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Active twisting morphing (ATM) wings have significant implications for biomimetic swimming or flying robotic
vehicles. This article considers an ATM wing that has one shaft with many ribs, each rib is driven to swing in its
individual plane that is perpendicular to the shaft, showing increasingly swing angles from the wing base to the
wing-tip and thus form active wing twisting. For the overall twisting angle of the wing that is less than 90 degrees
(e.g., during cruising operations of the robotic vehicles), we show that the geometry of mechanical imple-
mentations of the twisting wing can be further tightened using segment gears for transmission, instead of normal

whole gears, which constraints have been largely unexplored. Here we provide the geometric constraints on the
transmission with segment gears for such wing and give tighter feasible solutions of the constraints as well as
provide the mechanical implementations using segment gears that are compact for ATM wings for biomimetic

robotic vehicles.

Introduction

Morphing wings are commonly used for some aircraft, robotic birds,
or robotic fish [1-8,10,12-18,23-30]. Wing twisting (or wing torsion
[11) of an active twisting morphing (ATM) wing is effective to control, e.
g., flapping, roll, and yaw of a swimming or flying robot [1]. There are
many methods to achieve twisting of morphing wings. Smartbird has
active control of each wing twisting, which is achieved by a motor
installed near the wing-tip, and the active wing twisting can improve
aerodynamic efficiency more than 80 %, compared with passive wing
twisting that is only about 30 % [1]. The outermost rib of each wing of
SmartBird is installed on the motor, and as the motor rotates, this rib
also rotates (swings) with respect to the spanwise axis of the wing. There
are two elastic cables that connect the leading edges and the trailing
edges of all the ribs, respectively, of each wing. Thus, the swinging of
other ribs is driven by the outermost rib through the two elastic cables.
That is, the wing twisting along the wing-span is largely induced by
elastic materials, and the wing twisting cannot be fully controlled by the
motor along, since the external aerodynamic or hydrodynamic loading
on such wing also has significant influence on the wing twisting that is
uncontrollable and also less easily measurable. There is few research on
ATM wings with spanwise accurate twisting and large loading
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transmissions to movable wing parts [2,13,34,35]. There are researches
for passive twisting or deformation, e.g., the twisting wing with
lattice-based cells [3], a morphing wing with a twisting tensegrity
mechanism [4,31,32], the wings with aeroelastic structures [11], or
with shape memory alloys [15,22,33].

Compared with Ref. [1], the mechanics of ATM wings are considered
in Ref. [2]. For the simplest implementation of an ATM wing, there is a
shaft driven by a motor that is installed at the wing base, a beam is fixed
on the stator of the motor which is parallel to the shaft, and some ribs
located on the shaft, each rib can swing in its individual plane that is
perpendicular to the shaft, showing increasingly swing angles from the
wing base to the wing-tip, as the shaft rotates, thus forming ATM wing
that is similar to typical wing twisting of bird wings [16,18-20]. Usually,
a wing can be covered with elastic materials as a skin to keep smooth
between ribs for better aerodynamic or hydrodynamic performance [36,
37].

For given values of the center distance between the shaft and the
beam and the radii of the cross-sections of the shaft and the beam, then,
the ranges of the feasible radii of the gears (i.e., pitch circles, root circles,
and outside circles), as well as the gear ratio, can be determined for the
wing, but the range of the gear ratios is often limited and some gear
ratios may be infeasible (typically lower than the feasible range) with
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Fig. 1. (a) Illustration of a robotic wing with ATM capability. The gears for rib
1 are both whole gears. Gear B for rib 2 can be either a whole gear or a segment
gear. While the gears for ribs 3 and 4 cannot be all whole gears. The wing
flapping mechanism is omitted here as it is not the focus of this article. The skin
of the wing is also omitted. (b) Active twisting (torsion) wing of SmartBird [1].

usual implementations for the geometric constraints. The feasible solu-
tions of the constraints have been expanded in Ref. [2] by adjusting the
center distance to be shorter of each pair of gears than the center dis-
tance between the shaft and the beam.

