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Abstract—We investigate how unmanned aerial vehicles 

(UAVs) with flexible wings can be designed to exploit the 
aeroelasticity of wing deformation that is present in bat wings, 
with a view to improve the efficiency of flight. We constructed a 
robotic bat wing with fully passive elastic wing-folding properties. 
The robotic wing is powered by a gearbox running two 
synchronised motors, effectively providing one degree of motion: 
the upstroke and down-stroke of the wing. Through numerical 
simulations and setup experiments, we observed that by 
integrating a span-wise elastic network into the bat wing, we were 
able to achieve passive wing-folding that mimics the 8-shape wing-
folding seen in bats’ high speed flight. This way, we were able to 
reduce the complexity and additional actuation associated with 
wing-folding in a robotic wing. 

Keywords—Bat; Flapping; Passive; Anisotropic Membrane; 
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I.  INTRODUCTION 
The bat wing has an anisotropic stiffness distribution of 

elasticity. It exhibits high stiffness strength along the digits, 
compared to high failure strain in the perpendicular direction [1]. 
This distribution not only prevents high shear forces from 
developing between the bones and the wing membrane, but also 
helps to store energy by extending the membrane during the 
down-stroke.  It is interesting to note that exploitation of passive 
dynamics arising from special distributions of body stiffness is 
seen not only in flapping flight, but also in other forms of 
locomotion such as swimming [2]. In [2], it has been 
demonstrated that a dead trout can passively start to swim 
against a stream of water by generating productive vortexes 
purely based on passive resonance of constructive body 
movements in hydraulic turbulence behind a cylindrical obstacle 
placed in the path of a water stream. These biological examples 
suggest that the management of the distribution of body 
elasticity plays a vital role in efficient locomotion. This opens 
the scientific question as to how the morphology of a deformable 
winged UAV should be designed to be able to tune to the flight 
environment without off-line planning. 

By mimicking the properties of the bat wing, we may be able 
to increase the efficiency of airborne vehicles, an exciting 
prospect from an engineering perspective. Recently, 
advancements in engineering materials, actuators and controls 
have allowed us to consider mimicking flight behaviour in the 
natural world [3]. There has been analysis on a resonant drive to 

reduce the average battery power consumption for DC motor-
driven flapping wing robots [4]. They developed a methodology 
using a non-dimensional analysis of a motor driven compliant 
system. Using this, they were able to guide the mechanical 
design and predict the optimal operating point based on power 
efficiency. A prototype of a biologically inspired UAV imitating 
the hovering flight of humming birds and dragonflies shows 
great potential in developing a high performance flapping micro-
UAV [5]. There have been previous attempts to develop a bat 
inspired UAV, such as BATMAV [6], RoboBat [7], and recently 
in [8][9]. Here the authors aim to develop flexible wings 
actuated by artificial muscles, rather than exploiting the aero-
elastic properties of the bat wing to improve the efficiency of 
flight; while similar research on insect size flyers showed 
advantages of anisotropic membrane in MAV’s flight 
performance and control [10].  

When considering the application of flapping flight, it is 
advantageous to reduce the weight of the ornithopter as much as 
possible. We seek to eliminate the need for active actuation of 
wing folding during flight which reduces the energetic cost on 
the upstroke of flapping flight [11]. Therefore, we look to the 
aeroelasticity of the bat wing membrane as inspiration to 
construct a passive wing folding technique that utilises the 
elasticity of the wing.  

