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A spiral pulley based mechanism is used to passively balance the energy between the
morphing structure and actuation system. Applying the energy balancing concept has the
potential to improve the performance of the actuation system by reducing the external energy
consumption. In the current study, the energy balancing concept is adopted in a morphing
design. A conceptual design of the integration is introduced with gears added between the
spiral and load pulleys. The stiffness of the morphing structure is measured and a test rig is
built to demonstrate the mechanism. Optimisation is performed to find the design parameters
of the passive energy balancing mechanism.

I. Nomenclature

Downloaded by UNIVERSITY OF NEW SOUTH WALES on May 11, 2020 | http://arc.aiaa.org | DOI: 10.2514/6.2020-1303

SPNS = gpiral pulley negative stiffness
FishBAC = FishBAC Bone Active Camber

r = spiral pulley radius

T = drive torque provided by the pulley
T = load torque required by the structure
e = energy conversion efficiency

Lo = drive spring pre-extension

Karive = drive spring rate

Kioad = structural stiffness
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I1. Introduction

An actuation system is an essential part of any potential morphing rotorcraft concept. The actuation system needs to
provide adequate force and stroke output while keeping the weight and cost minimum. The increase of weight and
energy consumption caused by the actuation system could negate the morphing benefits and lead to reduced overall
performance. Especially, when the shape change comes from the elastic deformation of morphing structures, the
actuation system needs to provide the elastic strain energy for the structural deformation during each shape-changing
cycle, which will be dissipated as the energy is not recycled in the system.

The problem caused by the high demand of actuation forces and energies can be solved in several ways.
Conventional actuation methods, like hydraulic actuation and servo motors are still often applied in morphing [1].
Smart materials, such as shape memory alloys and polymers, and piezoelectric materials [2, 3], can be applied to
introduce new design approaches for morphing aircraft and rotorcraft, although they may require high actuation
voltage [4] or have a low actuation bandwidth [5, 6]. Optimisation of the morphing structure as well as the actuation
layout can be performed to achieve an improved actuation efficiency. For example, the morphing wingtip structure
was optimised [7] to reduce the requirement of actuation force. A distributed actuation system was investigated using
a multi-discipline optimisation [8]. Bistable /multistable structures may also require less actuation energy as the
actuation is only applied to induce the snap-through [9].

Alternatively, an actuation system based on the passive energy balancing concept has the potential to reduce the
energy consumption. Rather than simply increasing the output energy from the actuator, the energy is stored in the
system to drive the morphing structure. The entire system consists of the actuation mechanism and the morphing
structure, and is balanced. The stored energy, which will be given back by the elastic structure, can be cycled in the
system, if frictions and non-elastic deformations are neglected. In this paper, the spiral pulley negative stiffness
(SPNS) mechanism is applied to balance the Fish Bone Active Camber (FishBAC) morphing concept [10-12]. The
spiral pulley has a spooling cable, which is connected to a pre-stretched spring. 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’ torque of increasing magnitude is generated as rotation
increases, which will balance the ‘positive’ stiffness of the morphing structure [13].

While previous studies have demonstrated this concept in desktop demonstrators [14-16], it has not previously
been demonstrated in a true aerodynamic structure. Limited space in the airfoil raises challenges in terms of the design
and manufacturing, especially considering the requirement of the accurate spiral geometry to achieve the stiffness
cancellation, the large forces in the pulley cables and adequate stroke of the pulley based actuation mechanism. The
current study will firstly define the model used in Section I11, in which a gear train is added in the actuation mechanism
between the spiral pulley and the load pulley. The optimisation setup is introduced in Section 1V. Compared to
previous studies, more constraints of the actuation mechanism due to the integration are added and the optimisation
variables are categorised into different components. Before the optimisation results are discussed in Section VI, the
experimental setup and a simplified demonstrator will be introduced in Section V. The results section discusses the
influence of different structural stiffnesses on the optimisation results considering the adaptability of the spiral pulley.

I1l. Model definition

The integration concept is shown in Fig. 1. Figure 1(a) shows the schematic of the FishBAC design driven by
servo motors [12]. The torque generated by the servo motors is transferred onto the spine through two tendons attached
to the solid trailing edge section.

