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Abstract 

The morphing wing robotic mechanism to facilitate the movements in multi-
dimensional (3D) space has been designed for VTOL (Vertical Takeoff and Landing) 
based UAV (Unmanned Aerial Vehicle), to overcome the drop-in lift and altitude 
during the transition. The basic mathematical model is considered of 3D with 
movements in CATIA and it is further simulated for flex body mechanics in SIMPACK. 
The aerodynamic aspects of the morphing wing are analysed with controlled 
deflections in three axes by placing the linear miniature actuators in optimal locations. 
To achieve this, 'L' shape coupling is formed using the miniaturized conventional 
linear actuators. The morphing methodology is derived for wing movements and their 
aerodynamic relations are subsequently described. The experimental realization of a 
multi-axis morphing wing achieved through dedicated test rig and a suitable "L" 
coupling system for angular orientation and angular displacement. The 
instrumentation scheme consists of a micro-autopilot system based IMU controllers 
and sensors to measure the wing travel in the multi-axes. Further, the errors are 
analysed and gains are adjusted to achieve the required morphing actions in terms of 
AOA, dihedral angle and sweep angle. 
 
 Keywords: Morphing wing, VTOL-UAV, Mechanism, "L "coupling system, IMU 
(Inertial Measuring unit), Linear Miniature actuator (LMA) 
 

1. Introduction 
 Nature provides the foundation of knowledge for the establishment of science and 
technology. In this regard, the bird’s flight with a change of wing shape earned many 
researchers in the past. The fixed-wing aircraft is well known with a conventional 
mechanism by using control surfaces to achieve the aerodynamic characteristics. Many 
researchers have acknowledged that the change in wing shape would provide improved 
aerodynamic performance with efficient energy savings. Therefore, a new wing 
morphing mechanism is designed and analyzed theoretically and further validated 
experimentally on a test rig prior to accommodate in CSIR-NAL's VTOL- UAV of 7kg 
category.  
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 Aircraft morphing is defined as a method, alternative to conventional means of 
modifying or manipulating an aircraft’s external shape for the required aerodynamic 
performance [1]. The author reviewed the morphing aircraft systems with historical 
perspectives and future challenges on modern research to enable high-performance 
shape-changing capabilities [2].The modular morphing has been considered for six 
degrees of freedom on larger aircraft have studied through VGTM (Variable Geometry 
Truss Mechanism) for modular motion control with global kinematics made up of 
multiple morphing modules in open loop system and local kinematics of closed-loop 
system and various compliant mechanisms from the conventional, lumped mechanism, 
distributed mechanism to selective compliance with easy controllability of systems and 
advanced kinematics optimization have been exploded. The active wing shape-changing 
concepts using lattice-based cellular structures and achieved for single robotic modular 
structure. The joint element configurations of revolute joint, rigid joint and universal 
joints, elbow and wrist type joints have been considered and analyzed the topology 
synthesis of distributed actuation system for morphing wing structures [3-9]. An optimal 
speed of UAVs under different sensor device densities is needed to maintain an optimal 
arrival rate, alleviating network congestion and simultaneously maximizing data 
collection efficiency and UAV could dynamically adjust the speed according to the 
sensor device density and this methodology was adoptable for controlling the dynamic 
speed of the LMA through time delay process [10].The energy usage and energy 
management was  developed  using an optimal energy control system (OECS), this 
technique may be adopted in power management of LMA [11].The relations to gimbal 
systems are explained and useful for implementing multi-axis motor systems [12]. The 
sliding mode fault-tolerant control of the UAV analyzed, considering the failures of 
sensor and actuator a simplified coupling dynamic model and slide mode control are 
combined and simulation carried out with an assumption of inbuilt inertial sensors. In 
our work we carried out dynamic coupling system and Multi body simulation of wing 
travel in a space and experimentally IMU based APM board aligned with AHRS adopted 
[13-14]. An adaptive sliding mode Thau observer (ASMTO) method is proposed to 
estimate the fault magnitude through an adaptive algorithm and an Integrated   fault 
diagnosis and a fault-tolerant control scheme introduced with adaptive algorithm for 
quad copter UAV actuator. This would be considered in futuristic work [15-16]. The 
dual electromechanical actuation system, forward flight of Micro Air vehicle flapping 
wing system an efficient high lift capability for take-off and landing and reduction in 
cruise drag through control of the twisted shape of the flexible wing achieved [17-21].  