Usually, a cross-section of the wing is an airfoil, and its geometry is
often a major concern for a better performance, and the tight height of
the airfoil may be usually preferred, similar to the reduction of joint
diameters [14]. For the overall twisting angle of the wing that is less
than 90 degrees, typically for robots with only cruising operations [21],
the geometry of implementations of wing twisting can be further
tightened via gear transmission using segment gears, instead of using
normal whole gears [2].

The main contributions of this article are as follows: Consider the
typical swing angles of the ribs that are less than 90 degrees, for such
scenarios, the transmission constraints are designed with segment gears,
instead of using normal whole gears, for wing twisting, and then provide
more tighter feasible solutions of the constraints, as well as mechanical
implementations using segment gears that are compact for morphing
wings of swimming or flying robots. The feasible solutions of the radii of
the gears could be significantly extended compared with the results in
Ref. [2] that are limited or even have no feasible solutions for whole
gears.

The corresponding mechanical implementations have low control
complexity, low inertia, and high robustness that can tolerate the de-
formations of the shaft and the beam; the properties of accurate active-
twisting along the wing-span and large load transmissions to movable
parts may be better than the material-elastic induced twisting along the
wing-span of SmartBird [1]; and the motor installed at the wing base has
less mass inertia and moment of inertia, compared with the case of the
motor installed near the wing-tip for SmartBird [1]. Such a robotic
twisting wing or twisting wing segments are applicable to the wings of,
e.g., swimming or flying robotic vehicles [1,6,7,9,18-21]).

The rest of this paper is arranged as follows: Section II is the
description of the problem. Section III reviews the previous results.
Section 1V is the feasible solutions of the constraints with implementa-
tions for ATM wings. Section V is the conclusion. A video is also
provided.
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Fig. 2. Illustration of the meshing gears.

Problem description

This paper focuses on ATM of a robotic wing (Fig. 1). The shaft is
driven by the rotor of the motor installed at the wing base, the beam
fixed on the stator of the motor is parallel to the shaft; rib i swings with
angle y; € R in either the negative or positive direction in its swing
plane, when the shaft rotates with rotation angle y,, € R, v,, € [ — 70, 70>
where y, > 0 is the maximum wing twisting angle. Define &,; := 7;/7,, €
(0, 1] as the twist-ratio of rib i, the positive direction represents the
positive wing pitch. Consider gear transmission for the swing of a rib via
a pair of gears, the external gear is fixed on the shaft, the internal gear is
installed on the beam through a rolling bearing (the center of the rolling
bearing does not necessarily be the center of the cross-sectional center of
the beam) [2].

For the maximum wing twisting angle less than 90 degrees, i.e.,
Yo < /2, then one or both gears for driving a rib can be made as segment
gear(s), then, what are the feasible solutions?

For ith pair of gears for rib i, subscript i is used in notations. For
clarity, we just consider two meshing gears and omit the subscript of
notations. To achieve the twist-ratio of a rib, consider gear transmission
by a pair of meshing gears, external gear A has radius 4 > 0 of the pitch
circle, internal gear B has radius rz > 0 of the pitch circle, the gear ratio,
i.e., the inverse of the twist-ratio, is:

Ci=rpfry > 1, &)

For gear A, > 14 > r,, wherer, is the radius of the root circle, r; is
the radius of the outside circle. For gear B, r; > rp > ry, where r; is the
radius of the root circle, r; is the radius of the outside circle. Denote 5, :
=1y —Ta>0,8,:=14 =1, >0,8;: =75 —15>0,8,:=r5 — 1 >0.
Usually, 6,, 5,, 55, and &, are very small, compared with the radii of the
gears. The corresponding constraints are:

8y > 68, >0,8,>8,>0, )

Remark 1. Inequalities (2) hold throughout this article and will not be
repeated in each of the inequalities in the following of this article for the
lack of space.

Denote r; > 0 and r, > 0 as the radii of the cross-section of the shaft
and the beam, respectively. The distance between the cross-section
centers of the shaft and the beam is dy > 0. ry, ry, and d, are constants
that are predetermined,

dy > ri +r, 3)
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Fig. 3. Illustration of the meshing gears with d € [dy — r2, do]. (a) Gear A is a whole gear; gear B is a segment gear. (b) Gears A and B are whole gears. (c) Gears A and
B are segment gears. (d) Gear A is a segment gear; gear B is a whole gear. (e) Gears A and B are segment gears. (f) Gear A is a segment gear; gear B is a whole gear.

