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A B S T R A C T

A spiral pulley mechanism can be used to passively balance the energy between the morphing structure and actu-
ation system. Applying the energy balancing concept has the potential to improve the performance of the actua-
tion system by reducing the external energy consumption. In the current study, the integration workflow for the
passive energy balancing device is established and is adopted in a variable camber morphing wing. The design
variables of the passive energy balancing system are optimised and the effects of the different parameters are dis-
cussed together with the adaptability of the passive energy balancing device when the load stiffness changes. An
integrated demonstrator was also built to validate the mechanism by measuring the currents in the process of
morphing actuation.

Nomenclature

Eo energy output by the spiral pulley mechanism
Er energy required for morphing
Ex external energy requirement of passive energy

balancing device
g gear ratio between the load pulley and spiral

pulley
Jn normalized energy requirement
k1,2 spiral pulley geometry parameters
kdrive drive spring rate
kl load stiffness
L0 drive spring pre-extension
r0 spiral pulley initial radius
Td drive torque
Tl load torque
xoff x-axis offset of the spiral coordinate origin
yoff y-axis offset of the spiral coordinate origin
δ0 Initial spiral pulley rotation angle

FishBAC FishBAC Bone Active Camber
PEB Passive Energy Balancing
SPNS Spiral Pulley Negative Stiffness

1. Introduction

An actuation system is an essential part of any potential morphing
aircraft and rotorcraft concept. The actuation system needs to provide
adequate force and stroke output while minimizing the weight and cost.
The increase of weight and energy consumption caused by the actua-
tion system could negate the morphing benefits and lead to reduced
overall performance. When the shape change requires elastic deforma-
tion of morphing structures, the actuation system needs to provide the
elastic strain energy during each shape-changing cycle, which will be
dissipated as the energy is not recycled in the system, resulting in exces-
sive energy requirements and weight penalties due to oversize actua-
tors.
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Different types of actuators have been proposed to satisfy the high
demand of the actuation energy. Conventional actuation methods, such
as hydraulic actuation and servo motors, are still often applied in mor-
phing [1]. Smart materials, such as shape memory alloys and polymers,
and piezoelectric materials [2–4], can be applied to introduce new de-
sign approaches for morphing aircraft and rotorcraft, although they
may require high actuation voltage [5] or have a low actuation band-
width [6]. Optimisation of the morphing structure as well as the actua-
tion layout can be performed to achieve an improved actuation effi-
ciency. In the camber morphing wing design proposed by DiPalma and
Gandhi [7], the region aft the spar was made very stiff to reduce the de-
formation under aerodynamic loads, while lower stiffness was applied
in the reverse direction to reduce the actuation load. Rigid cantilevers,
which extended from the rear part of the spar to the trailing edge of the
aerofoil, were added into the aerofoil structure to achieve the variable
stiffness. A gripper pin structure was proposed by You et al. [8] to de-
couple the in-plane and out-of-plane stiffness of the morphing skin,
which would allow shape change and require low actuation energy si-
multaneously. In addition to the structural optimisation, the actuation
system can also be optimised to improve the efficiency of morphing air-
craft. A distributed actuation system for the scissor type structure was
investigated using a multi-disciplinary optimisation by Westfall et al.
[9]. The optimised locations and orientations of the actuators were
found to improve the efficiency of the actuation system. The layout of
the distributed piezoelectric actuators were optimised to achieve per-
formance improvement by Henry et al. [10]. Bistable and multistable
structures can reduce the actuation energy consumption, as they only
requires actuation to induce the snap-through of the structure rather
than for the entire operation process [11,12]. Multistable composites
were used in a morhphing trailing edge design by Haldar et al. [13].
Multistable composite plates were driven by a piezoelectric actuator
and the location of the actuator was optimised to increase the displace-
ment of the trailing edge while keeping the actuation voltage modest. A
pressure-based actuation system was also used in the morphing wingtip
structures by Meyer, Traub and Hühne [14] since the pressure can be
used to tune the stiffness of the structure adaptively. Shape memory
polymer has been applied as the skin of the structure, which can pro-
vide an aerodynamic surface and also tune the stiffness, by Sun et al.
[15]. However, whatever the actuator is selected, the structure stiffness
cannot be changed by the actuator, and the requirement of the actua-
tion energy will remain at a demanding level.

Alternatively, an actuation system based on the passive energy bal-
ancing (PEB) concept has the potential to reduce the energy consump-
tion requirement inherently. Rather than simply increasing the output
energy from the actuator, the actuation energy is stored within the sys-
tem to drive the morphing structure. The entire system consists of the
actuation mechanism and the morphing structure, and is balanced. The
stored energy, which is released by the elastic structure, can be recycled
in the system, if friction and non-elastic deformations are negligible.

In the authors’ earlier research [16,17], a morphing wingtip based
on compliant structures was proposed and optimised to reduce the re-
quired actuation force and improve the performance of the aircraft. The
passive energy balancing concept based on a negative stiffness mecha-
nism, which gives a significant energy saving with a small weight
penalty [18]. In this paper, the spiral pulley negative stiffness (SPNS)
mechanism is applied to balance the Fish Bone Active Camber (Fish-
BAC) morphing concept [19–21]. The spiral pulley has a spooling ca-
ble, which is connected to a pre-stretched spring. The spiral pulley is a
key feature to improve the actuation performance compared to the cir-
cular spooling pulley, as it can generate a torque-rotation curve that is
very similar to the required one [22]. The rotation of the spiral pulley
can release the energy stored in the spring and deform the morphing
structure. Due to the geometric configuration of the spiral pulley and
the kinematic tailoring it provides, ‘negative’ stiffness is generated,
which will balance the ‘positive’ stiffness of the morphing structure

[23]. There has been extensive research on ‘zero-stiffness’ concepts, ob-
tained through different working principles and used for different ap-
plications. In the field of vibration isolation, ‘quasi-zero-stiffness’ de-
vices have been used as isolators, which give zero dynamic stiffness
[24,25]. On the other hand, a structure with zero static stiffness can
also be realised by an appropriate combination of stiffness, geometry
and prestress [26]. These structures can undergo large elastic deforma-
tion without consuming external energy. Tensegrity structures, which
are based on tension members with a zero rest length 27, and shell
structures with a particular geometry and initial stress 28, are two ex-
amples of zero static stiffness structures given by Guest et al. [27, 28].