1.1  Novelty 
 
 We have studied from single-axis to multi-axis morphing of the wing to deflect the 
control surface by morphing technique and subsequently extended to the morphing of a 
3D wing with adaptive linear miniature actuators. We have achieved the combination of 
two or more axial motions with respect to the morphing parameters from our earlier 
study on VGTM. The focus of this research is to develop a multi-axis morphing 
mechanism and study its progression with linear miniature electrical actuators. The 
CSIR-NAL's Vertical Takeoff and Landing (VTOL) UAV of 7Kg category have been 
considered for implementation. The 3D kinematic model is designed and simulated in 
CATIA and further analysis is performed in SIMPACK. The simulation results of the 
mechanism have been subsequently validated with the experimental results. The 
motivation for this multi-axis morphing mechanism development is that, with a fixed-
wing, the VTOL vehicle experiences a significant drop in the lift after a vertical takeoff 
at the cruise altitude, while deploying the front propellers in aircraft mode. The transition 
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flight reflects a great challenge in the form of a sudden altitude drop. Therefore, it is 
proposed to alter the aerodynamic parameters of the wing to overcome this reduced lift 
and altitude during the transition flight. 
 

2. Methodology 
The various stages involved in the morphing wing mechanism development 

indicated in the flow chart of Figure 1. It can be understood that a strong mathematical 
model, suitable actuators and proper kinematics are needed to design a suitable morphing 
wing. The application of this morphing wing concept improves the aerodynamic 
performance of a tri-copter based7kg VTOL-UAV during transition flight from 
helicopter mode to aircraft mode of operation. It is required that the aerodynamic 
parameters of the wing need to be optimized during flight. Hence, change in AOA with 
marginal dihedral angle is considered in the present study. 

 

 

Figure 1. Schematic representation and 3D Morphing Mechanism with 
ribs and skin assembly 

 

3. Mathematical Approach and 3D Kinematics for Multi-Axis 
Morphing 

Wing level morphing can be achieved by a single axis and multi-axis 
reconfiguration of the wing geometry. It is, therefore important to model the system 
prior to realizing it through an experiment on multi-axis wing morphing. The 
mathematical approach provides a theoretical basis for a given variable sweep, 
dihedral and pitch angles for wing displacement on space. The change in wing 
motion on multi-axis would occur with respect to the miniature linear actuator 
displacement. The initial configuration of actuators for the theoretical approach is 
indicated in Figure 2. 
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Figure 2(a): Single Axis Roll Actuation of the wing  
 

The relation between the displacement angle and actuator stroke length represented 
in equation (1) and (2) have arrived through a simplified trigonometric relation for 
evaluating Roll, Pitch and Yaw motions and tabulated in Table1. The single-axis 
mathematical concept realization is shown in Figure 2(a), with the condition of a wing at 
No-Load condition without skin. The half wingspan (WL1) of 876mm is connected at an 
ideal leverage Location of 60mm from the coupler fulcrum point. The Leverage endpoint 
is coupled through an innovative mechanism with the rod end bearing of swivel of 8°is 
represented in Figure.2(b).  When the actuator is energized with 12V, the actuation of 
5mm upward and downward would initiate the wing travel in the space of as shown in 
Figure 3. Similarly, the other two actuators are responsible for yaw and pitch motions. 

 

�� = ���� + ���
 (1) 

from ⦟QRS, tan � =
��

��
 , � = 51.3�

 at actuator neutral position 

��� ������� ������  �� − 5�� , � = cos��
60

√60� + 5�
 = 4.76° 

 

(2) 

Table 1: Actuator Travel Vs Wing Travel positions 
 

Actuator Travel in mm Wing Travel in Space  in 
mm 

Actuator Neutral 
Position  
75mm 

Wing Neutral Position 
0° 

DN UP UP DN 
-5 5 4.76 -4.76 
-10 10 9.46 -9.46 
-15 15 14.03 -14.03 

 
Consider the wing travel in the angular position of 8° swivel the angular position � 
varies with its self-loading wing. The components of �, Ø and θ represent the (γ),(β) and 
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(α). Considering the Cosine laws for any triangle, the angular position of �, Ø and θ may 
be solved. 

