Robotica (2023), 41, pp. 306-325
doi:10.1017/S0263574722001308

&2 CAMBRIDGE
@® UNIVERSITY PRESS

RESEARCH ARTICLE

Aerodynamic analysis for a bat-like robot with a
deformable flexible wing

Bosong Duan(), Chuangqiang Guo* and Hong Liu

State Key Laboratory of Robotics and System, Harbin Institute of Technology, Harbin 150001, China
*Corresponding author. E-mail: chuanggiang.guo@hit.edu.cn

Received: 21 February 2022; Revised: 18 August 2022; Accepted: 23 August 2022;
First published online: 28 September 2022

Keywords: bat-like robot, flexible membrane, deformation, fluid-structure interaction, aerodynamic

Abstract

Due to the efficient and flexible flight ability of bats, bat-like robots have become the focus of research in the field
of bionic robots. Aerodynamic calculation is an important part of the research field of bat-like robot, which is
the basis of the structure design and flight controller design of bat-like robot. However, due to the complex flight
mechanism of bats, there is no mature theoretical method to calculate the flight aerodynamic force of bat-like
robots. To solve this problem, this paper takes the membrane of a bat-like robot as the research object and analyzes
in detail the effects of wing folding and unfolding and flexible deformation of the membrane on the chord length,
passive torsion angle and relative velocity. Based on quasi-steady state model and blade element method, a set of
aerodynamic calculation method for flexible deformed wing is established. In order to verify the effectiveness of
the proposed method, the theoretical calculation results and the results of the fluid-structure interaction simulation
are compared and analyzed under various working conditions. The two results are in good agreement under each
working condition, and the errors are all within reasonable range, which proves the effectiveness of the method.
This study can provide a theoretical basis for rational structure design and precise flight control of bat-like robot.

1. Introduction

Since the 1990s, with the development of aerodynamics theory, new materials and microelectro mechan-
ical technology, microair vehicles (MAV) have entered the trend of development, and all kinds of aircraft
have been studied all over the world [1]. The flight mode of the MAV includes fixed wing, rotor wing
and flapping wing, etc. Among them, flapping microair vehicles (FMAV) can achieve vertical take-
off and landing, hovering, side-flying and inverted flying [2], and some of them can glide, high-speed
flight and long-distance cruise [3]. Due to the bionic shape conditions, FMAV has good invisibility, low
noise and high maneuverability. It has great prospect in military investigation, scientific research and
civil field [4].

As the only mammal that can fly in nature, bats have the advantages of high flight efficiency and
strong maneuverability, becoming one of the main imitation objects in the design of FMAV [5]. Related
research on bat-like robot has attracted widespread attention from researchers around the world [6].
Representative achievements are mainly: Memory alloy joint bat-like robot of Pontificia Universidad
Javeriana [7], Brown University’s multi degrees of freedom bat-like robot [8, 9], B2 developed by the
University of Illinois and California Institute of Technology [10, 11], Bionic Flying Fox of Festo, etc.

One of the key points in the research field of bat-like robot is the calculation of its aerodynamic force.
Unlike insects [12] and birds [13], which mostly rely on the reciprocating flapping of fixed-shaped wings
to generate lift and drag to fly, the forelimbs and hindlimbs of bats are connected by the same flexible
membrane. During the flight, the area of the membrane is changed by the movement of the joints [14], the
membrane unfolds to increase the positive lift when flapping downward and folds to reduce drag when
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flapping upward. Although this complex flight mechanism improves the flying efficiency and flexibility
of bats, it also greatly increases the difficulty of aerodynamic theoretical calculation and becomes a
limiting factor that hinders the design and control of bat-like robot. So, there are few papers to analyze the
aerodynamic theory of bat-like robot. At present, there are two main research directions of bat-like robot.
One is to start with the kinematics of bats and optimize the flapping mechanism design of bat-like robot
based on actual bat flight data [15, 16]. The other is to start with the design of flexible membrane to study
the influence of deformable membrane on aerodynamics [17]. For example, lixuepeng et al. used wind
tunnel to verify that deformability had a significant effect on the adjustment of posture during gliding, the
results indicate that the aerodynamic effect produced by the flexible deformable membrane can enhance
the rationality and stability of the glide strategy [18]. Ismail et al. had found through experiments that the
flexible membrane could greatly improve the lift; meanwhile, it would also produce great drag and affect
the overall flight efficiency [19]. David Colmenares et al. explored the influence of flexible wing twist
on lift and flight efficiency, and proposed that reducing the angle of attack toward the tip and increasing
wing twist would increase lift-drag ratio and improve wing efficiency, but it would also reduce the total
lift coefficient of the wing [20]. Through combing and summarizing, it is found that most of the existing
research on the field of flexible membrane deformation is based on experimental analysis and research,
and there is no literature report on the related research on the aerodynamic theory calculation method
of flexible deformation. This also leads to the lack of theoretical support for the structural optimization
design and control of bat-like robots, which seriously limits the development of robots.