While our previous studies have demonstrated the spiral pulley
based concept in desktop demonstrators [29,30], it has not previously
been integrated in a true morphing wing structure with the aerody-
namic shape. Limited space in the aerofoil raises challenges in terms of
the design and manufacturing. Moreover, the current study will investi-
gate the adaptability of the passive energy balancing (PEB) device
when it is subject to different load stiffnesses. The different load stiff-
nesses can be caused by the replacement of the morphing structure, and
the uncertainties in the process of manufacturing and assembly. Rather
than pursuing purely zero stiffness, the proposed PEB device is more fo-
cused on the potential to reduce the external energy requirement. From
the perspective of energy balancing, the energy to deform the structure
can be provided from the external actuator and the internal drive
spring. Thus, the external energy requirement is the real performance
criteria of the PEB device rather than the stiffness. As a negative stiff-
ness element, the spiral pulley together with the drive spring, can re-
duce the required external energy, even if the overall stiffness is not
zero. The spiral pulley mechanism is able to generate torque that
matches the required torque of the morphing system closely. Thus, a
significant contribution can be provided by the negative stiffness mech-
anism to balance the positive stiffness system. The spiral pulley nega-
tive stiffness device can reduce the torque required to deform the struc-
ture by making use of the pre-stored energy, which can reduce the mass
of the actuator and its auxiliary equipment.

The current research will evaluate the effect of the passive energy
balancing device with the variation of the load stiffness and demon-
strate the integration process for the FishBAC morphing wing structure.
The model used in the paper is defined in Section 2 together with the
workflow proposed. Preliminary evaluation is performed in Section 3,
after which the optimisation of the spiral pulley mechanism is con-
ducted in Section 4, which is followed by the demonstrator integration
and experimental validation.

2. Model definition

2.1. Conceptual design

The integration concept is shown in Fig. 1. Fig. 1(a) shows the
schematic of the FishBAC design driven by servo motors [20]. The
torque generated by the servo motor is transferred to the FishBAC spine
through two tendons attached to the solid trailing edge section. The
tendons are made of KEVLAR (Tendon modulus 131 GPa), which is
strong enough to drive the trailing edge of FishBAC prototype. A de-
tailed analysis of the chordwise distribution of flexural rigidity has been
performed, together with the FSI analysis, which validated the desired
deformation under aerodynamic loads [15]. A PEB device using the
bidirectional SPNS mechanism was firstly proposed in [30,31] as
shown in Fig. 1(b). Two spiral pulleys are mounted onto one central
shaft, and the bidirectional motion can be achieved through the rota-
tion of the pulleys in opposite directions.

The parameters of the FishBAC design are listed in Table 1. The
NACA23012 aerofoil is chosen for the integration, and the chord and
span are 270 mm and 250 mm respectively. The current approach uses
the cables from the load pulley as the tendons to drive the FishBAC

2



CO
RR

EC
TE

D
PR

OO
F

C. Wang et al. Aerospace Science and Technology xxx (xxxx) 109641

Fig. 1. (a) FishBAC driven by servo motors [20]; (b) Prototype of the bidirectional SPNS mechanism [30,31]; (c) Integration concept.

Table 1
FishBAC demonstrator parameters.
Parameter Value

Baseline aerofoil NACA 23012
Chord 270 mm
Span 250 mm
Start of morphing section 185 mm
End of morphing section 270 mm
Spine thickness 2 mm
Stringer thickness 0.8 mm
Skin thickness 1.5 mm
Tendon diameter 0.7 mm
Spine modulus 2.14 GPa
Stringer modulus 2.14 GPa
Tendon modulus 131 GPa
Skin modulus 4.56 GPa

spine directly, which simplifies the mechanism but can still demon-
strate the potential of the spiral pulley. Fig. 1(c) shows the main compo-
nents of the integrated morphing wing design. The spiral pulley and
load pulley are installed into the FishBAC wing structure and the drive
springs are connected to the fixed support, which can be the central
wing box in the aircraft. A servo motor is used to drive the spiral pulley
but the output torque required could be significantly reduced. Some of
the connection wires are omitted to highlight the PEB mechanisms in
the figure.

Fig. 2 shows the detailed designs of the spiral pulley and the load
pulley. A cable is used to connect the spiral pulley and the drive spring.
The cable is fixed into an installation hole in the spiral pulley. The load
pulley, which will drive the FishBAC, is meshed with the spiral pulley

through spur gears. Cables are also used to connect the load pulley and
the FishBAC structure.

2.2. Mathematical definition

Fig. 3 shows the planar geometry of the spiral pulley and its rotation
associated with the drive spring. The radius, r, about point O, which is
the centre of the rotation shaft, can be defined as an exponential func-
tion

(1)

where δ is the rotation angle of the spiral pulley, θ is an associated
angle and δ0 is the initial rotation angle. The parameters k1, k2 are the
pre-exponent and exponent terms of the spiral pulley, which will deter-
mine the geometry of the spiral pulley together with the initial pulley
radius r0. As shown in Fig. 3, the coordinate offsets of the spiral pulley
origin, xoff and yoff, are also needed to define the location of the spiral
pulley.