 

 
Figure 2(b) : Single Axis Roll Actuation of the wing with angular swivel of 

eight degree(8°). 
 

  a� + �� − 2�� cos(�) = �� (3) 

    ��′� = �� ′� + �� ′� − 2�� ′ �� cos(ψ − ψ′) (4) 

(C) = cos���
��′�

�� ′� + �� ′� − 2�� ′ ��
 (5) 

Similarly, for the Pitch and Yaw angles the required actuator stroke lengths to achieve 
desired pitch and sweep angles are evaluated. Equation (3) and Equation (4) provide the 
relation between the stroke length of the linear actuator with the sweep angle, roll angle 
and a pitch angle of the wing of a VTOL-UAV.  
 
3.1. VTOL-UAV Wing Design Requirements 
 
 The 1:1 scale of 7kg mini-VTOL UAV’s effective wingspan of 1876mm out of total 
wingspan of 2000mm, Aerofoil of Selig 1210 (12% thickness),effective root chord of 
362mm and tip chord of 266mm have been considered for our work. The robotic wing 
morphing mechanism is essential for realizing the multi-axis simulations. The centre of 
the wing spar, passing at mid chord is considered as an ideal location for obtaining the 
wing motion. The C.G of fuselage plays a major role and it is suitable for 
accommodating the complete mechanism. The VTOL assembly and wing attachment 
housed within the fuselage and the details of the airframe provided in Figure 3. 
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Figure 3: The VTOL UAV Assembly of 1:1scale 
 
3.2 Three-Dimensional Kinematics for Multi-Axis Morphing: Theoretical Background 
 
 The kinematics of movements in three-dimensional (3D) space is considered and 
Euler’s theorem is applied for a Body-fixed coordinate system. Haslwanter (1994). 
Huang, X.Q et al (2018) have also used for multi flexible link of space robot with a 
dynamic motion of its centre of mass in fixed coordination system.  
 

�(�)=�
cosθ −���� 0
���� ���� 0

0 0 1
� ; �(∅) =  �

cos∅ 0 ���∅
0 1 0

−���∅ 0 ���∅
� ; 

�(�) =  �
1 0 0
0 ���� −����
0 ���� ����

�                                   (6) 

Considering  = ±12o     we get, 
 

Rα+12=







 
 
 
  

 = 

1.370

0.913

0.999

 
 
 
  

 Rα-12=







 
 
 
  

 = 

0.999

0.913

0.999

 
 
 
  

 

�����

= �

cosθ�cosθ� ��������∅������ − ���∅������ ��������∅������ + ���∅������

−���θ����∅� ��������∅������ + ���∅������ ��������∅������ − ���∅������

−���∅� −cos∅����∅� cos∅�cos��

� 

 
       (7) 

Considering a sample calculation for pitching of 150, dihedral of100and forward sweep  
 

of 120 ( F, F, F), we get RFick= 

0.951 0.116 0.079

0.167 0.972 0.160

0.256 0.200 0.944

 
 
 
  

. 
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This provides a convenient way to find ( F;  F;  F) when the rotation matrix R is 

given: Using  

        �� = ������(�21) ; �� =  −������ �
���

�����
� ; �� =  −������ �

���

�����
�  (8) 

Thereby the orientation is described in Figure 8 a rotation about the z-axis, by an 
angle α and followed by a rotation about the rotated x-axis, by an angle β which is then 
followed by a rotation about the twice rotated z-axis, by an angle γ. (Refer Equation 
(9)) 
    REuler = R3 (γ) · R1 (β) · R3 (α)               (9) 
 

 Technical applications often use passive rotations for the definition of the rotation 
matrix, and an innovative ‘L’ coupling system is introduced for achieving multi-axis 
morphing wing applications. 
 

