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Abstract. Traditional morphing concepts require external energy input to achieve the
desired changes to the shape of aircraft structures, often working against the inherent
stiffness of these structures. This can lead to a requirement for large actuators, and a
significant negative impact on system level performance due to the added mass and
energy requirements. This work investigates an energy efficient concept for
bidirectional morphing aircraft actuation by using a negative stiffness mechanism. The
negative stiffness mechanism reduces the actuation requirements for morphing
structures by strategically locating negative stiffness devices in parallel to the positive
stiffness of the morphing structure to create a net zero stiffness system and therefore to
tailor the required deployment forces and moments with minimal energy requirements.
The torsional negative stiffness with an off centre spring (TNSOCS) mechanism
proposed here uses a pre-tensioned spring to convert the decreasing spring force
available in the spring into increasing output balanced torque. The kinematics of the
negative stiffness mechanism is first developed to achieve bidirectional actuation and
its geometry is then optimised by employing an energy conversion efficiency function.
The performance of the optimised negative stiffness mechanism is evaluated through
net torque, the total required energy and energy conversion efficiency. Exploiting the
negative stiffness mechanism has a significant benefit not only in the field of morphing

aircraft but many other energy sensitive applications.



1. Introduction

Traditional aircraft structures are designed with actuated substructures connected with discrete
mechanical elements for adapting to different flight conditions with corresponding targets or
requirements during flight. These designs can add significantly to the mass and requirements for the
design, manufacture and maintenance, which adversely influence the flight performance and energy
consumption at the aircraft system level. Morphing aircraft seek to remedy this by integrating
actuation into the structures themselves to achieve simplicity and efficiency to improve flight
performance and energy efficiency. Many works on morphing structures have been presented,

including modelling, devices and challenges [1-4].

Different approaches have been investigated to actuate morphing aircraft. Some general actuators

have been used to accomplish chord extension [5], wing area and sweep angle change [6], profile

adjustment [7] and morphing winglet deployment [8,9]. These integrated systems allow shape
changes of the structure, and thus controlling its motion with acceptable precision. Traditional
actuators, such as electromechanical actuation, can be used as linear and rotary actuators, combined
with mechanisms to provide a powerful tool for morphing [10]. Moreover, with the development of
smart materials, many traditional actuation systems based on electric motors, hydraulics, or
pneumatics may be replaced by smart material systems. For example, piezoelectric materials have
been used as actuators to control wing panels [11,12], spanwise deflection [13] and trailing-edge flaps
[14,15]. Other smart materials have been investigated for morphing structures [2,16,17], based on
electric, magnetic or thermal activation, which gives enormous benefits to the actuation system, such
as high energy density [18,19]. These different methods are able to morph the aircraft, but the energy
required is dependent on external actuators, which can have a significant negative impact on the
system level performance due to the added mass and high energy requirements. Therefore, minimising

this external energy input can be the key to optimising morphing aircraft at the system level.

The objective of this paper is to reduce the required energy for bidirectional morphing aircraft
actuation by establishing an energy balancing system. The key concept is developing an additional
negative stiffness system to balance the positive stiffness morphing system. Although the concept of
using negative stiffness has been investigated to achieve stiffness changes in a dynamic system
[20,21], the alternative use of negative stiffness systems can be beneficial for statically balanced
systems such as morphing aircraft. Previously, Woods et al. used a spiral shaped pulley to tailor the
actuation force from a pneumatic actuator [22,23]. Through the kinematic tailoring, the output load
line can be well matched the required torque to drive a compliant morphing aircraft. An experiment
validated the approach using two springs (drive spring and load spring) [24]. Figure 1 shows the 3D
printed spiral pulley negative stiffness mechanism, which uses a prearranged extension spring as the

drive spring to tailor the required load, that represents the morphing aircraft actuation.
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Figure 1. Spiral pulley negative stiffness mechanism [23].