Brief review of previous results

This section describes the previous results in Ref. [2] for
self-containment of this article and for the comparative purpose.

The common implementation of gear transmission is that the centers
of gears A and B are located at the cross-sectional centers of the shaft and
the beam, respectively, thus, the center distance between the gears is:

rg =715 = dy, C)]
the geometric constraints for two meshing gears are:

Ci=rp/ra> 1,
rg —ra =dy >0, %)
ry € (r. +5'A, dy— 1 —5;4),

thus, in inequalities (5), the range of the gear ratio is:

ce(1+ % S d”,), (6)
dy—1r,— 06, r + 0,
and for ry and rg from Egs. (1) and (4),
d,
ra = ra(f) 24_01,
(@)
s = VB(C) = o
{-r

20F

18

16

Fig. 5. Illustration of feasible solutions of r4 with respect to ¢. The gray areas
represent the results in Fig. 6 of Ref. [2] also shown in Fig. A5. Area 1 is the
result of Fig. 4(c), area 2 is the result of Fig. 4(a) and Fig. 3(a), area 3 is the
result of Fig. 4(b), area 4 is the result of Fig. 4(d)-(i), and area 5 is the result of
Fig. 3(c)-(f). Here the values of coordinates show the example with dy = 25,

ro=ry=6,08, =65 =2,y =65 =1.

the feasible values of r4, g, and ¢ for inequalities (5) are in Fig. 3 of
Ref. [2].
To solve the desired gear ratio that is lower than inequalities (6), one
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bearing II

Fig. 6. An example from two perspectives. { =1.2,d =1.4,dy =16, =r; =
5,84 =683 =2,8'4 =63 =1,thenry =7, r3 = 8.4.

the shaft

pearing 11

olling bearing I

Fig. 7. An example from two perspectives. { =1.8,d =6.4,dy =16, =r; =
5,84 =63 =2,84 =83 =1,thenry =8, 13 = 14.4.

can adjust the center distance of the gears as:
d:=rg—ry € (0, do], (8)

As aresult, the center of gear B cannot coincide with the center of the
cross-section of the beam. The center of gear A is located at the center of
the cross-section of the shaft. From Eqs. (1) and (8),

d

= rA(dv C) =

EaY

a ©)]

rR:rB(d7 g):C_

and the constraints are (Fig. 5 in Ref. [2]):
If the beam is in the envelop of gear B, then the constraints are:

Ci=rpfra> 1,
d=rg—rs€(0, dyl,
ra € (r+6, dy—r—38,),
rg > do+ 1+ 8, —d,

(10)

then, the ranges of d and ¢ are:

de (r2+5A;58 do:|7

d
e(1+ 1
¢ ( dy —1r, — 0,

the range of inequalities (11) are generally lower than that of in-
equalities (6). Here inequalities (10) reduce to be inequalities (5) and
inequalities (11) reduce to be inequalities (6), if d = d,.

If the beam is out of the envelop of gear B, then:

(1)

d
max{r +8,, do+r» + &5 72d})’

Journal of Engineering Research xxx (xxxx) xxx

Ci=rp/ra > 1,
d=rg—rs € (0, do],

. . 12
ra € (r+8,, dy—r—6,), a2
r5<d07r276/37d,
then:
de(o, do_rz_é;_rl_ég))
4 4 (13)
CE(H— ; , 1+ )
d()*rz*éB*Zd r1+§A

The values of ¢ can be smaller than those of inequalities (11).

The feasible solutions of r4 and rz with respect to ¢ for inequalities
(10) and (12) are provided in Fig. 6 of Ref. [2], which is also shown in
Fig. A5 of the Appendix A.

Mechanical design for limited wing twisting
Consider gear A as a segment gear with angle 2y, then:

1) For y, > n/2, the moving envelop of gear A is still the whole circle

with radius r),.