A prototype of the bidirectional SPNS was developed by Zhang et al. in [14, 16]. Two spiral pulleys are mounted
onto one central shaft, and the bidirectional motion can be achieved through the rotation of the pulleys in opposite
directions. A NACA23012 airfoil section is chosen for the integration, and the chord and span are 270mm and 250mm
respectively. The current approach uses the cable from the load pulley to drive the tendons on the FishBAC directly
as shown in Fig. 1(c), which simplifies the mechanism but can still demonstrate the potential of the spiral pulley.
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(b)
Prototype of the bidirectional
SPNS mechanism
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Fig. 1 (a) FishBAC driven by servo motors; (b) Prototype of the bidirectional SPNS mechanism; (c)
Integration concept

Figure 2 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 function

r=r+ klek2(9+s+50) (1)

where 4 is the rotation angle of the spiral pulley and @ is an associated angle. The parameters ki, k- are the pre-exponent
and exponent terms of the spiral pulley. And the coordinate components of point A, Xor and Yorr, are also needed to
fully define the pulley geometry, together with the initial pulley radius ro and the initial rotation angle Jo.
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Fig. 2 Geometry of the spiral pulley and its connections to the FishBAC and drive springs
The drive torque output by the load pulley is given by

T,=9-Fl, 2)
The gear ratio is defined as
n
nl

where the teeth number in the spiral pulley and the load pulley are denoted as n; and n, respectively.

Figure 3 shows the detailed design of the spiral pulley and the load pulley. The spiral pulley is connected to the
pre-stretched springs, which are used to store the energy to balance the FishBAC morphing. 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. Two cables are used to connect
the load pulley and the FishBAC spine.

The expression of the drive torque has been derived in [13, 14]. The force, Fq, is a function of the rotation angle,
the parameters of the spiral pulley geometry and the drive spring. The moment arm, I, also 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. A decreasing torque can be provided against the rotation of the pulley, which
leads to the so-called negative stiffness. In the meantime, the load torque, T, is required to deform the structure. If the
stiffness of the structure can be balanced by the negative stiffness of the spiral pulley mechanism 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.

Connection to the

Connection to the wing panel :
wing panel

Spiral pulley 2
Holes for winding
cables to the
FishBAC spine

Spiral pulley 1

Holes for wrapping
cables

Gear
/ Gear /

Fig. 3 Schematic of the spiral pulley with detailed designs
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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 hands, the rotation angle of the spiral pulley will be increased. The
rotation range of the load pulley can be limited due to the FishBAC deformation limit, which means only a small
fraction of the drive spring pre-extension will be used, and most of the stored energy will not be used to balance the
structural deformation. Adding the gear will increase the rotation range of the spiral pulley for the same FishBAC
deformation, and increase the efficiency of the passive energy balancing.

IVV. Optimisation setup of the spiral pulley

The passive energy balancing device can be sized to improve its performance. The related parameters are listed in
Table 1. These parameters can be categorised as component-level parameters, i.e. the parameters of the spiral pulley
and the parameters of the drive spring, and the assembly level parameters, i.e. the gear ratio between the spiral and
load pulley. Optimisation has been performed in previous research to design the spiral pulley for the single-directional
and bi-directional cases [13, 16].

The objective is to find the maximum energy conversion efficiency metric defined as

EU
max 7, = =* 4)

r

where the energy output by the spiral pulley system, E,, and the energy required by the FishBAC structure, E,, can be
obtained as

E, = [T,|ds
, 5)

E, = [[T|ds

O Oy,

The load torque, which is the required torque to deform the structure is denoted as Ty, and is a fixed function of
rotation angle determined by the morphing rotorcraft design and will be measured in Section V.

Table. 1 Design parameters in the passive energy balancing device

Parameter name Parameter level
Initial radius, ro
Pre-exponent term, k;
Exponent term, ko
Initial spiral pulley rotation angle,
do
x-axis offset of the spiral
coordinate origin, Xoff
y-axis offset of the spiral
coordinate origin, Yost
Drive spring pre-extension, Lo
Drive spring rate, Kdrive component level: drive spring
Drive spring initial force, Fo
Gear ratio between the spiral
pulley and the load pulley, g

component level: spiral pulley
geometry parameters

assembly level

The parameters need to satisfy the constraints, especially when the spiral pulley is integrated into the FishBAC
morphing design. Obviously, the straightforward constraint is to ensure the integrated spiral pulley and the load pulley
will not have geometry interference within the morphing structure. The space in the morphing rotorcraft is limited and
will limit the maximum available size of the spiral pulley.

The geometric constraints are written as
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r-max<rlim
N.r..+Ng<f. -C (6)

S max

max (h,, h)<t,-C

Here, the maximum radius of the spiral pulley rmax needs to be small enough to avoid any interference with the
load pulley, especially considering the rotation of the spiral pulley. The radii of the spiral pulley and load pulley are
denoted as r and g. And the coefficients Ns and N; are used to denote the maximum radii of the pulleys after the gears
are added. As the spiral and load pulleys are in the airfoil, the sum of their radii should be smaller than the chord.
Also, the height of the spiral and load pulleys, hs and hy, should be lower than the airfoil thickness. The chord is
denoted as C and two ratios f; and t;, are used to represent the chordwise space the pulleys can occupy, and the
thickness to chord ratio of the airfoil. It should be noted that the maximum radius 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 maximum stress on the spiral pulley can be found in the connection between the spiral pulley and the cable.
A stress concentration will occur and the concentration factor is denoted as K. Since the cable mainly undergoes tensile
deformation, the constraint is written as

max K-F <F, . (7
where the tensile force is denoted as F and the yield force of the cable is denoted as Fiim.

