 (1983).

Gibbons A. New feathered fossil brings dinosaurs and birds closer. Science New Series 274, 720-721
(1996).

Chatterjee S. & Templin R.J. The flight of Archaeopteryx. Naturwissenschaften 90, 27-32 (2003).
https://doi.org/10.1007/s00114-002-0385-0 PMID: 12545240

Nudds R.L. & Dyke G.J. Narrow primary feather rachises in Confuciusornis and Archaeopteryx suggest
poor flight ability. Science 328, 887—-889 (2010). https://doi.org/10.1126/science.1188895 PMID:
20466930

Longrich R., Vinther J., Meng Q., Li Q. & Russell P. Primitive wing feather arrangement in Archaeop-
teryx lithographica and Anchiornis huxleyi. Curr. Biol 22, 2262—-2267 (2012). https://doi.org/10.1016/j.
cub.2012.09.052 PMID: 23177480

Prum R.O. Dinosaurs take to the air. Nature 421, 323-324 (2003). https://doi.org/10.1038/421323a
PMID: 12540882

Qiang J., Currie P.J., Norell M.A. & Shuan J. Two feathered dinosaurs from northeastern China. Nature
393, 753-761 (1998).

Zhou Z. The origin and early evolution of birds: discoveries, disputes, and perspectives from fossil evi-
dence. Naturwissenschaften 91, 455—471 (2004). https://doi.org/10.1007/s00114-004-0570-4 PMID:
15365634

Xu X., Wang X.L. & Wu X.C. A dromaeosaurid dinosaur with a filamentous integument from the yixian
formation of China. Nature 401, 262—-266 (1999).

Zelenitsky D.K., Therrien F., Erickson G.M., DeBuhr C.L., Kobayashi Y., Eberth D.A. & Hadfield F.
Feathered non-avian dinosaurs from North America provide insight into wing origins. Science 338
(6106), 510-514 (2012). https://doi.org/10.1126/science.1225376 PMID: 23112330

Turner A.H., Makovicky P.J. & Norell M.A. Feather Quill Knobs in the Dinosaur Velociraptor. Science
317 (5845), 1721 (2007). https://doi.org/10.1126/science.1145076 PMID: 17885130

Peters D.S. Anagenesis of early birds reconsidered. Senckenbergiana lethaea 82(1), 347-354 (2002).

Lefévre U., Cau A., Cincotta A. et al. A new Jurassic theropod from China documents a transitional step
in the macrostructure of feathers. Sci Nat 104, 9-10 (2017).

Zhou Z., Barrett P.M. & Hilton J. An exceptionally preserved Lower Cretaceous ecosystem. Nature
421, 807-814 (2003). https://doi.org/10.1038/nature01420 PMID: 12594504

Padian K. When is a bird not a bird? Nature 393, 729-730 (1998).

Xu X. et al. Four-winged dinosaurs from China. Nature 421, 335-340 (2003). https://doi.org/10.1038/
nature01342 PMID: 12540892

Jones T.D., Farlow J.O., Ruben J.A., Henderson D.M. & Hillenius W.J. Cursoriality in bipedal archo-
saurs. Nature 406, 716—718 (2000). https://doi.org/10.1038/35021041 PMID: 10963594

Henderson D.M. Estimating the masses and centers of mass of extinct animals by 3-d mathematical
slicing. Paleobiology 25, 88—106 (1999).

Norell M., Ji Q., Gao K., Yuan C., Zhao Y. & Wang L. Modern feathers on a non-volant dinosaur. Nature
416, 36—37 (2002). https://doi.org/10.1038/416036a PMID: 11882883

Lee M.S.Y., Cau A., Naish D. & Dyke G.J. Sustained miniaturization and anatomical innovation in the
dinosaurian ancestors of birds. Science 345, 562-566 (2014). https://doi.org/10.1126/science.
1252243 PMID: 25082702

Swisher C.C., Wang Y.Q., Wang X.L. & Xu X. Cretaceous age for the feathered dinosaurs of liaoning,
China. Nature 400, 58—-61 (1999).

Heers A.M., Baier D.B., Jackson B.E. & Dial K.P. Flapping before flight: High resolution, three-dimen-
sional skeletal kinematics of wings and legs during avian development. PLOS ONE 11(4): e0153446.
https://doi.org/10.1371/journal.pone.0153446 (2016). PMID: 27100994