In this paper, based on the deformation characteristics of the flexible membrane of the bat-like robot,
the configuration and motion law of the bionic wing are described. Then, considering that there is a
unique way of movement for bat wings, that is, the wings will be folded and unfolded during the flap-
ping process (unfolding when flapping downward and folding when flapping upward), combined with
the passive torsion around the leading edge axis under the action of aerodynamic force, a calculation
model for chord length, passive torsion angle and relative velocity is constructed. What’s more, the BEM
is used to ensure the applicability of the quasi-steady state model, and the attached vortex mechanism
is used to calculate the circulation aerodynamic forces (the translational circulation and the rotational
circulation); at the same time, the influence factors such as virtual mass force and inertia force are
also considered, so a set of aerodynamic calculation model is established. Finally, fluid-structure inter-
action (FSI) model is simulated by XFlow, and the error comparison between theoretical calculation
and simulation calculation under different working conditions is given to verify the correctness of the
algorithm.

2. Analysis of the configuration and motion law of the wing

According to the characteristics of the bat, this paper carries out the bionic design of the structure and
the modeling of the movement mode, so that it can realize the movement form of wings unfolding when
flapping downward and folding when flapping upward. The deformation of the flexible wing studied in
this paper includes two parts: active deformation and passive deformation. Among them, the passive
deformation is realized by the flexible deformation of the membrane and the active deformation is real-
ized by the folding and unfolding of the watt six-bar linkage mechanism to drive the wing to move, as
shown in Fig. 1. In the figure, three colors of yellow, red and blue are used to show the movement of the
wing and the deformation of the membrane during the initial position of the wing, the downward and
the upward process.

In order to carry out aerodynamic calculation, the coordinate system of bat-like robot is established,
as shown in Fig. 2. The principles of establishing a coordinate system are as follows:

1. The Body coordinate system O,-X,Y,Z, is fixed at the center of gravity of the Body (in order to
facilitate the observation of the coordinate system, the rectangular block is used to replace the
detailed structure of the Body part). The O,X,, axis is parallel to the Body and points to the head
of the model. The O,Y, axis is perpendicular to the Body and points to the wing; O,Z, axis is
perpendicular to the Body upwards; X,0,Z, plane is the symmetry plane of the whole model.
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Figure 1. The movement and deformation of wing.

Figure 2. Coordinate system definition.

2. Taking the right wing as an example, the coordinate system of flapping wing O,-X, Y, Z, is
located at the leading edge shoulder of the wing, and the origin O, is located at the shoulder
joint. O,,X,, axis points to the head of the model along the flapping axis. O, Y, axis points to the
wing tip along the tangential direction of leading edge axis. O,,Z, is determined according to the
right-hand rule; Y,,0,Z, plane is the flapping plane of wings.

3. Taking the right wing as an example, the coordinate system O,,-X,,Y,,Z, is located on the mem-
brane. Since the membrane is made of thin film, and it belongs to the symmetric membrane, and
the pressure center of the symmetric membrane is also the aerodynamic center [21], so the origin
0,, is located at the pressure center, and the O,,X,, axis points to the leading edge axis along the
chord direction of the membrane. O,,Z,, axis is vertical to the direction of the membrane upward;
0,,Y,, is determined according to the right-hand rule, where the X,,0,,Y,, surface is the surface
of the membrane (because the membrane needs to be divided into strips later, this surface is
actually the surface of each strip).
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Trajectory of the wingtip

Figure 3. The trajectory of the wingtip.

P;

’

Figure 4. The watt six-link structure diagram.

The trajectory of the wingtip in one cycle is simulated as shown in Fig. 3. It can be seen from Fig. 3
that the wingtip’s trajectory is crescent-shaped, indicating that there is a lateral displacement of the
wings during the reciprocating flapping process, that is, the wing membrane area will change during the
movement.

The motion law of the membrane (flapping motion and deformation motion) will be explained below:

The flapping angle of the membrane changes with time as follows:

0,(t) = A sin(2rft) (1)

where 6, is the flapping angle, A, is the amplitude of flapping angle, f is the flapping frequency.

The watt six-link structure diagram with wings folding and unfolding is shown in Fig. 4. In the figure,
point Py is located at the origin O,, of the wing flapping coordinate system (O,,-X, Y, Z,). Points P,~Ps
are the connection points between the wing skeleton and the membrane, and point P; is the movement
point that drives the deformation of the wing skeleton. The variable yp, marked in the figure represents
the displacement of wing deformation movement. The red and green arrows indicate the direction of
movement of the wing skeleton.