V. Experimental setup

As expressed in the optimisation objective, the required torque to deform the morphing structure is required before
further integration study. A simple experimental setup is built to find the relationship between the required load torque
and the corresponding rotation angle of the load pulley. The experimental setup is shown in Fig. 4. A baseline load
pulley is installed, and the cables from the baseline load pulley are bonded to the FishBAC. The baseline pulley is
used to transfer the load torque onto the FishBAC structure in the measurement, and is installed at the same location
in the FishBAC structure. The torque is applied to the structure using a torque wrench with digital output. And the
rotation angle can be seen from the angle gauge connected to the torque wrench. A camera is placed on top of the
experimental setup to record the torque and the angle.

Output photo
e \\
P -~ ]_In Camera

Baseline load pulley for the torque
measurement

™ Angle gauge /
Cable from the load pulley

Apply torque connected to FishBAC tendon

Fig. 4 Schematic of the wing platform for the measurement of the FishBAC structure stiffness

An example of the stiffness test is shown in Fig. 5. Figure 5(a) shows the recorded torque and angle, and the
required stiffness to deform the FishBAC downward can be found in Fig. 5(b). The deflections of the FishBAC model
are also shown in Fig. 5(c). It was found that the rotation of the load pulley is around 20° and thus the gear ratio is set
to 3 to ensure the rotation of the spiral pulley can reach 60°, which can ensure enough displacement of the drive
springs.
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Fig. 5 (a) Record of the torque and the angle change, (b) Required load torque vs the rotation angle of the
baseline pulley, (c) Deflections of the FishBAC model

In the integrated morphing rotorcraft, a servo motor will be used in the actuation system. Although the spiral pulley
negative stiffness mechanism can reduce the structural stiffness, the actuator is still needed to control the deformation
of the FishBAC structure. In theory, the consumed power of the servo motor can be reduced with the help of the spiral
pulley mechanism. Before it is applied in the passive energy balancing design, the current characteristic of the servo
motor is investigated to show the influence of the load on the servo motor current.

Power supply W=

Current (A)

I

External load

W 0 50 100 150 200 250 300

Sampling time (ms)

Fig. 6 (a): Setup of the servo motor; (b): Recorded current of the servo motor processed using a low-pass
filter with a passband frequency of 50Hz

As shown in Fig. 6, the servo motor is controlled by an Arduino UNO board, and is powered by a DC power supply
whose voltage remained at 6V. An external weight is hung onto the servo motor, and the current is recorded by the
power supply with the sampling rate equal to 1000Hz. The recorded current is filtered using the MATLAB signal
processing toolbox, and the passband frequency is 50Hz. Figure 6 shows a large inrush current occurs when the motor
starts to work, but once the motor reaches a steady state, the influence of the external load can be found. Obviously,
large external loads will lead to increased currents, which corresponds to large energy consumption.

Figure 7 shows a simplified demonstrator, which is used to verify its mechanism before the passive energy
balancing is integrated into the FishBAC morphing rotorcraft. The FishBAC structure is clamped onto a base plate for
the convenience of assembling and testing. The demonstrator corresponds to the case when the chord is 270mm and
the FishBAC structure accounts for 25% of the chord. The spiral pulley and the load pulley are manufactured using a
3D printer. The drive spring is attached to an aluminum structural rail so that the pre-extension can be adjusted. To
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ensure the correct positioning of the spiral pulley origin, the spiral pulley is installed on a base plate with the origin
hole drilled, and a top panel is used to provide enough supports to the pulleys.

The optimised spiral pulley parameters from the previous study are used in the simplified demonstrator [16]. The
servo motor is used to drive the mechanism and the current in the servo motor is measured using a current sensor. The
drive spring stiffness is around 450N/m. the pre-extension is around 0.01m. The servo motor drives the FishBAC
structure to deform, and the deflection is around 1.2% of the chord. Due to the large inrush current of the motor, only
the current after the motor inrush current is averaged, which is found to be reduced from 1.2A to 1.05A approximately
after the spiral pulley mechanism is integrated. The current reduction means 0.375J energy saving for one single
operation. Although this energy saving is moderate, the energy reduction can be significant through the entire
operation lifetime of the morphing rotorcraft. Clearly, if the load alleviation due to the negative stiffness allows a
smaller actuator to be used, there is potential for energy savings at both the steady state and initial region of
deployment.