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1006846 May 2, 2019 15/16


https://doi.org/10.1126/science.170.3957.537
https://doi.org/10.1126/science.170.3957.537
http://www.ncbi.nlm.nih.gov/pubmed/17799709
http://www.ncbi.nlm.nih.gov/pubmed/434589
http://www.ncbi.nlm.nih.gov/pubmed/9506938
http://www.ncbi.nlm.nih.gov/pubmed/10381873
https://doi.org/10.1007/s00114-002-0385-0
http://www.ncbi.nlm.nih.gov/pubmed/12545240
https://doi.org/10.1126/science.1188895
http://www.ncbi.nlm.nih.gov/pubmed/20466930
https://doi.org/10.1016/j.cub.2012.09.052
https://doi.org/10.1016/j.cub.2012.09.052
http://www.ncbi.nlm.nih.gov/pubmed/23177480
https://doi.org/10.1038/421323a
http://www.ncbi.nlm.nih.gov/pubmed/12540882
https://doi.org/10.1007/s00114-004-0570-4
http://www.ncbi.nlm.nih.gov/pubmed/15365634
https://doi.org/10.1126/science.1225376
http://www.ncbi.nlm.nih.gov/pubmed/23112330
https://doi.org/10.1126/science.1145076
http://www.ncbi.nlm.nih.gov/pubmed/17885130
https://doi.org/10.1038/nature01420
http://www.ncbi.nlm.nih.gov/pubmed/12594504
https://doi.org/10.1038/nature01342
https://doi.org/10.1038/nature01342
http://www.ncbi.nlm.nih.gov/pubmed/12540892
https://doi.org/10.1038/35021041
http://www.ncbi.nlm.nih.gov/pubmed/10963594
https://doi.org/10.1038/416036a
http://www.ncbi.nlm.nih.gov/pubmed/11882883
https://doi.org/10.1126/science.1252243
https://doi.org/10.1126/science.1252243
http://www.ncbi.nlm.nih.gov/pubmed/25082702
https://doi.org/10.1371/journal.pone.0153446
http://www.ncbi.nlm.nih.gov/pubmed/27100994
https://doi.org/10.1371/journal.pcbi.1006846

GPLOS |saisermom

Identification of avian flapping motion from non-volant winged dinosaurs

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.
51.

52.
53.

54.

55.

56.

Dial K.P. Wing-assisted incline running and the evolution of flight. Science 299, 402—404 (2003).
https://doi.org/10.1126/science.1078237 PMID: 12532020

Poore S.0., Sanchezhaiman A. & Goslow G.E. Wing upstroke and the evolution of flapping flight.
Nature 387, 799-802 (1997).

Bundle M.W. & Dial K.P. Mechanics of wing-assisted incline running (WAIR). The Journal of Experimen-
tal Biology 206, 4553—-4564 (2013).

Tobalske B.W. &. Dial K.P. Aerodynamics of wing-assisted incline running in birds. The Journal of
Experimental Biology 210, 1742—1751 (2007). https://doi.org/10.1242/jeb.001701 PMID: 17488937

Hutchinson J. Biomechanical Modeling and Sensitivity Analysis of Bipedal Running Ability. I. Extant
Taxa. journal of morphology 262,421-440 (2004). https://doi.org/10.1002/jmor.10241 PMID: 15352201

Hutchinson J. Biomechanical Modeling and Sensitivity Analysis of Bipedal Running Ability. Il. Extant
Taxa. journal of morphology 262,441-461 (2004). https://doi.org/10.1002/jmor.10240 PMID: 15352202

Christiansen P. & Farifia R.A. Mass prediction in theropod dinosaurs. Historical Biology 16, 85-92
(2004).

Zhou Z.H. & Wang X.L. A new species of Caudipteryx from the Yixian Formation of Liaoning, northeast
China. Vertebrata PalAsiatica 38, 111-127 (2000).

Zhou Z.H., Wang X.L., Zhang F.C. & Xu X. Important features of Caudipteryx—evidence from two nearly
complete new specimens. Vertebrata PalAsiatica 38, 241-254 (2000).

Thomson W.T. & Dahleh M.D. Theory of vibration with applications. https://doi.org/10.1007/978—1—
4899-6872-2 (1993).

Wijker J.J. Spacecraft structures (2008).

Wijker J.J. Random vibrations in spacecraft structures design, theory and applications. https://doi.org/
10.1007/978-90-481-2728-3 (2009).

Leissa A.W. Vibration of plates, scientific and technical information division. NASA SP—160 (1969).

Ehrhardt M. & Koprucki T. Multi-band effective mass approximations. Springer. https://doi.org/10.1007/
978-3-319-01427-2 (2014).

Vakakisi A.F. Normal modes and localization in nonlinear systems. Wiley Series in Nonlinear Science
(1996).

Wong W.C., Azid |.A. & Majlis B.Y. Theoretical analysis of stiffness constant and effective mass for a
round-folded beam in mems accelerometer. Journal of Mechanical Engineering 57, 517-525 (2011).

Shyy W., Aono H., Chimakurthi S.K., Trizila P., Kang C.K., Cesnik C.E.S. & Liu H. Recent progress in
flapping wing aerodynamics and aeroelasticity. Progress in Aerospace Science 46, 284-327 (2010).

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1006846 May 2, 2019 16/16


https://doi.org/10.1126/science.1078237
http://www.ncbi.nlm.nih.gov/pubmed/12532020
https://doi.org/10.1242/jeb.001701
http://www.ncbi.nlm.nih.gov/pubmed/17488937
https://doi.org/10.1002/jmor.10241
http://www.ncbi.nlm.nih.gov/pubmed/15352201
https://doi.org/10.1002/jmor.10240
http://www.ncbi.nlm.nih.gov/pubmed/15352202
https://doi.org/10.1007/9781489968722
https://doi.org/10.1007/9781489968722
https://doi.org/10.1007/9789048127283
https://doi.org/10.1007/9789048127283
https://doi.org/10.1007/9783319014272
https://doi.org/10.1007/9783319014272
https://doi.org/10.1371/journal.pcbi.1006846