The displacement(yp,) curve of active deformation is obtained through calculation, as shown in Fig. 5.
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Figure 5. The displacement curve of active deformation.
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Figure 6. Shape and strip division of membrane.

3. Aerodynamic calculation method of flexible deformable wing
3.1. Related parameters

The chord length and relative velocity of membrane are the key parameters to calculate aerodynamic
force. The membrane will deform with the movement of the wing, so the chord length and relative
velocity of each position are different at each time. It is necessary to use BEM to divide the strip
of the membrane and calculate the chord length and relative velocity of each strip in real time to calculate
the instantaneous aerodynamic force. Figure 6 is the concept diagram of the membrane, in which the
shape of the membrane is shown on the left side of the flapping axis, and the strip division is shown on
the right side of the flapping axis.

3.1.1. Calculation of membrane structure parameters
In the process of bat flapping, the membrane will produce a certain degree of spatial deformation due to
its movement and elasticity, which can be divided into two parts: The first part is that because the wing
skeleton flaps around the flapping axis, but the tail remains stationary, there will be an angle between
the two, but the membrane is stuck to the wing skeleton and tail at the same time, so there will be a
height difference between the leading edge and the trailing edge of the membrane relative to the initial
plane. The second part is the elastic deformation of the membrane because of the aerodynamic force.
To facilitate understanding, the deformation of the membrane is decomposed for illustration, as shown
in Fig. 7.

Figure 7(a) represents the three-dimensional model diagram of the membrane in the downward pro-
cess, including the deformation of the membrane and the projection of the membrane on the initial plane
(projection is represented by dotted lines). Figure 7(b) shows the model in the downward process of the
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Figure 7. The decomposition of membrane deformation.

membrane, which is used to explain the deformation of the membrane, including the deformation dia-
gram of the membrane and the projection diagram of the initial plane; Fig. 7(c) and (d) are schematic
diagrams of the deformation of the membrane in Fig. 7(b) after decomposition (separated along the
plane P,P,P;P,PsP¢P,y), where Fig. 7(c) represents the elastic deformation of the membrane because
of the aerodynamic force; Fig. 7(d) represents the height difference between the torsional deformation
of the leading and trailing edges of the membrane relative to the initial plane (the plane composed of
dotted lines).

In Fig. 7, ¢(r, t) is the angle of the strip (The strip with a distance r from the flapping axis PP, at
time ¢) relative to the initial plane, which is defined as the passive torsion angle. Its physical significance
is the angle between the strip string and the flapping axis after the membrane twisted around the leading
edge axis. hp,; is the height of the leading edge due to flapping; /,, is the height of the trailing edge due to
flapping; Ahy,q is the height of the leading edge due to the flexible deformation of the membrane; Ay,
is the height of the trailing edge due to the flexible deformation of the membrane. The above deformation
parameters (¢(7, 1), pr1, Bpr2y Alneads Al €tC.) all represent the deformation of the membrane, so these
variables are located on the membrane plane and in the membrane coordinate system(O,,-X,,Y,nZm) -

Due to the particularity of the bat wing structure, the deformation of the side membrane fixed to
the tail, the arm membrane of the middle section, and the hand membrane of the wing hand part are
different, so the research needs to be divided into three parts [22], as shown in Fig. 8.

The first part (P PoPsP1;) is the part connected with the membrane and the body, in which PP, is
connected with the body and PP, is connected with the tail, both of which do not produce deformation,
so this part only needs to calculate the deformation of the leading edge. The second part(P,, PsPsP>) is
the middle part of the wing; in this part, two equivalent deformations should be considered and calculated
simultaneously. The third part(P,PsP,P5) is the part where the membrane is connected with the wing
hand; this part only needs to calculate the deformation of the trailing edge.
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Figure 9. Analytical diagram of bat membrane deformation.

First, for the first part, analytical diagram of bat membrane deformation is shown in Fig. 9. In the
figure, r represents the distance between the strip and the flapping axis P,P,o; ¢(r, 1) is the passive
torsion angle of the strip at this moment where the distance from the flapping axis is r; rps represents
the distance between the strip PsP;; and the flapping axis; ¢ps(f) represents the passive torsion angle
of the strip where PP, is located, which is also the largest passive torsion angle (absolute value) of
the first part; 0, is the flapping angle; Ahy.,q is the height formed by the flexible deformation of the
membrane from the leading edge of the strip at a distance r from the flapping axis.