® - e
"
L) L @ ®
L]
° - o 2™,
| o ‘ =)
@ | Y

Fig. 7 Simplified demonstrator of the passive energy balancing deice

V1. Optimisation results and discussion

The optimisation is performed in MATLAB using genetic algorithm [17]. The structural stiffness measured in
Section V is adopted as the design case: kioag = 0.015Nm/°. The following variables are optimised within the following

ranges:
30 10
%000 =% <% 000 (M
0.001< k, <0.02

0<k, <1

_50 50
T80 <% <07 g ®)
-0.1<x, £0.1(m)

~0.05<y,, <0.1(m)
~0.05<L,<0.4 (m)
100 < k,,,, <1400 (N/m)

The gear ratio is fixed at g = 3, and the drive spring initial force Fo = 0 in this case. The geometry and maximum
force constraints are not included in the optimisation to allow for a full design space, but are checked after the
optimisation. The maximum force in the cable is 25.4 N, which is less than 7% of the yield tensile force of the cable.
The optimised variables are listed in Table 2.
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Table. 2 Optimised variables in the design case

Parameter name Optimised value | Unit
Initial radius, ro -0.02453 m
Pre-exponent term, ki 0.01968 -
Exponent term, k; 0.1968 -

Initial spiral pulley rotation angle, do -0.1476 rad
x-axis offset of the spiral coordinate origin, Xos -0.04439 m
y-axis offset of the spiral coordinate origin, Yo 0.06840 m
Drive spring pre-extension, Lo 0.2944 m

Drive spring rate, Kgrive 86.3815 N/m

The torque output and the energy efficiency of the spiral pulleys are shown in Fig. 8. The spiral pulley 1 is used

for the downward deflection of the FishBAC spine, and the spiral pulley 2 is for the upward deflection, which also
corresponds to the positive load pulley rotation. Both the spiral pulleys can eliminate the corresponding required
torque, although the other spiral pulley will also cause the 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 external
energy requirement significantly with the help of the energy stored in the pre-stored spring, although the opposite
drive spring extension will lead to extra energy requirement.

047 0.06 1
]Ylgrphmg, Requirement =-=-=External energy without BSPNS mechanism
03p. 7T Spiral pulley 1 _ | |= = =Extemal energy with BSPNS mechainism /
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Fig. 8 (a) Torque requirements, (b) Energy consumption

The optimised geometry parameters will generate the profiles of the spiral pulleys, which will be followed by the
detailed design. As shown in Fig. 3, there would still be humerous detailed design work of the spiral pulley after
obtaining the spiral pulley parameters, especially due to the limited space in the wing. Additionally, the small size and
the complex geometry makes the manufacturing of the spiral pulley difficult. 3D printing is applied for the current
stage, but the design iteration from the optimisation to the manufacturing is still very time-consuming. The time cost
requires the investigation of the adaptability of the spiral pulley mechanism with respect to the variation of the
structural stiffness, which corresponds to different load cases caused by the change of the FishBAC structure or the
aerodynamic loads.

Figure 9 shows the variation of the external energy when the structural stiffness changes. The x axis corresponds
to the structural stiffness, which is normalised by the structural stiffness used in the optimisation case. The y axis
corresponds to the ratio between the needed external energy and the required energy to achieve the structural
morphing. The optimised case, of which the normalised structural stiffness kicaq = 1, has the minimum external needed
energy for morphing. When the normalised structural 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. In the extreme case, when the structural stiffness is only 20% of the target design case, over four times
of the external energy is required compared to the morphing requirement. When the normalised structural 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 indicates the external energy is still consumed for
structure morphing, rather than for balancing the spiral pulley mechanism.
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Fig. 9 External energy requirement with the variation of the structural stiffness

The influence of the drive spring parameters is shown in Fig. 10. Both the drive spring stiffness and the pre-
extension are optimised at the target design case. Any variation of the drive spring parameters will lead to extra
external energy.
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Fig. 10 Influence of the drive spring parameters: (a) Kdrive, (b) Lact

VIIl. Conclusion

In this paper, passive energy balancing is applied to actuate the FishBAC morphing design. A spiral pulley based
mechanism is investigated and integrated into the FishBAC design.

Due to the requirement of optimising the spiral pulley geometry, the load torque, which is required to deform the
FishBAC morphing structure, is measured to obtain the structure stiffness. A simplified test rig is built to verify the
spiral pulley mechanism. Further optimisation is performed to optimise the parameters of the spiral pulley mechanism.

The optimisation results indicate that the spiral pulley based mechanism is able to provide a negative stiffness
against the structural stiffness, which creates an energy balancing system. Parametric analysis also indicates extra
energy will be needed if the mechanism does not work at the target design case, or the practical drive spring parameters
are not exactly the same to the optimised ones.

The wind tunnel model is under construction, and further results will be obtained to validate the concept.
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