Flyers’ flapping kinematics are different depending on the 
wing structure and flight speed [10][12] for which the 
aeroelasticity mechanisms should be investigated individually. 
Researchers at Brown University have developed a 3D printed 
articulated bat wing skeleton with a silicon membrane [13]. This 
study in particular highlights the advantages of wing folding, not 
only on energy conservation, but also in altering the 
aerodynamic qualities of the wing. Our aim is to build upon this 
foundation by focusing on the aeroelasticity of the bat wing as 
major factor in efficient high speed flight, in particular, how we 
can derive inspiration into wing-folding kinematics of high 
frequency flapping.Different species of bats have different 
properties [1]. Our aim is not to mimic the flight of bats, or one 
particular species. Rather we seek a solution with feasible 
applications in robotics and biomimetic, as well as the potential 
for further study. Here, we investigated the passive role of 
anisotropic wing membrane stiffness in reducing the complexity 
of the flapping motion. 
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II. MODELLING 

A. Kinematics 
Fig. 1 shows our 3D bat wing model with three links (arm, 

forearm and hand) and four degrees of freedom (DOF). The 
shoulder joint is attached to the base frame origin. Base frame 
has an inclination equals to the wing geometrical angle of attack 
(AoA) (ߙ௔) with gravity direction (g). The wing is approximated 
by a trapezoid with variable span but parallel root (cr) and tip 
chords (ct). The membrane is modelled a series of linear springs 
as the elastic elements along local chord-wise sweep directions. 
The model parameters are derived using a bat wing design [13] 
using Solidworks 2013. The shoulder rotation about the base 
frame x-axis (q1) assumes a cosinusoidal form as in (1) and other 
three joints are not actuated actively and their axes of rotation 
are the local frames z-axis (q2, q3, q4). The centre of mass (COM) 
for each link is centred at its midpoint. For simplicity and based 
on observation of a real bat flapping, the following constraints 
are being used between angles to reduce the under actuated order 
of the model to one. 

(ݍ)ܿ = ቎ݍଵ − A. cos(ω. ݐ + (ߨ + ଷݍଵబݍ − 2 × ସݍଶݍ + 20° − 2 × ଷݍ ቏ = 0
Linear and angular velocity vectors of each element derived 

using 3×3 rotation (R(qi)) and 4×4 transformation matrices 
(TR(R,rf)) as in (2) where qi is the angle of rotation, rf is the row 
offset vector between two consecutive joint, rc is the COM 
absolute position vector (w.r.t. base frame) represented in base 
frame and ωω is the absolute angular velocity vector represented 
in local frame (attached to each link at its first joint with the link 
along its y axis and the first joint rotates along its z axis) for each 
link. a, f and h are subscripts for frames attached to, and the 
properties of the arm, forearm and hand links respectively. li is 
the link length.  

ܴ୶(ݍ௜) = ൥1 0 00 cos (ݍ௜) −sin (ݍ௜)0 sin (ݍ௜) cos (ݍ௜) ൩
ܴ୸(ݍ௜) = ൥cos (ݍ௜) −sin (ݍ௜) 0sin (ݍ௜) cos (ݍ௜) 00 0 1൩

ܴܶ(ܴ, (୤ݎ = ൤ ܴ ୤୘0ଵ×ଷݎ 1 ൨ସ×ସ࣓ୟ = ܴ୸(ݍଶ)ିଵ. ଵݍ̇] 0 0]୘ + [0 0 ଶ]୘࣓୤ݍ̇ = ܴ୸(ݍଷ)ିଵ. ࣓ୟ + [0 0 ଷ]୘࣓୦ݍ̇ = ܴ୸(ݍସ)ିଵ. ࣓୤ + [0 0 ସ]୘ܴܶୟݍ̇ = ܴܶ(ܴ୶(ݍଵ). ܴ୸(ݍଶ), [0 0 0])ܴܶ୤ = ܴܶ(ܴ୸(ݍଷ), [0 ݈ୟ 0])ܴܶ୦ = ܴܶ(ܴ୸(ݍସ), [0 ݈୤ ୟܿݎ([0 = ܴܶୟ. [0 ݈ୟ/2 0]୘ܿݎ୤ = ܴܶୟ. ܴܶ୤. [0 ݈୤/2 0]୘ܿݎ୦ = ܴܶୟ. ܴܶ୤. ܴܶ୦. [0 ݈୦/2 0]୘
B. Dynamics 