The spiral pulley is connected to the drive spring, which has stiff-
ness kdrive, and pre-tension determined by L0. The spiral pulley is
meshed with the load pulley with a gear train to transfer the torque to
the FishBAC structure. The load pulley has cables connected to the Fish-
BAC structure, and the drive torque output at the load pulley is given by

(2)

where g is the gear ratio, Fd is the force caused by the drive spring
and lm is the moment arm determined by the geometry feature and the
rotation angle of the spiral pulley.

3
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Fig. 2. Schematic of the spiral pulley with detailed designs.

Fig. 3. Geometry of the spiral pulley and its connections to the FishBAC and drive springs.

The expression of the drive torque has been derived in [23,31]. The
force, Fd, is a function of the rotation angle, the parameters of the spiral
pulley geometry and the drive spring. The moment arm, lm, varies with
the rotation of the spiral pulley, and thus the drive torque is influenced
by the geometry parameters of the spiral pulley, the drive spring stiff-
ness and the initial extension.

In the previous study, the load torque Tl is a fixed function of rota-
tion angle determined by the morphing structure. However, in the cur-
rent study, the change of the load torque ΔTl could be caused by the
possible replacement of the morphing structure for different flight con-
ditions and the uncertainties in the process of manufacturing and as-
sembly.

If the load torque can be balanced by the drive torque partially or
completely, less external energy will be consumed by the actuation sys-
tem, as the energy stored in the drive spring can help to deform the
structure. The stiffness corresponding to the load torque is called the
load stiffness, and denoted as kl in this paper.

The gear ratio between the spiral pulley and the load pulley is de-
fined as , and the number of teeth on the spiral pulley and the
load pulley are denoted by n1 and n2 respectively. When the gear ratio
is larger than 1, the drive torque output by the load pulley can be am-
plified, which can help to overcome high torque requirements. On the
other hand, the rotation angle of the spiral pulley will be increased.
The rotation range of the load pulley is determined by the FishBAC
structural deformation, which means only a small fraction of the drive
spring pre-extension will be used, and most of the stored energy can-
not be used to balance the structural deformation. Adding the gears
will increase the rotation range of the spiral pulley for the same struc-
tural deformation, and increase the efficiency of the passive energy
balancing.

The performance of the passive energy balancing device is evalu-
ated by the energy difference between the energy output of the spiral

pulley mechanism and the energy required for FishBAC morphing [23],
as the energy difference is inherently provided by the external actuator.
The performance index Ex, which is the external energy requirement of
the PEB device, is defined as

(3)

where the energy output by the spiral pulley system, Eo, and the en-
ergy required for FishBAC morphing, Er, can be obtained through the
integral of the drive torque Td and the load torque Tl. For the same mor-
phing requirement Er, the performance index can also be normalized by
the energy requirement Er.

The application of the PEB device aims to reduce the external en-
ergy requirement. The normalised energy difference is adopted as the
objective and given by

(4)

where min means the PEB device will be optimised to guarantee the
difference between the energy output by the spiral pulley system and
the energy required for FishBAC morphing is minimum, which means
the energy stored by the PEB device will help to actuate the morphing
structure through the spiral pulley mechanism and thus the external en-
ergy consumption, i.e., energy consumed by the servo motor in this
case, can be reduced.

Obviously, the integrated spiral pulley and the load pulley should
not have any geometric interference within the morphing structure.
The space in a morphing structure is limited and will limit the maxi-
mum available size of the spiral pulley. The geometric constraints are
written as

4
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(5)

Here, the maximum radius of the spiral pulley rmax needs to be small
enough to avoid any interference with the load pulley, especially con-
sidering the rotation of the spiral pulley. The radii of the spiral pulley
and load pulley are denoted as r and q, and the coefficients Ns and Nl are
factors to determine the maximum radii of the pulleys after the gears
are added. As the spiral and load pulleys are within the aerofoil, the
sum of their radii should be smaller than the chord. Also, the height of
the spiral and load pulleys, hs and hl, should be lower than the aerofoil
thickness. The chord is denoted as C and two ratios fc and tc, are used to
represent the chordwise space the pulleys can occupy, and the thickness
to chord ratio of the aerofoil. It should be noted that the maximum ra-
dius of the spiral pulley is constrained by the rotation range of the spiral
pulley, as only part of the spiral pulley profile is used. The geometry
constraint is checked for the preliminary evaluation and after the opti-
misation.

The related parameters are listed in Table 2. These parameters can
be categorised as component-level parameters, i.e. the parameters to
determine the spiral pulley geometry and the parameters of the drive
spring, and the assembly level parameters, i.e. the gear ratio between

Table 2
Design parameters in the passive energy balancing device.
Parameter name Parameter level

Initial radius, r0 component level: spiral pulley geometry
parameters

Pre-exponent term, k1
Exponent term, k2
Drive spring pre-extension, L0 component level: drive spring
Drive spring rate, kdrive
Drive spring initial force, F0
Gear ratio between the spiral pulley

and the load pulley, g
assembly level: fixed parameter

Initial spiral pulley rotation angle, δ0 assembly level: installation position and
orientation of the spiral pulley

x-axis offset of the spiral coordinate
origin, xoff

y-axis offset of the spiral coordinate
origin, yoff

the spiral and load pulley and the parameters to determine the installa-
tion position and initial orientation of the spiral pulley.

2.3. Workflow applied

In the process of integration, two major factors are taken into ac-
count:

1) The feasibility of the integrationThe first important factor is
whether it is possible to apply the PEB device into the morphing
wing. The main constraint is the limited space inside the aerofoil
and the load path of the wing structure shall not be broken by the
PEB device.

2) The efficiency of the integrated systemThe second important
factor is whether the PEB device can reduce the external energy
consumption, and to take a step further, whether the applied
device has a good adaptability to work under different load
stiffnesses.