P, P, is the leading edge of the membrane, which will be deformed by aerodynamic force. For cal-
culation, PP, is assumed to be a beam structure (a beam with a large amount of elastic deformation)
with both ends fixed instantaneously. The beam is subjected to uniform force (assuming the aerody-
namic force as uniform force), which will produce bending deformation, and its height due to elastic
deformation is:

3
g (1,4 _ reip 3) qrpip2
2 (IZr 6 r + 24 r

EIlead

Ahlead = (2)
where El,,, is the bending rigidity of the leading edge; ¢ is the uniform aerodynamic load; rpp, is the
distance between P, and P,.

Through the geometric relationship in Fig. 9, the expressions of chord length and passive torsion
angle can be obtained:

6, de, :
c(r,h)= \/<2r - sin >~ sign (00E> Ahlead> + (P,Pyy + rtan 30")2, 0<r<rp(t) 3)
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2r - sin % Sign (0 %) Ahlead

2 0 dt
PPy + rtan 30°
Next, calculate the second part, that is 7ps(f) < r < PyP,. The schematic diagram of the structure of
this part is shown in (c)and (d) in Fig. 7. Similar to the deformation of the leading edge, the trailing
edge part PsPg is also assumed to be a beam structure with both ends fixed instantaneously, and then,
the height of the leading and trailing edges due to elastic deformation are:

¢ (r,t) = + arctan LO0<r=<rp (1) 4)

3
q (L’A _rep 1’3) + qrpzfz r

Ahleadl = 202 Eﬁl (5)
lead
q (1 r—r 4 _ rpspe r—r 3 _‘_fm’sps3 r—r
= G =)t = B = r)) + 5 = 1) ©

EIback
where El,,, is the bending rigidity of the trailing edge; rpsps is the distance between Ps and Pg.; rpg is

the distance between P4 and flapping axis.
The height of any point on the leading edge and the height of the corresponding trailing edge point:

hPZ . o0
hppt = ——Fpy1 = 2Fpyy - SIN — (7
Tpip2 2
Tpra — Tpe
hpyy = ———hp, )]
rpip2 — Fps

The projection on horizontal plane of the chord length formed by the connecting point P,; and P,,:
Tpip2 — Ipri

rpip2 — I'ps

;1P;2=P2P5+( >[(rp6~tan30°+PlP,0)—P2P5] 9

The height difference between P,, and P,, is:

de, do,
hpropr = (hPrZ — sign <90 d ) Ahback) - (hPrl — sign (QOE> Ahlead) (10

So, the expressions of chord length and passive torsion angle can be obtained:

Npiap,
(P(r,t)zatan( fzp,l),rpﬁfrfrplpz (11)
rid 2
c(r,ty=P,P,= \/hpr2Pr12 + (PuPu)’, rps <7 < Ipim (12)

Finally, for the third part, that is the torsion angle of the membrane between r > P, P,, because this
part is connected with the wing hand part, and the skeleton layout of the wing hand is fixed, the chord
length of this part is related to the shape of the wingtip

For this part, the height of the trailing edge due to elastic deformation is:

4 3 3
g L [ r=rpip __ 1 _rpop3 r=rpipy + KA P2P3 r=rpipy
2 12 €OS Phand 6 CoS Phand COS Yhand 24\ cos ghand COS Yhand

Ahhand = EI
hand

(13)

where

I'pap3

COs (phand - 5 >
vV (rpap3)” + (rpaps)

So, the expressions of chord length and passive torsion angle can be obtained:

I 2
cr.t)= (P2P5~ (1 - (%) )) + (Alt)’s 7> T (15)
max ~— TP1P2
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Figure 10. Chord length change in one cycle. (The abscissa should be the span length of the membrane,
but the active deformation of the wings will cause the span length to change in real time. In this paper,
the BEM is used to divide the span into 1000 strips, and strip algebras are used to replace the span
length).

where I is the wingtip shape index (I reflects the wingtip shape).

A hhand
1
pips- (1= (722))

In summary, the passive torsion angle of the wing membrane is:

@ (r,t) = atan

s 2 Fpipo (16)

2r-sin % —sign (9{, ‘%” ) Ahjead

+ arctan Py Pyo+rtan 30°

LO0=<r=<rp (1)

h,
atan (Lf)") s <1< Foipa

@ (r,n)= 1P (17
atan | —fmmd )y >y
(fPZPs-(1<':;§;§2>’)>
The chord length distribution of the wing surface c(r, f) can be summarized as:
\/(27' ) Sil’l %0 - Sign (90 %) Ahlcad)z + (PIPIO + rtan 300)2’ O S r S Tpe (t)
I (r’ t) — \/hPVZPVIZ + (P/rlp/rz)z, Tps <1 =<TIpip (18)