2) For y, € (%— Larcsin (%) ,g), the moving envelop of gear A is not a
whole circle and can relax the upper constraint of r4, the geometric
constraint of r4 with respect to the beam is that: r4 + 5,'; < fo, where

the function fy = fo(do,7,) is computed from the law of cosines that
relates the lengths of the sides of a triangle to the cosine of one of its

angles, as illustrated in Fig. 3(c) and (d): 12 = f2 + d2 — 2fpdocos(n —
2y,), i.e.,
fo= —docos(2py) — \Jdico () — (& —13) > do—r, >0, (14)

also, since dy > ro, then, arcsin(rz/dop) €
), S0 cos(2y,) < 0, that is, fo > 0.

3) Fory, <5—3 arcsm(

(0, 7/2), thus, 2y, € (7/2,
) there is no constraint for gear A with respect

to the beam.

The center of gear B in the radius of the beam

Here the center distance of the gears as d € [dy
ered. Then:

—ry, do] is consid-

1) For yq > n/2, the constraints are:
i=rp/ra>1,
d=rg—ry €dy— 12, do],
Yo 2 ”/2

/g 1 (d() d) - rzz (15)
< — — Zarccos s
2 2 ZFB(d() - d)

"\ﬁ

rg <8y +do+r,—d,

T4 € (i’] +5;47 dy — 1, —5;4)1

as illustrated in Fig. 3(a), or
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Fig. 4. Illustration of the meshing gears with d € (0,dy — r2). (a)—(c) Gear A is a whole gear; gear B is a segment gear. (d)-(i) Gears A and B are segment gears.

Ci=rp/ra > 1,
d=rg—ry €[dy— 12, doL
Yo 2 7/2, (16)
rg > 0p +dy+ 1 —d,
ra € (r +68,,dy—r— 5],

as illustrated in Fig. 3(b).

2) For y, € <g — %arcsin <%), g), the constraints are that:

Ci=rp/ra > 1,
d:)’Efi"Ae[d[)fi”z7 d()]7
S ﬂflarcsin e P
Yo 2 2 do 72 ’
. 17
y—°<£71arccos r32+(d0—d)2—r22
{72 2 2r4(dy — d) ’
rg <8y +dy+r—d,
rAe(d()*Fz*é‘;,féfé;),
as illustrated in Fig. 3(c), or
Ci=rp/ra > 1,
d=rg—ry €[dy— 12, dp],
€ ” 1arcsin r2 z
nE272 4) 2) 18
rg > 8y +do+ 1, —d,
rAe(d()*rZ*&AmeiéjA)v

as in Fig. 3(d); the upper constraint ry +5,; < dp —r5 in inequalities
(5) is relaxed by ra + 5,; < fo, since fo > dy — ra. Here the lower

bound of ¢ can be smaller, compared with inequalities (5).

3) Fory, <§— %arcsin ((’1—(2]), the constraints are that:

as illustrated in Fig. 3(e), or

Ci=rp/ra > 1,
d:rg—rA S [d()—rz, d()],

% € (0, T Loresin(2 , 19
2 2 dy

rg > 8 +do+ 1 —d,

I >d07r27§'A,
as illustrated in Fig. 3(f).
The center of gear B outside the radius of the beam

Here gear B is also considered as a segment gear, with angle 2y, /¢,
which is less than 2y, then:

1) If yo > #n¢/2, then the envelops of the motions of gears A and B are
whole circles.

2) If %“ S (% — %arcsin (dori d), g), where dy — d > rp, then the geometric

constraint of rg with respect to the beam is that: rg < f; — 6'3, or
5 > fa + 8y, where:

fi=— (do - d) cos <2§0) - \/(do — d)*cos? (%) — (do —d)* + 13

>d07d7r2 >07
(20)
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Hh= (d[] d) cos (2—20) + \/(d(, — d)zcosz (%) — (dy — d)2 +72>fi,

(21

refer to Fig. 4(a) and (b); since dy — d > r», then,

arcsin(d r2 d) S (O, g)
o —

thus, 2y,/¢ € (7/2, x), so cos(2yy/¢) < 0, that is, fi > 0, f > 0, and

x 1 . 7 T om
Efiarcsm (m> S (Z 5) (22)