With the two factors taken into consideration, the work flow applied
in the current study is represented in Fig. 4.

Different to the earlier studies [22,29,30], the current work intends
to show the adaptability of the PEB device, and the actuation energy
can still be reduced even if the PEB device was not optimised for the
changed structural stiffness. Thus, the design variables are not opti-
mised simultaneously in a single step. And the actuation energy can still
be reduced by only tuning the parameters of the drive spring and (or)
the offsets.

The design inputs include the FishBAC demonstrator parameters as
listed in Table 1, the possible load conditions and the candidate spiral
pulleys that have been obtained in previous research. As shown in Fig.
2, significant detailed design work for the spiral pulley is required after
obtaining the spiral pulley parameters. Considering the cost of a manu-
facturing and design iteration and the possible change of the load stiff-
ness, it is necessary to consider the adaptability of the spiral pulley
mechanism for different cases.

The first step is the preliminary evaluation. The geometry of the ex-
isting spiral pulleys will be checked to find whether the size of the spiral
pulley can satisfy the geometry constraint of the demonstrator. The
load stiffness, under which the spiral pulley was optimised, will also be
evaluated to find whether it is within the potential working range of the
load stiffnesses. If the candidate spiral pulley can be compatible, the ex-
isting spiral pulley will be selected for the next step. Otherwise, optimi-

Fig. 4. Workflow of the integration.
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sation of all the design variables in Table 2 will be performed for the
designated geometry constraints and load stiffness to find a new spiral
pulley as performed in the previous research [30].

In the second step, the other parameters of the selected spiral pulley,
i.e., the drive spring and installation offsets, will be optimised for the
designated load stiffness. Different to previous research [23,30], only
some of the design parameters will be tuned and the energy efficiency
will be calculated to determine whether the optimisation of partial de-
sign parameters is meaningful.

In the third step, the load stiffness will be checked again before final
integration. For a varied load stiffness, the installation offsets will be
further tuned to improve the energy efficiency, which also provides the
basis of applying a mechanism to change the offset adaptively. With all
the design variables confirmed, the final integration can be performed,
which provides the integrated demonstrator and this is validated exper-
imentally.

In the current study, the workflow will be applied for the integration
of the PEB device into the FishBAC morphing structure, while similar
procedures can also be applied for other morphing designs.

3. Preliminary evaluation

3.1. Structural stiffness test

Before the optimisation, the load torque required to deform the
morphing structure is needed, as the PEB device is designed according

Fig. 5. Schematic of the wing platform for the measurement of the FishBAC
structural stiffness.

to the load stiffness. The required load torque and the corresponding ro-
tation angle was measured as shown in Fig. 5. A simplified demonstra-
tor was built to imitate the integrated situation. A baseline load pulley
was installed to transfer the load torque onto the FishBAC structure,
and has cables connected to the FishBAC structure at the same position
as the practical integrated load pulley. The torque was applied to the
structure using a torque wrench with digital output, and the rotation
angle was read from the angle gauge connected to the torque wrench.

A camera was placed on top of the experimental setup to record the
torque and the angle. An example of the stiffness test is shown in Fig. 5.
The FishBAC structure was manufactured by 3D printing. The chord is
270 mm and the span is 250 mm for the convenience of the experiment
setup. The printed material has a Young's modulus of approximately
3 GPa.

The required stiffness to deform the FishBAC downward is shown in
Fig. 6(a). The deflections of the FishBAC structure are shown in Fig. 6
(b), which represents the downward deflection of the trailing edge. The
four pictures demonstrate the trailing edge deflection process when the
rotation angle of the load pulley was around 20°. The gear ratio was set
to 3 to ensure the rotation of the spiral pulley can reach 60°, which en-
sures sufficient extension of the drive springs. The load stiffness, kl, is
obtained by dividing the measured torque by the rotation angle of the
baseline load pulley, which leads to kl = 0.015Nm/°. Since the geome-
try parameters of the load pulley are kept constant in the optimisation
of the spiral pulley mechanism, and the load pulley will transfer the
torque to the FishBAC structure sequentially, the measured load stiff-
ness can represent the structural stiffness of the FishBAC. In this case,
no external loads were added to the structure, and the measured load
stiffness only accounts for the structural stiffness of the morphing struc-
ture.

The change of the load stiffness can be caused by the use of the
structure for different flight conditions and the uncertainties in the
process of the manufacturing and assembly. To simplify the estimation,
the range of the load stiffness is estimated by evaluating the possible
aerodynamic loads on the morphing wing as the total stiffness is mainly
determined by the aerodynamic loads on the structure.

Since the current study is limited to static and quasi-static morph-
ing, which does not consider the dynamic response of the morphing
wing, XFOIL [32] is used to estimate the loads on the FishBAC wing,
which provides the reference value for the estimation. The moment
caused by the aerodynamic loads around the hinge axis in the aerofoil,
where the FishBAC starts, is obtained as the aerodynamic load torque.

Fig. 6. (a) Required load torque vs the rotation angle of the baseline pulley, (b) Deflections of the FishBAC structure.
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The calculated moment is then added to the measured load torque to es-
timate the range of the load stiffness. In Section 3, the calculation is
only used to estimate the stiffness range, which is acceptable for prelim-
inary evaluation in the current study. In a more detailed analysis, the
aerodynamic loads changes with the deformation of the morphing
wing, and using the hinge moment when the FishBAC wing has no de-
formation will lead to some errors. In Section 4.3, the fluid structure in-
teraction analysis is performed to show the effect of the aerodynamic
loads. The same wing geometry in Section 2 is adopted, and air proper-
ties close to those at sea level are adopted. The maximum hinge mo-
ment is determined when the angle of attack ranges from −12 to 0 and
from 0 to 12° respectively. Suppose the design flight speed ranges from
30 m s-1 to 80 m s-1, the load stiffness will vary from 20 % to 180 % of
the design point, where kl = 0.015 Nm/° in the current study. The opti-
mised spiral pulley in the previous research [30] corresponds to the
load stiffness kl = 0.0074 Nm/°, which is within the estimated range.