We use a matrix representation for the equation of motion 
(EOM) in (3) using the TMT method in (4) to derive the dynamic 
model because of simplicity and efficient numerical evaluation 
as in [14]. q= [q1, q2, q3, q4] is the generalised coordinates vector, 
M is the inertial matrix in the Lagrange equation, Tcn is the 
constrains Jacobian matrix on the generalised coordinates, λ is 
the Lagrange multipliers vector, dEOM is the vector of the other 
terms in the Lagrange equation, and dλ is the vector of the other 
terms in the constraint equations vector (c(q))  derivatives. c(q) 
is differentiated multiple times, so its order of differentiation 
equals that of the EOM, namely two (6).  

൤ ഥܯ ୡܶ୬୘ܶୡ୬ 0 ൨ + ቂ ቃߣ−ݍ̈ = ൤݀୉୓୑݀ఒ ൨

                
Fig. 1. Schematic model of a bat model: (a) base and wing frames, and apparent air stream due to free air stream and wing flapping motion at quarter 

chord of each element; (b) wing shematic with span-wise elastic elements; (c) aerodynamic forces on each element. b is the subscripts for the base 
frame and w is for the one attached to the wing surface whose origins are at the shoulder joint. Geometrical and real AoA are showed in left figure 
while they are approximated to be equal at the right-down figure. 
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Here T is the Jacobian matrix of xCOM which is the 
combination of  links COM position (rc) and pseudo-rotation 
(∫ ࣓. d1×3 (ݍ vectors in terms of the generalised coordinates, 
mi is ith link mass, li is the ith link 3×3 inertia matrix, fg is the 
vector of conservative forces acting on each element such as 
gravity, and Qc and Qnc are the virtual work vectors of other 
conservative (here Qk accounts for membrane elasticity (k) 
effect) and non-conservative forces (here Qdamp accounts for 
joints’ rotational viscous damping (cv) and Qaero for aerodynamic 
forces (lift (fL) and drag (fD) effect) in generalized coordinate 
space [14]. ݔେ୓୑ [ଵ଼×ଵ] = ୟܿݎ] ୤ܿݎ ୦ܿݎ ∫ ࣓ୟ ∫ ࣓୤ ∫ ࣓୦]୘

[ܶଵ଼×ସ] = [ଵ଼×ଵ]݀ݍ߲/(ݍ)େ୓୑ݔ߲ = −(߲(ܶ. .(ݍ߲/(ݍ̇ [ଵ଼×ଵ଼]ܯݍ̇ = diag[݉௜, ݉௜, ݉௜, , ௜[ଷ×ଷ]ܫ … ], (݅: a, f, h)୥݂ = −g. [݉௜. sin(ߙୟ) , 0, ݉௜. cos(ߙୟ) , 0,0,0, … ]ଵ×ଵ଼୘, (݅: a, f, h)ܳ୬ୡ = ܳୢୟ୫୮ + ܳୟୣ୰୭ , ܳୡ = ܳ୩ܳୢୟ୫୮ = −c୴. ഥܯସ×ଵݍ̇ = ܶ୘ܯ ܶ୘݀୉୓୑ = ܶ୘[݂ − .ܯ ݀] + ܳୡ + ܳ୬ୡ
There is no need to find pseudo-rotation vectors. Here since 

we have (ݒୠ = ܶ.  as the combination of links’ absolute linear (ݍ̇
and angular velocity vectors (vb), we simply rearrange the 
absolute angular velocity vectors in (2), in the form of (࣓ =࣓ܶ .  and then place the 3×4 coefficient matrices (Tω) at their (ݍ̇
right place in T which is a 18×4 matrix (elements in the 9-18th 
rows).  