3) If V" <f- —arcsm (d d) where dy — d > r,, then gear B has no

conﬂlctlon w1th the beam, as in Fig. 4(i):
For some values of y, ¢, and d € (0, dy — r2), the constraints are:

1) If y, > 7£/2, the results are same as inequalities (10)-(13).
2) Ifyy € [7/2, n{/2), then only the envelop of the motion of gear Ais a
whole circle, in this case,
@ if
’;9 S (—— 5arcsm<d d), ’2’) where dy — d > ry, then the geo-

metric constraints are that:
Ci=rpfra > 1,

d=rg—rs € (0, dy— 1),
Yo € [7/2, 7(/2),

706 E—larcsm 2 z @3
c-\2 2 dy—d)’ 2)

ra € (ry +5;\7 do—rz—fs;\]v

rg < fi — Oy, OF 15 > fo + by,

as illustrated in Fig. 4(a) and (b),
@ if
<z %arcsm(d d) where dy — d > ry, then:
Ci=rgfra > 1,
d=rg—ry € (0, dy — o),

%ggféarcsin<ﬁ), 24
Yo € [ﬂ/zy EC/Z)v
FAG(r]Jr(S’A, do—rz—(g;\},

as illustrated in Fig. 4(c).
3) Fory, € (g— Larcsin (5—2) g), and in this case,
o if
? € (— — Larcsin (d d> g), where dy — d > ry, then:

Ci=rpfra > 1,
d=rg—ry € (0, dy—r2),

S larcsm 7'2 z
Yo 2 2 &) 2)
Yo b4 1 r b4
S ~N A EE )
o (5 (7). %)

ra € (do —n —5’/47]”0—5’/4)7

rg < fi

(25)

—58, or rp >f2-i-5/37

as illustrated in Fig. 4(e) and (f),
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o if
?0 z_ %a.rcsm(d d) where dy — d > o, then:
Ci=rp/ra > 1,
d=rg—rs €(0, dy—r),
T 1 . (n b4
Yo € (i—iarcsm (d:) 5), 26)

1
% < g — Earcsin (ﬁ) s

ry € (do*l‘z 7514,)(‘075;4)

as illustrated in Fig. 4(d).
4) Ifyy <f— —arcsm (d > and in this case,
@ if

Yo r 1 . r: .
B>- 5arcsm<doid), where dy — d > 1o, then:

C:=rpfra > 1,
d=rg—rs € (0, dy — 1),
ﬂ,’é’ é’ . r 1 r
Yo € [7— Earcsm (do d) ) 2a.rcsm (d()))’ 27)
ra >d077'275:4,
rB<f175/B, or rg >f2+5;;,

as illustrated in Fig. 4(g) and (h),
@ if 2 ’“ <Z- zarcsm(do d) where dy — d > 1o, then:

Ci=rp/ra > 1,

d=rg—rs € (0, dy — 1),

1 28
7o < min r_ —arcsin 2 s E—C - garcsln 2 R (28)
2 2 dy 2 2 dy—d

ra >d077'275;“

as illustrated in Fig. 4(i).

Compared with inequalities (12) and (13), the constraints in
inequalities (12):

ra <dy—r2—5, and 15 < dg — 12 — 85 — d are relaxed in in-
equalities (28), which constraints are infeasible for implementa-
tions with normal whole gears.

Results and implementations

The feasible solutions of gear A are illustrated in Fig. 5, whereas the
solutions of gear B can be obtained via Eq. (1), so we omit them here. In
Fig. 5, the solution regions of r4 are extended by using segment gears
compared with previous results shown in Fig. A5. Making gear A as a
whole gear while keeping gear B as a segment gear has the following
merits: 1) more tighter design of gears A and B in area 2, i.e., relaxation
of the lower constraint of gear A in larger gear ratios that are usually
used in the proximal part of the wing; 2) relaxation of the upper
constraint of gear A in smaller gear ratios that are usually used in the
distal part of the wing; 3) area 1 not only relaxes the lower and the upper
constraints of gear A but also fills the gap region caused by the pre-
determined values of 1, r2, do, and y,. For gear A as a segment gear, the
sizes of gears A and B are larger, them can be used to against larger
external loads especially for smaller gear ratios.