Then, the geometry constraints as mentioned in Section 2.2 are
checked, which shows the size of the spiral pulley in [30] can satisfy the
geometry constraints of the FishBAC wing. Thus, the spiral pully geom-
etry parameters are selected for the integration, which are listed in the
fourth column of Table 3.

3.2. Parametric study

A sensitivity analysis of the variables is performed to find the effects
of the different parameters. A normalised index is defined as

(6)

where the sensitivity Si of each variable Di is calculated by fixing all
the other variables according to the first-step results except the variable
under consideration. Fig. 7 shows the normalised effect of each vari-
able.

With the bounds listed in Table 3, the sum of the effects of the drive
spring and coordinate offsets is much higher than the effect of the spiral
pulley geometry. Thus, it might be possible to keep the external energy
requirement minimal by only changing the variables related to the
drive spring and installation offsets.

Fig. 8 shows the variation of the normalised energy difference Jn
when the two variable pairs: (kdrive, L0) and (xoff, yoff) are changed re-
spectively but the other parameters remain unchanged. To emphasise
the trends, the region where Jn is around 1 is shown in the figure. Ob-
viously, the change of the variable pairs will affect the normalised en-
ergy requirement significantly.

4. Optimisation and experimental validation

4.1. Optimisation for the specific load stiffness

The same spiral pulley geometry is adopted in the second step, but
the load stiffness is obtained in Section 3.1 and is different to that in the
first step. The second-step optimisation is performed in MATLAB using
a genetic algorithm [33]. The variables in the second step are within
the following ranges.

(7)

The gear ratio is fixed at g = 3, and the drive spring initial force is
F0 = 0 in this case. The optimised variables are listed in Table 3. The
torque output and the energy efficiency of the spiral pulleys are shown
in Fig. 9.

Spiral pulley 1 is used for the downward deflection of the FishBAC
spine, and spiral pulley 2 is used for the upward deflection, which also
corresponds to the positive load pulley rotation. Each of the spiral pul-
leys can eliminate the corresponding required torque, although the
other spiral pulley will also cause a residual torque. The net torque of
the bidirectional spiral pulley remains close to zero during the entire
load pulley rotation. The optimised spiral pulley can reduce the exter-
nal energy requirement significantly with the help of the energy stored
in the spring, although the opposite drive spring extension will lead to
an extra energy requirement.

Fig. 10 shows the variation of the external energy when the nor-
malised load stiffness changes. The x axis corresponds to the load stiff-
ness and the y axis corresponds to the normalised energy difference.
The optimised case in the second step has the minimum external energy
requirement. When the normalised load stiffness is less than 1, external
energy will be used to balance the torque generated by the spiral pulley
rather than to deform the structure, which represents energy wasted
from the overall system. When the load stiffness is only 20 % of the tar-
get design case, over four times of the external energy is required com-
pared to the morphing requirement. On the other hand, when the nor-
malised load stiffness is higher than 1, more external energy is required
to deform the morphing structure. But the ratio between the external
energy and the morphing requirement remains below 1, which indi-
cates the external energy is still consumed for the structure morphing,
rather than for balancing the spiral pulley mechanism, and the rest of
the required energy is provided by the passive energy balancing system.

Table 3
Design variables in the design case.
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Fig. 7. Contribution of each variable to the performance.

4.2. Effects of varying the spiral pulley installation locations

The results from the second step show that for a specific load stiff-
ness, there might still exist one optimised design point, that can make
the energy difference minimum, even if the spiral pulley geometry opti-
mised for another load stiffness is used. However, more external energy
is required when the load stiffness varies. In a more general scenario,
the variation of the load stiffness should be considered in the design of
the passive energy balancing device, especially considering the rela-
tively sophisticated design and manufacturing requirement of the spiral
pulley. This can be achieved by further changing the spiral pulley coor-
dinate offsets, xoff and yoff, adaptively according to the load stiffness.
According to Fig. 2, the coordinate offsets are determined by the rela-
tive distances between the spiral pulley origin, point O, and the coordi-
nate origin, point A, which inherently represents the installation offset
of the spiral pulley origin point. In the passive energy balancing device,
the cable that is used to connect the drive spring and the spiral pulley,
will go through point A. A short metal pin or a bolt is installed at point
A to ensure the cable can pass through that point. As shown in Fig. 8(b),
the external energy requirment will be affected when the coordinate
offsets xoff and yoff changes, which makes further optimisation of the off-
sets for different load stiffnesses reasonable.

The load stiffness is assumed to be linearly increased in the follow-
ing case. With each load stiffness kl, all of the other parameters from the
second step will remain fixed except the coordinate offsets, xoff and yoff,
which are to be optmised and within the following range:

(8)

where and are the optimised results from the second step and
relatively large ranges of the offsets are given. A generic algorithm is
used for the optimisation. The optimisation starts by only varying one
coordinate offset to simplify the mechanism design, and then both of
the coordinate offsets are optimised. No constraints are considered.

Fig. 11 shows the variation of the xoff and yoff respectively when the
load stiffness changes.

The load stiffness changes within the range obtained in Section 3.2.
The relationship between the offsets and the load stifness is relatively
linear in most of the given range, which suggests a linear change of the
specific coordinate offset could be made for the corresponding load
stiffness. A simple mechanism, such as a worm gear could be adopted to
achieve this motion.

