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ABSTRACT Morphing wifiyg can ithprove the aerodynamic performance of aircrafts and expand the mission envelope.
Elastic deformation of the mofphiitg Structure can enable continuous and smooth shape change of the morphing aircraft,
which is an importaitapproach for morphing technologies. However, airframe structures need to resist aerodynamic
loads and the elastiodeformation requires high energy consumption during the morphing process, which will lead to
additional weight and(size of the actuation system, and causes the penalty to the morphing benefits. To solve the problem,
the actuation’sysfem based on the energy balancing principle can be applied, which can reduce the energy consumption
requirement_of/the morphing wing and thus reduce its weight and size. The energy balancing principle is achieved by
making use of'the elastic strain energy of the structural deformation during morphing. Since the structural deformation
corresponding to morphing is elastic, the strain energy can be recycled, which will definitely reduce the energy
requirement. The recovery and utilization of elastic strain energy can be achieved by arranging the energy storage element
in the actuation mechanism. Theoretically, if no friction is considered, the actuation energy to deform the structure can
be completely provided by energy storage element, without the consumption of the external energy, which will make the
overall system in the energy balancing state and reduce the energy consumption significantly. Also, from the perspective
of the stiffness, the energy balancing state suggest a quasi-zero overall stiffness of the actuation system and a negative
stiffness mechanism associated to the structural stiffness will be needed to create a quasi-zero overall stiffness. In the

current study, a negative stiffness mechanism based on the spiral pulley mechanism is designed firstly. The stiffness
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provided by the spiral pulley mechanism can balance the structural stiffness required for structural deformation, which
will create a quasi-zero stiffness system and reduce the requirement of the actuation force since the overall stiffness of
the system could be close to zero. A pre-stretched spring is used as energy storage element, and a kinematic model is
established to analyse the motion process. The moment output and the magnitude of the negative stiffness generated
during the motion process are derived. The stiffness of the deformed structure is measured, and the negative stiffness
mechanism is optimised using a genetic algorithm. The optimisation results show that the negative stiffness system can
reduce the energy requirement significantly. However, the stiffness of the morphing wing structure varies from the design
point due to manufacturing, assembly, and other factors. With the disturbances and uncertainties of the system taken into
consideration, a stiffness tuning mechanism is introduced to enhance the adaptability of the negative stiffness mechanism.
By changing the position of the connection point of the spring, the negative stiffness and the overall stiffness can be

adjusted the overall stiffness. Theoretical analysis shows that the range of overall stiffness i
-,

expanded allowing the

system to better satisfy the energy balancing requirements under different structural stif} inally, the actuation
Q.tuation experiments

ensorNThe experiment results

system is integrated into a fishbone morphing wing and the experiment platform is est.
were conducted and the currents of the servo actuator was measured through the ¢
show that the energy balancing system can reduce the energy consumption b
balancing method has the potential to reduce energy consumption significant ion to that, it has been verified

that the stiffness tuning mechanism can adjust the structural stiffness by tuniig of connection point position, which can

improve the capability of the energy balancing system.
KEY WORDS energy balancing; negative stiffness; morphing / actuation system; morphing aircraft; stiffness
adjustment mechanism ,%/
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Fig.1 Mechanical equilibrium schematics
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Fig.2 Energy balance schematics
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Fig.6 (a) moment arm variation; (b) principle of stiffness adjustmént
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Fig.7 (a) stiffness measurement process; (b) stiffness measurement result
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Table 1 Design interval and optimum parameters 0f negative stiffness mechanism parameters

Parameters Range Results

Initial radius/m <0.03<7r<0.01 -0.0189
Spiral profile index 1 -0.001<k,<0.02 0.02
Spiral profile index 2 0<k<1 0.24
Connection pointlocatiénym 0.03<x,;<0.09 0.078

Pre-stretching length/m 0.005<L;<0.08 0.0313

Spring stiffness/(N'm) 100<K <1500 1482.5
Redradius/m 7>0.0025 0.0045
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Fig.8 (a) comparison of external energy requirements; (b) "torque-rotation " relationship
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Fig.9 (a) the influence of connection point on torque output; (b) the stiffness capability of the stiffness adjustment

mechanism
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Table 2 Incoming flow parameters

Parameters

Velocity of uniform incoming 40
flow V, infinity /(m/s)
Reynolds number Re 240000
Angle of attack a/° 5
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