Tcn is derived based on the three constraints in (1).  ܿ̈(ݍ) = ୡܶ୬̈ݍ + ݀ఒ
ୡܶ୬ = ݍ߲(ݍ)߲ܿ = ൥ 1 0 0 00 −2 1 00 0 −2 1൩݀ఒ = ଶ߱ܣ]− ݐ߱)ݏ݋ܿ + (ߨ 0 0]୘

C. Membrane Model 
Membrane is modelled as a trapezoid by integrating span-

wise elastic network of linear springs with elastic coefficient k 
and initial length l0 as in Fig. 1. Membrane is rigid in chord-wise 
direction and does not have lateral deflection normal to the wing 
surface. Qc=Qk can be found from integrating springs’ virtual 
work by having each ones deflection (lk-l0), direction (rk) and 
attachment position to the wing tip (rtk) as in (6). Here rtw is hand 
tip position vector in wing frame, b is wing span, lk is springs 
instantaneous length, η is chord length ratio, xlr and xlt are 
leading edge root and tip offset position from shoulder joint and 
hand tip along x-axis respectively, Λl, Λt and Λx are sweep angle 
at leading edge, trailing edge and any arbitrary position along x-
axis, and fk is each spring’s force vector. We use cos(Λx)≈1 and 
tan(Λx)≈sin(Λx)≈Λx approximations to reduce the complexity of 
integration. ݎ୲୵ = ܴܶ(ܴ୸(ݍଶ), [0 0 0]). ܴܶ୤. ܴܶ୦. [0 ݈୦ 0]୘ 

ܾ = 2. ,୲୵௬ݎ ݈୩ ≈ ߟ2/ܾ = ܿ୲/ܿ୰߉୪ ≈ −2. ୪୰ݔ) − ୲୵୶ݎ) + ୲߉ܾ/ ((୪୲ݔ ≈ −2. ((ܿ୰ − (୪୰ݔ + ୲୵୶ݎ − (ܿ୲ − ୶߉ ܾ/((୪୲ݔ = ቊ .୪߉ ݔ) − ୪୰ݔ)/(୲୵୶ݎ − ,(୲୵୶ݎ ݔ ≥ .୲߉୲୵୶ݎ ݔ) − ୲୵୶)/((ܿ୰ݎ − (୪୰ݔ − , (୲୵୶ݎ ݔ < ୲୵୶୩݂ݎ = −ܴ୶(ݍଵ). ୶߉] 1 0]୘ݐݎ୩ = ܴ୶(ݍଵ). ୲୵୶ݎ] − (ܿ୲ − (୪୲ݔ + .ߟ ݔ) − (ܿ୰ − ((୪୰ݔ ܾ/2 0]୘ܳ୩[ସ×ଵ] = ∫ ݇. (݈୩ − ݈଴). (߲൫ݐݎ୩(ݍ)൯/߲ݍ)୘. ୩݂௫ౢ౨ି(௖౨ି௫ౢ౨) . dݔ 
D. Aerodynamic Model 

Bat wing is approximated as a trapezoidal thin airfoil whose 
aerodynamic properties addressed in common aerodynamic 
handbooks widely using blade element theory and quasi-steady 
method [15]. Due to flapping motion, local effective AoA (ߙr) 
along wing span alters as the magnitude of normal velocity of 
the wing element increases. For simplicity effective and 
geometrical AoA (ߙa) are considered equal and cos(ߙr)≈1 and 
sin(ߙr)≈ ߙr which is feasible for low AoA, high speed flapping 
and forward flight, however the change in local air stream along 
the wing span is considered. Aerodynamic forces are exerted on 
quarter-chord from leading edge at each element. Total normal 
(fnw) and tangential (ftw) aerodynamic forces are derived based 
on drag (CD) and lift coefficients (CL) of a finite 3-D trapezoidal 
wing as in [15] to find the vector of centre of pressure (CoP) 
(rpw), where the instantaneous total force can be considered to 
be exerted, all in the wing frame. Here AR is the wing aspect 
ratio, cy is element chord length, Λ0.25 is the local quarter-chord 
sweep angle, a0 and a are lift curve slope for 2-D infinite and 3-
D finite thin airfoil, ew is the Oswalt (span) efficiency factor, dfL 
and dfD are each element drag and lift force magnitudes, ρ is the 
air density, and mx and my are momentum of aerodynamic forces 
about wing frame x and y axes. ߙ୰ ≈ αୟ, ܴܣ = 2. ܾ/(ܿ୰. (1 + ୷ܿ((ߟ = ܿ୰. (1 − 2. .ݕ (1 − (଴.ଶହ߉)tan(ܾ/(ߟ = tan(߉୪) − (1 − .ܴܣ)/(ߟ (1 + ܽ((ߟ = .ߨ 1)/ܴܣ + ඥ1 + .ߨ) .଴ܽ)/ܴܣ cos (߉଴.ଶହ)))ଶ),ܽ଴  = C୐ߨ = ܽ. ,୰ߙ Cୈ = Cୈ଴ + C୐ଶ/(ߨ. .ܴܣ e୵)d ୐݂ = .ߩ C୐. .ଶݕ) ଵସݍ̇ + ஶଶݒ ). ܿ୷. d2/ݕd ୈ݂ = .ߩ Cୈ. .ଶݕ) ଵସݍ̇ + ஶଶݒ ). ܿ୷. d2/ݕ