When both xoff and yoff are optimised, the trajectory of point A is
drawn in Fig. 12. The results indicate that with an additional mecha-
nism, which can change xoff and yoff simultaneously, the energy con-
sumption could be further reduced for the specific range of the load
stiffness. In this case, the change of xoff is not monotonic for the given
load stiffness range and thus a more complicated mechanism would be
required to achieve the trajectory.

The external energy requirements for the different coordinate off-
sets are compared in Fig. 13. As different load stiffnesses are used, the
actual external energy, Ex, is chosen as the criterion directly rather than
the normalized values.

The x axis represents the change of the load stiffness. When the nor-
malised kl is less than 1, the load stiffness is smaller than the design load
stiffness in the second step. But it does not mean less external energy
will be required, as the parameters of the mechanism are optimised for
that specific load stiffness. More external energy might be needed to
overcome the stiffness due to the spiral pulley mechanism itself rather
than driving the structure. When the normalised kl is larger than 1, the
load stiffness is higher than that of the design point and will require
more external energy if other parameters are fixed.

The red dashed line corresponds to the results from the base solu-
tion, which is obtained in the second step and has fixed offsets and the
highest external energy requirement when the load stiffness changes.

Fig. 8. Influence on the energy requirement of the variable pairs (a): drive spring, (b) installation offsets.
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Fig. 9. (a) Torque requirements, (b) Energy consumption.

Fig. 10. Influence of the load stiffness on the external energy requirement.

Compared to the base solution, all of the solutions with varying offsets
can reduce Ex for the corresponding load stiffness. If only one offset
varies, less external energy is required compared to that of the fixed off-
sets and the required external energy is higher than that of the design
point. The least external energy is required when both xoff and yoff are
optimised. In these cases, when the load stiffness is smaller than the de-
sign point in the Section 4.1, the external energy is further reduced and
becomes even smaller than that of the design point. When the load stiff-
ness is higher than that of the design point, more energy is needed even
if both xoff and yoff are optimised, which means only optimising the off-
sets but keeping the parameters of the spiral pulley and drive spring
fixed is not able to compensate the effect of the higher load stiffness.

4.3. Effects of the fluid structure interaction

To further evaluate the potential of the passive energy balancing de-
vice, the fluid structure interaction analysis is performed to obtain the
required actuation torque when the aerodynamic loads are applied to
the morphing wing.

A static fluid structure interaction scheme is adopted. Since the cur-
rent study is focused on the actuation system of the morphing wing

rather than the high-fidelity aerodynamic analysis, the vortex lattice
method and Euler beam method are adopted for the aerodynamic and
structural analysis.

Table 1For the preliminary study, a NACA 0012 aerofoil is used in
the fluid structure interaction and the chord and span are 305 mm and
150 mm respectively. The FishBAC spine accounts for around 50% of
the chord and has the same structural properties in Table 1.The aerody-
namic solver is based on XFOIL [32], which is called by MATLAB®
[33]. When the aerodynamic loads are needed, a command file will be
generated according to the aerofoil shape of the wing, which will be
given as the input of XFOIL. The pressure distribution around the aero-
foil can be obtained and postprocessed by MATLAB®, and the data are
given to the structural solver. The calculation flowchart is shown in
Fig. 14.

The structural model is created and calculated based on the Euler
beam theory. In-house MATLAB codes are used to calculate the nodal
force and moment, which are used to obtain the local nodal deflections
and beam cross-section rotation. Due to the presence of the morphing
skin, the structural stiffness is non-homogeneous. The aerodynamic
loads acting on the wing skin are transmitted to the FishBAC spine via
the stringers, so the structure is equivalent to a variable stiffness can-
tilever beam subjected to multiple concentrated forces and moments.

A similar method was applied in [19], except that the segmental
stiffening method [34] is used to obtain the overall deflections of the
FishBAC to improve the calculation efficiency. To ensure convergence,
a relaxation parameter is included in the fluid structure interaction
analysis to reduce the divergent oscillations in the predicted displace-
ments between iterations. The relaxation parameter works by adding
numerical damping to the solution, causing the solution to move only
partially towards the predicted solution of the next iteration. In this
way, forced changes experienced can be reduced, and the tendency for
oscillatory solutions leading to diverge can be mitigated.

The actuation loads are applied in the structural model by adding a
moment directly to the beam model and the passive energy balancing
mechanism is not included in the fluid structure interaction analysis.

In this analysis, the speed of the morphing wing is 40 m s-1 and the
angle of attack is 5°. Fig. 15(a) shows the iteration process of the trail-
ing edge vertical deflections when different actuation loads are applied.
The deflections are nondimensionalised by the wing chord. Fig. 15(b)
shows the morphing wing shape when different actuation loads are ap-
plied. Both the x and y axis of the are nondimensionalised by the wing
chord. The actuation loads correspond to the actuation torque required
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Fig. 11. (a) Variation of xoff when kl changes; (b) Variation of yoff when kl changes.

Fig. 12. Trajectory of the spiral pulley offsets when xoff and yoff are both opti-
mised.

by the different trailing edge deflections, and its energy is provided by
the drive springs together with the actuator.

Fig. 16(a) shows the pressure coefficients along the chordwise di-
rection when different actuation loads are applied and the x coordinate
is nondimensionalised by the wing chord. To highlight the influence of
the aerodynamic loads, Fig. 16(b) compares the required actuation
torques in the fluid structure interaction analysis to those when the
aerodynamic loads are not considered.

Obviously, higher actuation torques will be required in the fluid
structure interaction to overcome the aerodynamic loads. In the current
study, the spiral pulley negative stiffness mechanism is designed to bal-
ance the structure stiffness, which corresponds to the required actua-
tion torque when the aerodynamic loads are not applied and will be
balanced by the PEB device. The rest of the actuation torque will be bal-
anced by the actuator directly. However, when the aerodynamic loads
are applied, the actuation torque provided by the actuator can still be
reduced by the PEB device since the structural stiffness can still be bal-
anced.