Although this kind of wrapping cam mechanism can provide a satisfactory output torque by choosing
the corresponding cam profile [25], the actuation direction is limited by the pulley. Therefore, to
develop a negative stiffness mechanism for bidirectional morphing actuation, a bidirectional torsional
shaft system is investigated to verify the possibility of a bidirectional energy balancing system. This
research focuses on a new negative stiffness mechanism, which is capable of generating a satisfactory
torque versus rotation profile. One important benefit of this negative stiffness device is that it is
passive and does not require additional energy input for actuation. Energy used in an actuator is
usually non-recoverable, but the negative stiffness mechanism can provide energy to actuate and then
be back-driveable by the elastic load in the system. Therefore, the coupled system is able to recycle
energy and for a conservative system this recycling will be perfectly efficient. This is valuable for

morphing structures where the structures have to support significant loads during frequent actuation.

This paper is organised as follows. First, a recent active camber concept is chosen as the target shape
adaptive blade, and the required torque in real work conditions is presented [26-28]. The kinematics
of the bidirectional torque shaft and rotation angle are then investigated. The active camber device is
considered as a general positive stiffness system, and the characteristics of the negative stiffness
mechanism is proposed. Finally, the design parameters are optimised to exactly match the
requirements of the morphing actuation. The predicted torque, required energy and evolution of

efficiency of the coupled system are shown numerically.

2. Morphing aircraft actuation

In order to investigate how to use this bidirectional negative stiffness mechanism for morphing
aircraft actuation, a new morphing concept known as the Fish Bone Active Camber (FishBAC) [26] is
chosen as the drive load for study. This concept presents a biologically inspired internal bending beam
with a skin surface made of elastomeric matrix composite, which can be seen in Fig. 2 [26]. The

benefit of this active camber device is that it can provide large camber changes and the airfoil camber



is morphed smoothly and continuously. The rotation of the tendon spooling pulley wraps the tendon to

morph the trailing edge upward or downward and produce a continuous change of the camber.
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Figure 2. Schematic of the FishBAC concept [26].

In this case, both the aerodynamic load and the elastic deformation of the structure were considered
and the analytical formulation was derived from Euler-Bernoulli beam theory. This FishBAC camber
is predicted to generate the largest lift coefficient of C; = 1.46 when fully downward deflected,
which produces a vertical trailing-edge displacement of w, = 14mm (5.2% of chord) and a tendon

pulley rotation of §; = 50 deg, as shown in Fig. 3.
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Figure 3. The morphing deformation of the FishBAC model.

Figure 4 shows the predicted bidirectional torque requirements for morphing for different tendon
spooling pulley rotation angles. The maximum torque required is 17.4 Nm for elastic deformation at
the maximum rotation of §, = +50 deg of the spooling pulley. The linearisation of the required
torque for morphing produces a target positive stiffness system for designing the bidirectional

negative stiffness mechanism.
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Figure 4. Comparison of required torque and the corresponding linearised torque for elastic deformation.

To allow for a suitable negative stiffness mechanism, it is necessary to simplify the design and
assembly. A torsional negative stiffness with an off centre spring (TNSOCS) mechanism is developed
to allow the FishBAC to deform either upward or downward. In order to construct an energy balanced
system, the extension of a linear spring is used to store energy and installed at the off centre point of
the shaft to produce part of the actuating force. Along with the rotation of the regular pulley, a
portion of the spring will be released and the moment arm produced by the angle of the bidirectional
torque shaft will be increased. Therefore, a negative stiffness mechanism can be designed by careful
choice of the system parameters. In order to improve the performance of the total system, a gear is
also proposed as an additional parameter. The benefit of using the gear is to provide the ability to
modify the gear ratio (G) between the input and output. The schematic of the whole system is shown
in Fig. 5, for motion from an initial configuration to an actuated configuration.
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Figure 5. Schematic of the bidirectional negative stiffness mechanism for morphing aircraft actuation.



Figure 6 shows a 3D schematic of the bidirectional shaft concept, which is constructed by a rotation
shaft and a load pulley. One side of the prearranged extension spring is installed at an off centre point
c on the shaft and the other side is fixed so that can provide a bidirectional motion by rotating the
shaft clockwise (B) or anticlockwise (A) around the centre point o. The load pulley is fixed with the
bidirectional shaft to output the actuation torque. This bidirectional feature provides better work
cancellation for the many practical applications where the required force is bidirectional than single
directional devices.
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Figure 6. 3D schematic of the bidirectional shaft concept.