୬݂୵ = න (d ୈ݂. α௥ + d ୐݂)௕/ଶ
଴ . dݕ

୲݂୵ = න (d ୈ݂ + d ୐݂. α௥)௕/ଶ
଴ . dݕ

݉୶ = න .ݕ (d ୈ݂. α௥ + d ୐݂)௕ଶ଴ . dݕ
݉୷ = න ୪୰ݔ) + .ݕ tan(߉୪) − ܿ୷/4). (d ୈ݂. α௥ + d ୐݂)௕/ଶ

଴ . d݌ݎݕ୵ = [݉୷/ ୬݂୵ ݉୶/ ୬݂୵ 0]୘



y element of rpw can be find by solving momentum around z 
axis due to ftw too. fnw, ftw and rpw elements are derived in (8). 

୬݂୵ = ୰(C୐ܿߩ + Cୈߙ୰)൫(1 + ଵସݍଷܾ̇(ߟ3 + ஶଶݒ24 (1 + ൯/192୲݂୵ܾ(ߟ = ୰ߙ୰(C୐ܿߩ − Cୈ)൫(1 + ଵସݍଷܾ̇(ߟ3 + ஶଶݒ24 (1 + ൯/192݉୶୬݂୵ܾ(ߟ = 3(1 + ଵସݍଷܾ̇(ߟ4 + 40(1 + ஶଶݒ(ߟ ܾ10(1 + ଵସݍଶܾ̇(ߟ3 + 240(1 + /ஶଶ݉୷ݒ(ߟ ୬݂୵ = ((3(1 + (ߟ4 tan(߉୪) ܾ − ଶߟ6) + ߟ3 + 1)ܿ୰)ܾଶ̇ݍଵସ + ⋯… ߟ)40 + 1) tan(߉୪) ஶଶݒ ܾ − ଶߟ)40 + ߟ + ஶଶݒ(1 ܿ୰) ……/(10ܾଶ̇ݍଵସ(1 + (ߟ3 + ஶଶݒ240 (1 +  ((ߟ
 The virtual work of aerodynamic forces in term of 

generalized coordinates (Qaero) can be derived as in (9). Here faero 
is aerodynamic force vector and rp is CoP position vector, both 
represented in base frame. 

ୟ݂ୣ୰୭ = ܴ୶(ݍଵ). [ ୲݂୵ 0 − ୬݂୵. sign(̇ݍଵ)]݌ݎ = ܴ୶(ݍଵ). ୵ܳୟୣ୰୭[ସ×ଵ]݌ݎ = (߲൫(ݍ)݌ݎ൯/߲ݍ)୘. ୟ݂ୣ୰୭
 T, d, dEOM, Qk and Qaero are derived analytically using Maple 

software and not represented here. ܯഥ = ܶ୘ܯ ܶ୘, dEOM and (3) 
are evaluated numerically afterward to be integrated using a 
Runge-Kutta 4th order method. 