Fig. 13. External energy requirements when the load stiffness changes.

4.4. Demonstrator integration and experimental validation

The optimisation results indicate that the passive energy balancing
system could reduce the energy consumption even if the structural stiff-
ness is not as accurate as designed. By varying the location of the spiral
pulley, the energy efficiency might be further tuned, which makes the
passive energy balancing system more attractive.

A demonstrator was manufactured with the PEB system integrated
as shown in Fig. 17(a). Due to the application of different 3D printers,
the structural stiffness of the FishBAC structure will be different, which
is also used to represent the change of the load stiffness. A similar
method to that used in Section 3.1 was applied to measure the struc-
tural stiffness, which was estimated as 0.019 Nm/°.

The spiral pulley parameters in the fourth column of Table 3 are still
used in the integrated prototype and two slots are further added to
change the value of yoff when the bolts slide along the slot. A small servo
motor is used to actuate the FishBAC structure, as shown in Fig. 17(b),
and the deflection of the trailing edge can reach over 4 mm in both up-
ward and downward directions.

Five different cases are tested as summarised in Table 4. Since the
load stiffness has changed, optimisation is performed again. In the opti-
misation, the spiral pulley parameters remain the same as those of the
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Fig. 14. Flow chat of the fluid structure interaction analysis.

selected candidate [30], and the offsets are optimised together with the
drive spring parameters considering the available drive springs. The op-
timisation leads to the parameters in Case 4. And in Case 1, 2 and 3 the
installation offset, yoff, is changed linearly to compare the effects on the
energy saving. Case 5 corresponds to the situation when the PEB device
is not used.

To show the effects of the integration, a current sensor is used to
measure the motor currents during operation. The sensor is specially
designed with a highly accurate resistor, which will cause a small volt-
age change due to the working current of the servo motor. The mea-
sured current is averaged by calculating the root mean square, and the
sampling frequency is 100 Hz during the tests.

Fig. 18(a) shows the measured currents when the servo motor ro-
tates 60° for the downward deflection. It is obvious that with the varia-
tion of the offset, the current in the servo motor changes significantly.

The servo motor needs to consume a small current even if it is not rotat-
ing, and thus the measured energy will not be close to zero compared to
the optimisation results in Section 4.1. In the experimental study, Case
4 has the lowest level of current since the corresponding offset is closest
to the optimised one. On the contrary, Case 5 needs the highest current
as the passive energy balancing system is not working. The currents are
then used to calculate the consumed energies. The voltage of the servo
motor is 8.4 V and it takes around 2000 ms for the servo motor to reach
the stable position during the tests. According to Fig. 18(b), the con-
sumed energy drops from 5.1 J to 2.7 J with a 47 % relative change,
which shows the PEB device has the potential to reduce the energy con-
sumption significantly.

To further investigate the effect of the PEB device the currents of the
servo motor are also measured when the external load is applied to the
demonstrator. The external load is applied by using the weight and pul-
ley, which will be applied to the trailing edge of the camber morphing
wing as shown in Fig. 19.

As summarised in Table 5, four cases are further tested with the ex-
ternal loads added. In Case 6 and Case 7, the weight has 200 g, and in
Case 8, and Case 9, the weight is increased to 500 g. In Case 6 and Case
8, the PEB device is not adopted while in Case 7 and 9, the PEB device
has the optimised variables from Case 4.

Similarly, the current of the servo motor is measured in the addi-
tional four cases and the consumed energies are also calculated. Since
the external load is applied, it takes more time for the servo motor to
reach a stable state and thus the testing time is longer compared to
Fig.18. As shown in Fig. 20, due to the higher external loads, the cur-
rents in Case 8 and Case 9 will be higher than those in Case 6 and 7 re-
spectively. When the PEB device is used, the current of the servo motor
is reduced significantly although the external loads exist.

The energy consumed are shown in Fig. 20(b). Case 7 has the lowest
energy consumption since the PEB device is used and the 200 g weight
is applied. On the contrary, Case 8 has the highest energy consumption
since no PEB device is used and the 500 g weight is applied. Comparing
Case 6 to Case 7 and Case 8 to Case 9, around 38 % and 36 % actuation
energy can be saved, which is lower than the situations when external
loads are applied, but is still a significant reduction.

5. Conclusion

In this paper, passive energy balancing is applied to actuate the
FishBAC morphing design. A spiral pulley mechanism is integrated into
the FishBAC design and the adaptability of the mechanism for different
load stiffnesses is also investigated.

Fig. 15. (a) Trailing edge deflection vs iteration step during the fluid structure interaction analysis, (b) Camber morphing wing shape when subject to different actua-
tion torques.
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Fig. 16. (a) Pressure distribution obtained from XFOIL, (b) Actuation Torque vs the nondimensionalised trailing edge deflection.

Fig. 17. (a) Integrated demonstrator, (b) Deflection of the trailing edge.

Table 4
Summary of the tested cases with no aerodynamic loads.
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Fig. 18. (a) Measured currents in different cases, (b) Consumed energies corresponding to the different cases.

Fig. 19. Demonstrator subject to external loads.

Table 5
Summary of the tested cases with external loads added.
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Fig. 20. (a) Measured currents when subject to external loads, (b) Corresponding consumed energies.

A three-step workflow is applied in the paper, after which a demon-
strator was built to verify the passive energy balancing concept with
both the entire spiral pully mechanism and a servo motor integrated
into the FishBAC structure. The following conclusions can be drawn
based on the current study:

The passive energy balancing device, including the spiral pulley
mechanism and a servo motor, can be integrated into the FishBAC mor-
phing wing structure, and the geometric constraints can be satisfied si-
multaneously.