e
\/<rP2P5 : (1 - (ﬁ) )) + (Ahhand)z’ r=rpip

The initial parameters are used to calculate the chord length and passive torsion angle, and the curve
of chord length and torsion angle in one cycle is obtained, as shown in Figs. 10 and 11. The brown area
in Figs. 10 and 11 is the real-time change curve of the chord length along the span in one cycle. For the
convenience of explanation, take the chord length and the passive torsion angle curve at any time for
explanation, as shown in the red curve in the figure. The four points marked in the red curve correspond
to the chords P,P,y, PsP,;, P,Ps and the wing tip in Fig. 8. The three curves enclosed by these four
points represent the chords in the three regions of the wing membrane in Fig. 8. It is easy to understand
by comparing Figs. 10, 11 and Fig. 8.
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Figure 11. Passive torsion angle change in one cycle.
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Figure 12. Projection velocity of freestream velocity.

3.1.2. Calculation of relative velocity
The relative velocity on the strip is composed of three parts: the passive torsion velocity caused by the
flexible deformation of the membrane, the flapping velocity caused by the reciprocating flapping of the
wing, and the freestream velocity.

The passive torsional velocity v, (r, t) is:

1 ap(r, 1)
() = =5e () = (19)
The flapping velocity of the wing v,(r, ¢) at the strip with the distance from flapping axis r is:
d
Vot (7, 1) = —rd—ta, (t) = —mfA;r - cos 2mft) (20)

The projection velocity vy (f) of the freestream velocity on the surface x,,0,,z, can be shown in
Fig. 12, which can be obtained:

Vir (1) = Vyoo - COS f5 21

cos B, = \/1 — [sin (% - ﬂ) sin 90]2 — /1 —sin?6, cos? B 22)

cos (3 — B) _ sing

cos B, " cos B>

(23)

cos B3 =

where vy, is freestream velocity, B, is the angle between freestream velocity and surface x,,0,,2,., 0 is
the flapping angle, B is the angle between the flapping plane and the horizontal plane, f; is the angle
between vi(¢) and axis O,,x,,.
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Figure 13. Composite of relative velocity.

In the plane x,,0,,z,,, the combination of the three velocities is shown in Fig. 13:
The relative velocity and the components of velocity on the x,, and z,, axes are shown below:

VRx (r’ t) = —Vy COS ﬂ'ﬁ + Vit sin @

Vre (7, 1) = Vpr + Ve Sin B3 — vy COS @ (24)

VR(r’t)ZVvlz?x—i_V%?z

3.2. Aerodynamic modeling

In this paper, assuming that the bat-like robot always flies at a constant speed and stably, the quasi-steady
aerodynamics model can be used to predict the aerodynamics of the flapping membrane. What’s more,
the BEM is used to strip the membrane, the unsteady flow is regarded as quasi-steady flow at each time
and in each strip. Whitney and Wood [23] have proved that the BEM can ensure the applicability of the
quasi-steady aerodynamic model.

3.2.1. Translational circulation aerodynamic force

The translational circulation generated by the membrane consists of two parts, one is the circulation gen-
erated by the freestream flow acting on the membrane. The other part is the change of the velocity caused
by the flapping of the wing, resulting in the circulation. The quasi-steady translational aerodynamic force
can be obtained through the vector synthesis of lift and drag in the membrane coordinate system. The
tangential component of translational aerodynamic force is very small and can be ignored. The two-
dimensional quasi-steady constant lift and drag coefficient of the membrane can be given according to
the empirical equation by Dickinson [24]. However, the equation summarized by Dickinson is an empir-
ical equation based on insect experiments, and the model in this paper is a bat. Due to the large difference
in size, this equation cannot be directly used to calculate the bat model, and the coefficient needs to be
corrected according to the experimental data of bats. Using the data of the bat lift coefficient and drag
coefficient obtained by Colorado [25], the empirical equation summarized by Dickinson is modified.
The revised Egs. (25) and (26) are as follows:

C, =—8.487 — 9.588 sin (0.0233c +4.304) 25)
Cp =0.2844 + 0.2262 cos (0.09426« + 3.652) (26)
The lift and drag on each strip are:
1
dLlrans = 510 Vtzmns CLCdr (27)
1 2
ADyans = 3 PV Cocdr (28)
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vtrans = \/ Vj% + V<2>o (29)

Voo - SINQ + Vy
Qlrans = A tan (w—f) (30)
Voo * COS O
Aerodynamic force on each strip is:
dNtrans - strans + COS Cyrans + thrans : Sin Cyrans (31)

3.2.2. Rotational circulation aerodynamic force

The membrane is made of flexible material. In the process of reciprocating flapping, it will be affected
by aerodynamic force, which will cause passive torsion, resulting in an angular velocity along the lead-
ing edge axis. However, the translational aerodynamic model cannot capture the amount of circulation
caused by the continuous change of torsional angular velocity. Especially when the area of the membrane
is large and the material is soft, this rotational circulation cannot be ignored [26]. Therefore, aerody-
namic force caused by the passive rotation needs to be considered. The aerodynamic force of passive
rotation on any strip is:

1
dF, = E,oa)@a),C,rczdr (32)
¢, =m(0.75 — &) (33)
d
wy = a_’te = mfA; cos(2mft) (34)
d
=— 35
w; dtfﬂ (35)

where w, is the flapping angular velocity, w, is the passive rotation angular velocity, C, is the rotational
circulation aerodynamic force coefficient, x, is the dimensionless length between the pitch axis and the
leading edge axis.