3. Bidirectional negative stiffness mechanism

The analysis of a spring-drive FishBAC morphing airfoil employing the bidirectional torque shaft,
which is shown in Fig. 5, will be presented. The complicated kinematics of the bidirectional torque
shaft and tendon are first investigated, as shown in Fig. 7. The work presented here does not consider
practical issues or stability, such as non-backdriveablility, friction, and brakes, in any detail but these

important practical aspects will be considered in future work.

The detailed geometry definition of the bidirectional torque shaft is shown in Fig. 7. The bidirectional
torque shaft is first defined as an ellipse shaft profile in the Cartesian coordinates about the centre of
rotation O and § is shaft rotation angle. Any profile of the shaft can be adopted to provide a variation
of the radius and the ellipse is used here as an example to show how the geometry is able to produce a

negative stiffness.
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Figure 7. Bidirectional shaft geometry analysis with moment arm details.

Figure 7 shows that the cable is fixed on the shaft and point B is the off centre point for the spring.
The Cartesian coordinates can then be defined with the origin point at A and the coordinates of any

point B’ can then be defined as
Xgp =rsinf 1)
Vg = losy + 1 COSO )

where r is the length of the vector OB and los5 is the length of the vector 0A. Therefore, the length of

the vector AB’ is equal to

a= /xé +yi = \/(rsin@)z + (loff + 7 cos 9)2 (3)

Then, the moment produced by the force in the cable is variation due to change of the moment arm

0C, which is defined as L,,,, the length of the vector perpendicular to the straight cable AB’. The

moment arm angle y can be obtained by using the law of cosines with the known a, r and [, ¢¢, and is

given by
a?+ 12, —1r?
— -1 of f
reee [ Zalopy ] “
The length [,,, of the moment arm OC is then
Ly = lopf siny (5)

Therefore, the total length of the cable from point A to point B’ is equal to



Lo=a ©)

Since the length of the cable between the bidirectional torque shaft and the extension spring is
essentially constant, the rotation of the bidirectional torque shaft leads to a release of a portion of the
cable. The change of the spring force can be calculated by subtracting the total cable length evaluated

at each shaft rotation angle 6, from the total cable length at the initial position

AL = (r + loff) —Lg (7)

The spring is designed as an energy stored device by choosing an initial length L, as mentioned above.

The force F; in the spring at the current position can therefore be obtained as
Fs = K(Lo — AL) (8)

where K is the spring constant. Finally, the torque produced by the bidirectional torque shaft can then

obtained by Eq. (7) and Eq. (5) for each rotation angle 0 as

Ty = Fsly (9)

These two independent systems are connected by a gear, as shown in Fig. 5, and the torque T on the

FishBAC tendon spooling pulley is modified by the gear ratio G to give

Tr = ThG = FlpG (10)

0
O =7 (11)

The above discussion shows that as the length of the spring decreases with rotation, the force
available from the spring decreases but the magnitude of the moment arm increases. In order to
determine the suitable range of the gear ratio, the largest rotation angle of the bidirectional negative
stiffness mechanism should be chosen. From the geometry shown in Fig. 8, the largest rotation angle
of the bidirectional negative stiffness mechanism occurs when point B’ has the maximum
corresponding angle y. Meanwhile, the value of angle y could be considered as a function of variable
6, and the maximum corresponding angle y can therefore be solved by differentiating Eq. (4) with

respect to 6 and setting the result equal to 0. Thus

dy

=0
do max 6 (12)

Therefore, the maximum corresponding angle y occurs when the vector AB’ is tangent to a circle with

radius of r, as shown in Fig. 8. Equation (13) defines the maximum corresponding angle y with r, and

8



the maximum gear ratio can be confirmed by the maximum corresponding angle y to provide a

suitable optimisation upper bound of gear ratio G.

1 r

Ymax = Sin~

(13)
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Figure 8. Position corresponding to the maximum angle y.