Therefore, the design of gears A and B is comprehensive within tight
geometry constrains via adjusting ¢, d and y,.

Here two implementations with segment gears are shown in Figs. 6
and 7. In Fig. 6, this implementation is in area 3 of Fig. 5 with respect to
Fig. 4(b), with the predetermined parameters, there is no feasible
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predetermined parameters :

Set the desired values of
7, and ¢ for each rib.

Increase d,.

the result of 7, and 7 are satisfied?

Whether

Increase d,,.

[ Calculate the range of 4. |

Yes

Set a small value of d.

d is out of the feasible range?

‘Whether

Increase d .

gear transmission design
(refer to Fig. 5)

ey S L S I S |- Sy i S

Fig. 9. Physical implementation of a morphing wing with tight geometric constraints and its morphing.

solutions for whole gears A and B, only segment gear transmission is
available. In Fig. 7, this implementation is in area 2 of Fig. 5 with respect
to Fig. 4(a), with the predetermined parameters, the feasible solutions of
gears A and B can be tightened with the segment gear transmission
compared with the whole gear transmission.

A flow chart is provided for ATM wings shown in Fig. 8. It provides
the procedures to design ATM wings including the “predetermined pa-
rameters” part and the “gear transmission design” part, in which the
“predetermined parameters” part is not the focus of this paper and thus
omitted. The “gear transmission design” part is an iterative procedure of
ATM wings design.

Finally, a physical implementation of a morphing wing with tight
geometric constraints is provided in Fig. 9. The gear ratios of ribs 1-4 are
1.8, 1.5, 1.2, and 1, respectively. A kinematic experiment is shown in
Fig. 9 and the supplementary video. The wing shows gradual twisting
from the wing base to the wing-tip with respect to the motor. The wing
can also be covered with elastic materials as a skin, which is not the
focus of this paper and thus omitted.

Conclusion

This article considers design for an active twisting wing. For the
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twisting angle less than 90 degrees, the implementations can be further
tightened via gear transmission using segment gears, instead of normal
whole gears. We provide more tighter feasible solutions of the con-
straints as well as implementations that are compact for morphing wings
of swimming or flying robots.

There are some future considerations, for example, the skin design
with elastic materials, external hydrodynamic or aerodynamic experi-
ments with active wing morphing control, an automatic optimal design
software for gear transmission design of each rib of ATM wing, etc.

Appendix A
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motor  the shaft

Fig. Al. . Illustration of the connection between the shaft, the beam, and motor.

For the physical implementation, the motor is fixed on the fuselage, the beam is fixed on the stator of the motor, the shaft is connected with the
rotator of the motor, the constraint is aim to augment the stiffness of the wing during the wing locomotion.

the shaft

the beam the shaft

supporting part of gear B
rolling bearing I1

the beam
supporting part of gear B

rolling bearing 11

rolling bearing I

Fig. A2. . An example of CAD design refers to Fig. 6. { =1.2,d =1.4,dy =16,r1 =13 =5,54 =65 =2,84 =83 =1,thenry =7,r5 = 8.4.

The CAD model of the implementation in Fig. 6 for the segment gear transmission is in area 3 of Fig. 5 with respect to Fig. 4(b).
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bearing pedesta

earing 11

earing |

bearing pedestal

Fig. A3. . The exploded view of the design of Fig. 6.

The assemble detail of the implementation in Fig. 6 is shown in Fig. A3 with the exploded view.

supporting part of gear B rolling bearing 11

bearing pedestal the beam

Fig. A4. . An example of CAD design refers to Fig. 7. { =1.8,d =6.4,dy =16, =ry =5, 6; = 6/3 =2, 51; = 5,; =1,thenry, =8, rg = 14.4.

The CAD model of the implementation in Fig. 7 for the segment gear transmission is in area 2 of Fig. 5 with respect to Fig. 4(a).
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