E. Numerical Simulation 
The assumptions and model parameters of the simulation are 

shown in table 1. Fig.s 2 and 3 show the joints angle and the 
absolute drag force vector for two consecutive flapping cycles 
(0.8 second). Aerodynamic force (faero) is symmetric with 
vertical component mean value near zero due to symmetric up-
stroke and down-stroke motion. It shows the wing passively 
folds a little while it is flapping and wing tip follows an 8-shape 
path due to the membrane elasticity and links’ inertia and weight 
(Fig. 4). A sequenced graph of the wing is shown in Fig. 4 too.  

III. DESIGN AND IMPLEMENTATION 

A. The Bat Wing Design and Implimention 
Our wing skeleton is based upon previous research [13]. During 
the design phase, we opted to make a few adjustments to this 
specification, particularly with regards to the design of the joints. 
As our wing folding mechanism is not mechanically actuated, 
we were able to reduce the number of actuating mechanisms to 
one gearbox. This gearbox controls the upstroke and down-
stroke of the wing only, the other wing movements are actuated 
via the elastic network of the wing. The completed design was 
3D printed using ABS plastic. We created a network of 0.5mm 
elastic threads, similar to the layout of fibre bundles of a bat 
wing (Fig. 4) [1]. We then attached 0.25mm latex sheeting to 
this network using cyanoacrylate glue, and polyvinyl acetate 
glue as sealing. This elastic network serves as a structure for the 
wing membrane to attach on to. It allows the wing membrane to 
mimic the high stiffness strength along the digits of a live bat. 
We attached elastic across the wing so as to allow the elastic to 
maintain the constraints in (1). Our bat wing is powered by a 
modified Tamiya 70097 twin-motor gearbox using a 58:1 gear 

ratio. The gearbox was altered so that the output shafts operate 
in unison with each other. The bat wing is controlled with an 
Arduino Uno microcontroller board, using C++. 

TABLE I.  MODEL AND SIMULATION PARAMETERS 

ma 11e-3 [Kg] xlr 0.2× cr [m] 

mf 19.8e-3 [Kg] xlt 0.5× ct [m] 

mh 21e-3 [Kg] l0 5.0e-2 [m] 

la 34e-3 [m] k 2.7e1 [N/m] 

lf 62e-3 [m] cv 0.0 [Nm/s] 

lh 94e-3 [m] ߙa 3° [deg] 

cr 6.3e-3 [m] CD0 0.05 

ct 1.4e-3 [m] ew 1 

ρ 1.2041 [Kg/m3] g 9.81 [m/s2] 

v∞ 5.0 [m/s] lCOM li / 2  (i: a, f, h) [m] 

Ia (Arm inertia matrix) diag[3.3, 0.017, 3.3]×1e-5 [Kg.m2] 

If (Forearm int. matrix) diag[6.2, 0.076, 6.3] ×1e-5 [Kg.m2] 

Ih (Hand inertia matrix) diag[1.0, 0.079, 1.1] ×1e-5 [Kg.m2] 

Flapping parameters: A = 70°,   ߱ = 5π,   qଵ଴ = -10° 

 
Fig. 2. Joint rotations for two flapping cycles. q1 for the arm about the 

base frame x-axis and q2, q3 and q4 are for the arm, elbow and 
wrist rotations about the local frame z-axes 

 
Fig. 3. Aerodynamic force components (faero) [N] for two consecutive 

flapping cycles. 
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B. Set-up Experiments Results 
We applied a low pass filter to the data and plotted a time 

series of both motors simultaneously (Fig. 5). We also plotted a 
return map for peaks in the data (Fig. 6). In order to observe how 
the limit cycle of the motor settles, the first half of the data for 
each motor is plotted in one colour (magenta and cyan), and the 

latter half in another (red and blue). We can see that the wing 
quickly settles down to a steady state. In order to observe the 
movement patterns of the wing, we attached an LED to the tip 
of the wing, and took 10 second long exposure photographs of 
the wing in motion at different speeds (Fig. 7). The wing extends 
upon the down-stroke, and folds mid-upstroke. One interesting 
observation is the extension that can be seen at the top of the 
upstroke, similar to the motion of a real bat. The wing will then 
extend during the down-stroke. 