In order to minimise the performance of the energy balancing system, an objective energy conversion
efficiency function is proposed to make the torque provided by the negative stiffness system match, as
closely as possible, the required torque. To accomplished this, an energy conversion efficiency metric

is defined as

E,
Ner = E_r (14)

where E,, is the absolute energy integrates the torque between these two systems

S¢
By = [ Taldo (15)
0

and E,. is the required energy for morphing the FishBAC active camber

8¢
B = [ Iry1d0 (16)
0

Finally, the nonlinear programming solver fmincon in MATLAB Global Optimization Toolbox was
used to optimise the objective function. The resulting optimised parameters are shown in Table 1 and

the corresponding geometry is shown in Fig. 9.



Table 1. Optimised parameters for bidirectional negative stiffness mechanism optimisation.

Parameter Lower bound Upper bound Optimized value  Units
Drive spring extension, L, 1/1000 1 0.537 m
Distance, l,sf 1/1000 3/10 0.292 m
Bidirectional shaft radius, r 1/1000 3/10 0.245 m
Drive spring rate, K 100 1400 1087.392 N/m
Gear ratio, G 0.5 Grax 0.522 -
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Figure 9. Predicted geometry of the optimised bidirectional pulley.

4. Simulation results and discussion

With the optimised parameters obtained as discussed in Section. 3, the effectiveness of the optimal
bidirectional negative stiffness mechanism to construct an energy balancing system for the positive
stiffness FishBAC active camber device can be investigated. The performance predicted for the
optimised bidirectional torque shaft profile shows satisfactory matching of the linearised torque
requirements. Figure 10 shows that the evolution of torque with rotation for the spring and the
FishBAC and the net torque of the whole system. The torque provided by the negative mechanism
matches the torque required closely, and the maximum torque required by the extra actuator is less
than 1N - m.

10
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Figure 10. Predicted torque with optimised bidirectional negative stiffness mechanism.

Integrating both the torque (7 and AT(Tf —T,) ) versus the rotation angle provides the mechanical
energy required to morph the FishBAC, as plotted in Fig. 11. By comparing the energy required with
and without the negative stiffness mechanism, it shows that the negative stiffness mechanism has a
strong ability to passively balance the required torque. Figure 11 shows that the predicted energy
reduction is almost 99%, with the energy required reduced from 7.82 J to 0.06 J. This is the
contribution of the energy stored in the extended spring in the initial position.
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Figure 11. Comparison of predicted energy required with and without the negative stiffness mechanism.

Figure 12 shows the force available from the spring along with the moment arm provided by the
negative stiffness mechanism. It can be seen that while the force available from the spring decreases
with rotation, the magnitude of the moment arm increases faster. Hence the bidirectional torque varies

because of the changing moment arm length when the rotation angle increases, so that the required
balancing torque can be produced.
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Figure 12. Evolution of the drive spring force with moment arm details.

The objective energy conversion efficiency curve plotted in Fig. 13 shows that the optimised
configuration of the bidirectional torque shaft provides significant benefits in terms of energy

efficiency. Moreover, it also shows that the bigger the angle of rotation, the less initial energy is lost.
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Figure 13. Evolution of efficiency with rotation.

Based on this study, it can be seen that the negative stiffness mechanism provides a significant
contribution to balancing the positive stiffness system (FishBAC). High energy conversion efficiency

can be provided by the prearranged extension spring and a smaller actuator can be used in the system.

5. Conclusion

A new concept for using a torsional negative stiffness with an off centre spring (TNSOCS)
mechanism for bidirectional morphing aircraft actuation has been presented. A bidirectional torque
shaft mechanism was proposed as a negative stiffness system by using a pre-tensioned spring. The
kinematics of the bidirectional torque shaft mechanism was introduced and this method was used to
convert the positive stiffness spring into a negative stiffness system. An energy conversion efficiency
function was introduced to provide a basis for evaluation and also act as the objective function to

optimise the geometry of the bidirectional negative stiffness mechanism. The optimised bidirectional

12



torque shaft mechanism was shown to be able to generate a torque that matches to the required torque
of the FishBAC active camber closely, which means a significant contribution can be provided by the
bidirectional negative stiffness mechanism to balance the positive stiffness system. While the example
used in this paper is relatively simple, it provides an insight into the low energy actuation design

problem, both in the field of bidirectional morphing aircraft and other fields.
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