4. Three-Dimensional Morphing Wing Mechanism Model Design and 
SIMPACK Simulation 

 
To study the kinematics of multi-axis morphing wing motion in VTOL-UAV, an 

innovative morphing wing mechanism with LMA (linear miniaturized actuators) setup is 
designed and simulated in CATIA. The robotic motion is achieved through a suitable 
“L” coupling system to accommodate in VTOL UAV fuselage. The "L" coupling system 
has three number of joints, which controls the dynamic motion of the wing. The dynamic 
motions of the wing were simulated using rigid body mechanics of SIMPACK. The 
integrated process flow for wing mechanism with SIMPACK is represented in   Figure 
4(a) and Figure 4(b).The integrated process starts with converting the CATIA model 
directly into the multibody dynamics model in SIMPACK. The CATSIM is used for 
converting CAD Assembly directly into SIMPACK. The CAD import and export options 
into SIMPACK through CATSIM are available for both CAT assembly product and 
CAT part for MBS System.  
 

 
 

Figure 4(a). Integrated Process Flow for Wing Mechanism with SIMPACK 
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Figure 4(b) Wing Mechanism from CATIA to SIMPACK Conversion 
 

Initially, the workflow of the wing mechanism without "L" Coupling is converted from 
CAD to MBS (Multi-Body Simulation). The two-dimensional (2D) topology has been 
drawn and actuators are coupled within the kinematic tree to build the complete MBS 
model. 
 
4.1  Model building and pre-processing of CAD data into parts (Bodies) of 

SIMPACK 
 
 The three-dimensional components for wing mechanism model have been created. The 
components of the wing mechanism illustrated in Figure 4(b). The wing of SELIG 1210 
airfoil in CATIA with rib constructions of 1:1 scale at a distance of 100mm between the 
ribs with its CG location created. The wing centralized spar of titanium rod of six-
millimetre diameter, one mm thickness and span of one-meter half wing dimension were 
created. The other off-shelf items linear miniature actuator of RA-Mini of 30mm stroke, 
the coupler of 3/16 rod end bearing, M6 fulcrum rod end bearing created for assembly. 
The suitable U clamps and "L" bracket have been designed to create a rigid-body 
mechanism. The assembly of wing mechanism assembly and Assembly in SIMPACK 
are illustrated in Figure 4(b) and Figure 4(c). 
 

                       
Figure 4(b). Wing Mechanism             Figure 4(c). Wing Assembly integrated  
                     Assembly                                 in SIMPACK 
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4.2 Creation of MBS Simulation SIMPACK 
 A Multi-body dynamic model is an outcome of the above conversion.  The two-
dimensional topology (2D) of the MBS model for the solid wing was created for 
representing the kinematic tree. The CAD import options into the MBS model through 
CATSIM and interfaces of model and topology illustrated Figure 5.  
 

 
 

Figure 5. MBS – Interfacing with CATIA and 2D Topology of wing 
Mechanism without “L”- coupling and Actuator 

 
 The actuators are added to the present MBS model one by one for creating L-coupling 
formation. The actuator is also converted in the same way through CATSIM and the 
topology of the actuator represented in Figure 5(b). The actuator consists of three parts 
namely housing, piston and piston rod. All the items have been treated as a rigid body. 
 

 
Figure 5(b). The 2D Topology for Actuator  

 
  The coupler of rod end bearing responsible for pitch actuation A3 shown is added first 
for a kinematic synthesis of the wing. The roll actuation A1 and sweep actuation of A2 
have been added for completion of the kinematic mechanism of MBS model with all 
actuators. 
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Figure 6(a).LMA (A3, A2&A1) Assembly and Multi-Axis Coupling System 
 
 The A3 coupler is coupled through "L" bracket to maintain the right angle between 
actuator and fulcrum coupler. The MBS model of an integrated wing and 2D topology is 
represented in Figure 6(a) and Figure 6(b). The coupling system is considered as a rigid 
body, equipped and integrated with the fuselage rigid body.The wing, wing spar (the 
titanium rod) and ribs are treated as rigid body system. Similarly, the actuators are 
coupled with couplers and are treated as a rigid body. The complete wing has been 
brought under MBS with rigid body mechanism. 
 
 The neutral point of the wing is positioned at stroke length 15 mm, without any 
actuation from the linear actuator. Considering a linear actuator speed of 1 mm/sec for 15 
seconds, the actuator motion up to ±15mm from the initial position, the variation of 
positions of the centre of mass of the wing with �, �, �, �, �, � components have been 
realized through dynamic simulation. 
 