IV. DISCUSSION 
In this paper we focused on studying the role of anisotropic 

stiffness distribution in the bat wing membrane on the efficiency 
of upstroke. Biological literature suggest that the elastic 
membrane helps the bat to exploit passive collapsing of the wing 
at the end of the downstroke leading to reduced drag force during 
upstroke. Through numerical simulations and experiments we 
show that the anisotropy of the membrane contributes to such 
efficiency gains only at high speeds of flapping. We observed an 
eight-shaped passive elongation-collapsing steady state attractor 
at roughly 198 rpm speed of the motors. Though we expect the 
attractor to change shape with larger loop areas at higher speeds, 
we could not perform such experiments due to hardware 
limitations. Meanwhile, it proved difficult to simulate and 
construct a robotic wing that emulated the wing folding 
kinematics of a real bat using only one degree of actuated 
motion. Besides we can look at various wing alterations, 
possibly through computer simulation. For that means, a more 
precise dynamic model of the wing is needed that can 
profoundly show the characteristics of the wing membrane. 

We showed that mimicking the behaviour of nature, such as 
the bat wing skin, can have practical and feasible applications in   
robotics. Further work could look into optimization of the 
structural design parameters to improve the passive folding 
mechanism in moderate and low flapping speed. Besides, 
different elastic networks can affect not only the timing and 
behaviour of wing folding in relation to a wing-beat, but also the 
flight properties of flapping wing UAVs. One such application 
could be the role of this elastic network in the UAV’s ability to 
perform energy efficient quick and precise manoeuvres.  

 
Fig. 5. Elastic network mimicking the layout of fibre bundles of a bat 

wing. Humerus: 37.2mm, Radioulna: 68.1mm, Digit I: 10.0mm, 
Digit II: Metacarpal 29.7mm, Proximal phalanx 6.9mm, Middle 
phalanx 4.1mm, Distal phalanx 2.6mm. Digit III: Metacarpal 
39.9mm, Proximal phalanx 29.1mm, Distal phalanx 37.9. Digit 
IV: Metacarpal 42.61mm, Proximal phalanx 22.1mm, Distal 
phalanx 22.9mm. Leg: Femur 26.2mm, Tibia 31.5mm. 

 

Fig. 4. 8-shape path of the hand tip projection on y-z plane for a full cycle (left). The intersection of the 8-shape path is maximized (middle). Sequential 
representation of small passive folding in upstroke in 3D space (right). 



V. CONCLUSION 
We designed and built a robotic bat wing with an anisotropic 

membrane capable of performing the 8-shape wing-folding seen 
in bats’ high speed flight passively. We can collect input power 
data from the wing, and observe wing-beat patterns. We 
conclude that the wing must maintain a minimum flapping 
frequency in order to exhibit its wing extending and folding 
behaviour effectively. The research potential of the anisotropic 
stiffness distribution of the bat wing and its practical 
applications is great. This robotic wing serves as a solid 
foundation for further exploration into the possibility and 
benefits of integrating this behaviour into flapping wing UAVs.  
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Fig. 6. Time series of current data after the application of a low pass 

filter for downstroke and up-stroke motors 

 
Fig. 7. Return map for peaks in the data for upstroke and downstroke 

motors, showing the steady state variability of the up-stroke and 
downstroke motor currents. 

 
Fig. 8. Inverted black and white images depicting long exposures of 

robotic wing flapping at different speeds. a) Shows the wing 
flapping at a speed such that no wing extension and folding can 
be seen. b) shows the wing flapping at a speed high enough such 
that the wing passively extends and folds. The red arrows 
correspond to the downstroke, and the blue arrows correspond to 
the up-stroke. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