(1) Measurement of the working currents in the servo motor shows
that the energy required by the morphing structure can be
reduced significantly by using the passive energy balancing
device, even if external loads are applied to the demonstrator.

(2) By varying the installation offsets of the spiral pulley, the
energy efficiency of the system can be tuned and improved even
if the structure stiffness changes but the spiral pulley geometry
remains unchanged.

The authors understand that the efficiency gains made by this de-
vice may in practice be offset by the additional mass of the device itself.
In future work, a system level optimisation will be performed, which
considers the mass addition due to the passive energy balancing against
savings in fuel and actuator mass to identify when the device is likely to
give most benefit. Also, in future work, a mechanism can be added to
change the installation offset adaptively.
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Table .A1
Summary of the Parameters.
Definition Parameters Derivation

Moment arm lm
Spring drive force Fd
Gear ratio g
Drive torque Td
Structure load torque
Aerodynamic load torque
Load torque Tl

Fig. A21. Geometry of the spiral pulley and its connections to the FishBAC and drive springs.

Fig. A22. shows the planar geometry of the spiral pulley and its rotation associated with the drive spring. The radius, r, about point O, which is the centre of the rota-
tion shaft, can be defined as an exponential function.

(9)

where δ is the rotation angle of the spiral pulley, θ is an associated angle and δ0 is the initial rotation angle. The parameters k1, k2 are the pre-
exponent and exponent terms of the spiral pulley, which will determine the geometry of the spiral pulley together with the initial pulley radius r0. As
shown in Fig. 1, the coordinate offsets of the spiral pulley origin, xoff and yoff, are also needed to define the location of the spiral pulley.
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Fig. A23. Geometry of the spiral pulley and its connections to the FishBAC and drive spring.

As shown in Fig. A2, the spiral pulley is connected to the drive spring, which has stiffness kdrive, and pre-tension L0. The spiral pulley is meshed
with the load pulley with a gear train to transfer the torque to the FishBAC structure. The load pulley has cables connected to the FishBAC structure,
and the drive torque output at the load pulley is given by

(10)

where g is the gear ratio, Fd is the force caused by the drive spring and lm is the moment arm determined by the geometry feature and the rotation
angle of the spiral pulley.

The gear ratio between the spiral pulley and the load pulley is defined as , and the number of teeth on the spiral pulley and the load
pulley are denoted by n1 and n2 respectively. When the gear ratio is larger than 1, the drive torque output by the load pulley can be amplified,
which can help to overcome high torque requirements. On the other hand, the rotation angle of the spiral pulley will be increased. The rotation
range of the load pulley is determined by the FishBAC structural deformation, which means only a small fraction of the drive spring pre-extension
will be used, and most of the stored energy cannot be used to balance the structural deformation. Adding the gears will increase the rotation range
of the spiral pulley for the same structural deformation, and increase the efficiency of the passive energy balancing.

The moment arm, lm, varies with the rotation of the spiral pulley, and thus the drive torque is influenced by the geometry parameters of the spiral
pulley, the drive spring stiffness and the initial extension.

The Cartesian coordinates (with the origin at point A) of any point B along the spiral profile can then be found from:

(11)

The length of cable, c, between point B and the origin is equal to:
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(12)

where a is a fixed, arbitrary length, taken to be 50 mm for this analysis.

(13)

Now that a, b, and c are known, using the cosine law of the triangle ABC one gets

(14)

After finding γ and θoff, the arm angle Ψ is

(15)

Given the length loff of the vector A'E, after finding the arm angle Ψ by the above formula, the arm lm is

(16)

However, in practice there is only one point that is physically relevant to the unspooling action of the pulley at a given δ, and that is the point at
which the straight portion of the cable ⯑AB leaves tangent to the spiral pulley surface.

The point of tangency occurs when the point C has the minimum corresponding angle γ. The value of θ at the tangent point, θmin γ, can be solved
for by differentiating Eq. (9) with respect to θ and setting equal to zero:

(17)

The drive spring is stretched by an initial amount L0 so that it may store elastic energy. The force in the drive spring, Fd, can therefore be found
from:

(18)

Where kdrive is the drive spring constant, and Foff,d is the force offset present in the spring. This force offset is a result of the manufacturing method
used with extension springs of the type implemented here, and appears as an initial non-linear, high stiffness region in the springs extension before
the nominal spring stiffness is achieved. As this force can be considerable, it is important to include it in the analysis.

The arc length, S, of the cable wrapped around the pulley from point B to the cable anchor point, E, can be found from the general form of the arc
length formula:

(19)

The total length of cable, Lc is then equal to

(20)

The portion of cable that initially lies between point A and the drive spring is not relevant for this analysis since its length is essentially constant,
and therefore makes no contribution to the change in length of the drive spring. Instead, the change in drive spring length can be found by subtract-
ing the total cable length evaluated at the current pulley rotation angle, δ, from the total cable length at the initial pulley rotation angle, δ0, which for
this analysis is zero.

(21)

The load torque, Tl, is required to deform the structure, is given by

(22)
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where the torque caused by the structure is denoted as and the torque due to the aerodynamic loads is denoted as . In the previous study,
only the component was considered, which is a fixed function of rotation angle determined by the morphing structure. The component due to
the aerodynamic loads is determined by the flight conditions.

If the load torque can be balanced by the drive torque partially or completely, less external energy will be consumed by the actuation system, as
the energy stored in the drive spring can help to deform the structure. The stiffness corresponding to the load torque is called load stiffness, and de-
noted as kl in this paper.

The performance of the passive energy balancing device is evaluated by the energy difference between the energy output of the spiral pulley
mechanism and the energy required for FishBAC morphing [19], as the energy difference is inherently provided by the external actuator. The perfor-
mance index Ex, which is the external energy requirement of the PEB device, is defined as

(23)
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