3.2.3. Added-mass force
The above is to use the attachment vortex mechanism to calculate the circulation aerodynamic force
(translation and rotation). But in many cases, especially when the wing is large, the non-circulation
mechanism also has a great influence on the aerodynamic force. Therefore, it is necessary to consider
the factors of non-circulation mechanism in aerodynamic calculation.

In aerodynamic research, non-circulation mechanism generally refers to added-mass force. The
method mentioned by Wood [23] is used to derive and calculate the normal added-mass force on the
plane of the membrane:

dF. add, N = ~Mladd mid NN — madd,w,N¢ (36)
And:
ay=—r(0+¢¢)=—rb (37)
Myddmid N = Zﬂpcz (38)
1 2
MyadpN = Z”PC Cdis (39)

where cg; is the distance between the pitch axis and the midpoint of the strip.
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So, the normal added-mass force on the plane of the membrane is:

1 a5 2 1 y
dF N = anc Or-dr — anc Caisprdr (40)

3.2.4. Inertia force
Some scholars have conducted experimental studies on aerodynamic forces and found that inertia force
plays an important role in aerodynamic test experiments, especially in the vicinity of wing pitch inver-
sion, where the inertial force is almost equivalent to the additional mass force [27]. Therefore, it is
necessary to consider the contribution of inertia force.

Because the membrane is connected to the wing skeleton and the shape is irregular, the BEM still
needs to be used to calculate the inertial force on each strip. The inertial force of each chord is:

dFinerl,x = _dmstrip : V}?x(r’ t) (4])
dFinert,z = _dmstrip ° V.Rz (r, t) (42)
And:
dmstrip = Pmem * hmcmc(r’ t) dr (43)
where dmy,;, is the mass of each strip, pp.n is the density of the membrane, /1., is the thickness of the
membrane.
The inertial force of each chord is:
dFinerl = [dFinert,xa O: dFinerl,z]T (44’)
dFinerl,N = _dmstrip : V'R (V, t) (45)

3.2.5. Resultant aerodynamic force
Based on the above aerodynamic forces, the resultant aerodynamic forces can be obtained as:

dFres = Nlrans + dFrol + dFadd,N + dFinerl,N (46)

The normal aerodynamic force obtained is only in the wing coordinate system, which needs to be
transferred to the body coordinate system. The rotation matrix is used to transform the aerodynamic
coordinate on the strip to the body coordinate system O,-x,y,z,. The rotation transformation matrix R
is:

cos ¢ 0 sin ¢
R=Rx,0,)R(y,p)= sinf,sing  cosf, —sin6,cos¢ @7
—cosf,sing sinf, cosb,cos e

So, the aerodynamic force in the body coordinate system is:

FDrag — COS 9(, sin Q- dFres
deody = FLaleral =R- dFres/_é = sin 90 . dFres (48)
Fuin c0s 6, cos @ - dF

The three forces in Eq. (48) are the components of the aerodynamic force of the single wing on the
X, y, and z axes, which represent drag, lateral force, and lift. The lateral force is not of great significance
due to the equivalent reverse effects of the two wings. This study only considers the lift (dF;,) and
drag(dFp.,.). The lift and its components obtained according to basic parameters are shown in Fig. 14.
The drag and its components obtained according to basic parameters are shown in Fig. 15.
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Figure 15. Drag and its components.

As can be seen from the Fig. 14, aerodynamic force is mostly derived from translational circulation
caused by freestream flow and wing flapping. The average lift in one period accounts for 75.35%. The
aerodynamic force caused by passive rotation only accounts for 14.01% of the whole, and all of them are
negative lift. The added-mass force has great influence on aerodynamic force, accounting for 10.06%,
and produces positive lift. However, due to the reciprocating flapping of wings, the average inert lift in
one period only accounts for 0.58% of the whole, which is almost zero. It has almost no effect on the
average lift, but only affects the transient lift.

As can be seen from the Fig. 15, aerodynamic force is mostly derived from translational circula-
tion, the added-mass force and rotational circulation, while the inertia force has little influence. Among
them, the translational circulation mainly affects the average drag, and at the same time, due to the exis-
tence of the translational circulation, the positive average drag will be generated. The added-mass force
mainly affects the instantaneous drag, but only 7% of the average drag, and produces negative drag.
The rotational circulation mainly affects the average drag, accounting for 18% of the whole, but it pro-
duces a negative average drag. However, due to the reciprocating flapping of the wing, the average drag
in one cycle only accounts for 3% of the whole and has almost no influence on the average drag and
instantaneous drag.
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Figure 16. Comparison of aerodynamic coefficients between simulation and experiment. (a) Lift
coefficient changing with angle of attack. (b) Drag coefficient changing with angle of attack.

3.3. Comparison and analysis of results

In order to verify whether the aerodynamic force calculated by the above algorithm is correct, the com-
mercial CFD software XFlow based on the Lattice Boltzmann method is used to simulate the flow
around the flapping wing. The solver can effectively deal with moving objects, and because of its auto-
matic mesh generation (AMG) function, it can reduce the time of meshing process, improve the solving
efficiency and ensure the calculation accuracy. In order to verify whether XFlow is suitable for flow field
simulation of bat-like robot, this paper uses the wing model and experimental conditions in Colorado
[25] for simulation and compares the simulation data with the experimental data in this literature. The
results of lift coefficient and drag coefficient changing with angle of attack are shown in Fig. 16. It can
be seen from the curve that the simulation and experimental data are highly consistent. The average lift
error of the two sets of data is 2.48%, and the average drag error is 4.68%, which can prove the accuracy
of the simulation.

The two membranes flap symmetrically with the same flapping rules. Without considering the cou-
pling of the flow field, the simulation with a single wing can shorten the calculation time and improve
the calculation efficiency.

Figure 17 shows the bat membrane model and simulated wind tunnel used in this paper. The mem-
brane material is PDMS, this material density is 1000 kg/m?, the elastic modulus is 2.3 MPa, and the
Poisson’s ratio is 0.4. Abaqus is used to mesh the model. The hexahedral mesh is used for the mesh, and
C3D8R is selected for the mesh element, which is used to conduct three-dimensional stress analysis of
the membrane plane. In Fig. 17a, the coordinate origin O,, point is set on the shoulder of the membrane,
0,Z,, axis is the flapping axis of the membrane, and V., is the freestream flow velocity of the flow field
in the simulated wind tunnel. Fig. 17b is the simulated wind tunnel diagram for calculation. In order to
reduce the influence of boundary conditions on the flow field, the membrane model is placed in a wind
tunnel of about 101 x 101 x 151 (3m x 3m x 5m), and [ is the length of bat wingspan (about 0.3 m). In
the flow field area, Z-axis direction is set as freestream flow velocity, X-axis and Y-axis have no flow
velocity, and the outlet boundary is also the freestream outflow with velocity gradient of 0. To ensure
the convergence of the results, set the Courant number to 1. The particle size in the wind tunnel is set as
0.01, and the total particle number is 45,000,000, which is enough to ensure the accuracy of calculation.
The flow field medium chooses the air under normal temperature, and the other simulation conditions
are set as the maximum flapping angle of the membrane is 30°, the flapping frequency is 10 Hz, the angle
of attack of the membrane is 15°, and the freestream flow velocity is 5 m/s. The flapping movement and
deformation movement of membrane are set according to Eq. (1) and Fig. 5 given above.
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Figure 19. The error of average aerodynamic force in theoretical calculation and experimental simu-
lation under each working condition. (a) The error of average lift. (b) The error of average drag (The
abscissa of the figure: "v6" represent the freestream flow velocity of 6 m/s; "aa20" represent working
conditions with angle of attack of 20°; "fa40" represent working conditions with flapping angle of 40°).

The comparison between the calculation and simulation obtained by using the above initial conditions
is shown in Fig. 18.

The correctness of the theory can be verified through the analysis of Fig. 18. The theoretical calcula-
tion results are ideal and smooth, while the simulation results are more real but rough. The trends of the
two are generally the same, and the curve fitting is very high. However, there are still some deviations,
which are caused by the influence of unsteady effects. The theory is derived on the basis of the quasi-
steady state model, ignoring the influence of unsteady, which should be the reason for the deviation of
the curves. In addition, the membrane is affected by the aerodynamic force to produce elastic deforma-
tion and elastic force, and the elastic force will have a lag phenomenon relative to the aerodynamic force,
so the simulation curve shows oscillation under the combined action of elastic force and aerodynamic
force. From this perspective, the result curve is analyzed: firstly, in the whole movement process, the
elastic deformation always exists; that is, the oscillation always exists, so the corresponding curve shows
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that the whole simulation curve is not smooth; when the aerodynamic force is in the maximum and min-
imum position, the elastic deformation of the membrane is the largest, which leads to a large change
of the surface force on the membrane at this time; therefore, the oscillation of the curve is the most
serious. That is the reason of the oscillation of simulation results shown in Fig. 18. From the numerical
results, the maximum lift of both is around 4 N, and the maximum negative lift is around —2 N, while
the maximum drag of both is around 0.08 N, and the maximum negative drag is around —0.06 N, the
peak values of curves of both are almost the same. The average lift calculated by theory is 0.8997 N,
and the average lift obtained by simulation is 0.9236 N. The error between the two is 2.59%, within an
acceptable range. The average drag calculated by theory is 0.0402 N, and the average drag obtained by
simulation is 0.042 N. The error between the two is 4.29%, within an acceptable range. From what has
been discussed above, the theoretical calculation can be considered accurate.

The average error of a single working condition is insufficient to show the stability of the algo-
rithm. The average aerodynamic error of each working condition will be calculated by changing different
parameters below. Compare the average lift and drag error under the conditions such as flapping angle
40°, 35°, 30°, 25°, 20°, freestream flow velocity 6 m/s, 5m/s, 4 m/s, 3 m/s, 2 m/s, angle of attack 20°,
15°, 10°, 5°, 0°, etc. As shown in Fig. 19, the trend of the curve is similar to Fig. 18, so we will not draw
them individually and only compare the error diagram.

In Fig. 19, the blue bar represents the average aerodynamic force under each working condition of
theoretical calculation, the orange bar represents the average aerodynamic force under each working
condition of experimental simulation, and the gray line represents the error between theoretical calcu-
lation and simulation. It can be seen from the bar chart that the freestream flow velocity and the angle
of attack have a greater influence on the average aerodynamic force, while the flapping angle has a little
effect on the average aerodynamic force. This is because both the freestream flow velocity and the angle
of attack will directly affect the amount of translational circulation and have a monotonous effect on
the aerodynamic force within a cycle. As for the flapping angle, due to the reciprocating flapping of the
membrane, the effect is also reciprocating, and the positive and negative are almost offset each other,
so the influence on the average aerodynamic force is small. It can be seen from the line chart that the
average aerodynamic force error under each working condition is very small, the smallest lift error is
only 1.15%, and the largest lift error is only 6.80%, the smallest drag error is only 2.01%, and the largest
drag error is only 8.97%, within an acceptable range. It is enough to prove the accuracy and stability
of the theoretical calculation. In addition, a phenomenon can be observed from the graph: With the
decrease of freestream flow velocity, angle of attack and flapping angle, the error also decreases rapidly.
This is because with the decrease of these parameters, the unsteady effect of flow field weakens, so the
theoretical calculation results are closer to the simulation results, the error decreases rapidly, which also
verifies the correctness of the theoretical model.

4. Conclusion

Taking the bat-like robot as the research object, and according to the aerodynamic characteristics of
bat wings in flight, this paper establishes a set of calculation methods for the aerodynamic force of
deformable wing membrane, which successfully realizes the aerodynamic calculation of membrane
including active deformation and flexible deformation, and solves the problem of imperfect aerodynamic
theoretical calculation for bat-like robot. For the first time, the equation of chord length and passive tor-
sion angle caused by the folding and unfolding of wing and the flexible deformation of membrane is
obtained, and the corresponding curve is given. Based on the quasi-steady state model and BEM, the
aerodynamic force generated by the combined action of the translational circulation, the rotational cir-
culation, the added-mass force and the inertial force is calculated. In addition, the influence of these
dynamic models on aerodynamic force is analyzed, and the variation curves of aerodynamic force and
its components are given.

In order to verify the correctness of the proposed theory, the aerodynamic results obtained by FSI
simulation are compared with those obtained by theoretical calculation. It is found that the aerodynamic
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force curves obtained by the two are in good agreement, and the average aerodynamic force is almost the
same, which proves the effectiveness of the proposed method. What’s more, when analyzing the error
curves, itis concluded that as the unsteady effect weakened, the theoretical and simulation errors became
smaller and smaller, thus verifying the accuracy and stability of the theoretical method. The research
in this paper solves the problem of incomplete aerodynamic theory calculation of bat-like robot and
establishes the theoretical basis for the structure optimization design and control of bat-like robot.

Future work

In the future, we will build a prototype and an experimental platform and use the experimental results
to verify and analyze the theoretical calculation method. Based on the calculation method in this paper,
we will analyze the influence of different factors including active deformation and flexible deformation
on aerodynamics. Finally, the algorithm in this paper is applied to the structure optimization design and
control of the bat-like robot.
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