 

 
 

Figure 6(b). The 2D Topology for Integrated with wing and coupling 
system. 

 
The total simulation of 12 cases for single and multi-axes morphing of the wing is 
considered in SIMPACK by extending and retracting the linear actuator stroke length 
from ±10mm to ±15mm. 
 
4.3 Single-Axis Morphing 
 
 An Excitation describes a typical time, distance or frequency-dependent function that 
can be used to excite the mechanical or mechatronic system. Excitations have three 
outputs related to the excitation value itself of its first and second derivative in time or 
distance. The outputs can be applied to moved markers or driven joints for describing a 
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displacement. The single-axis u(t) defined by an excitation is applied to the actuator's 
and shown in Figure.7. The rheonomic joint is used mainly for the kinematic analysis of 
mechanisms. The actuator displacement of ±15 mm is achieved for the roll position from 
the neutral position of the wing and is represented in Figure 8. The LMA (A1) mounted 
vertically from the ground position is responsible for roll motion and other actuators for 
yaw LMA (A2) and pitch LMA (A3) remain locked using the universal joint to the 
fuselage body, as they do not restrict the motions of the wing to achieve wing dihedral 
and anhedral.  
 

 
Figure 7. Single Axis position excitation 

 
Similarly, The LMA (A3) mounted at the top in a horizontal position at a distance of 235 
mm from the bottom hinge position of vertical LMA (A1) is responsible for wing 
geometric angle of attack. The morphing action of positive and negative geometric 
angles of attack has occurred, when the actuator displacement is retracted and extended 
from its neutral position.  
 

 
 

Figure 8. LMA Actuation for Wing travel change in multi axis. 
 
The horizontal LMA (A2) mounted perpendicular to LMA (A1) is responsible for wing 
sweep morphing action. It has been coupled through "L" coupling system at a distance of 
149mm from the LMA (A1) of its hinged position. The backward sweep and forward 
sweep of the wing is achieved when the actuator displacement is extended and retracted 
from its neutral position and are shown in Figure 8. To study the angular positions 
(�, �, �) of the wing, the mechanism with single-axis morphing is simulated considering 
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linear actuation (A3) is applied through coupler which is attached to the wing centralized 
Spar. This allows rotation of the wing around X-Axis (Pitch). The wing is allowed to 
deflect and the joint positions and body angular positions are represented in Figure 9. 
 

 
 

Figure 9.Single Axis Joint positions and Angular positions 
 

4.4 Multi-Axis Wing Morphing 
 

 Multi-Axis morphing actions are achieved by considering the two-axis systems of roll-
pitch, pitch-yaw and yaw-roll and three-axis system of roll-pitch-yaw actuations. In the 
case of roll-pitch combination, the yaw actuator remains fixed to the fuselage and restrict 
yaw motion. Similarly, for pitch-yaw and yaw-roll combinations, the actuators for roll 
and pitch remain fixed and restrict roll and pitch motion respectively. Simulation is 
carried out for four cases when both actuators are extended, both actuators are retracted, 
one extended and other retracted and one retracted and other extended particularly. The 
combinational roll-pitch morphing has several advantages for tactical missions with a 
shorter runway and has the ability to morph the wing for a dihedral angle and with an 
increased geometric angle of attack, will enable the aircraft to experience more lift-drag 
ratio. The Actuation of A2 is coupled with A3 through sub-structure concept in 
SIMPACK as shown in Figure11.The linear actuations are energized with 12V and 
applied to coupler A2 and A3 which are attached to the wing centralized spar. The 
rotation occurs about X-axis (Pitch) and transition about Z-Axis (Yaw) has been realized.  
The joint positions and body angular positions are represented in Figure 11 illustrate the 
possible pitch-sweep combinational morphing of the wing. From the simulation, similar 
to single-axis morphing, the initial and final position of the centre of mass of the wing-
body is evaluated using the components �, �, �, �, �, � from the initial position. 
 

 
 

Figure 10. Double Axes Joint positions and Angular positions 
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4.5 Three-Axis Wing Morphing Actuation 
 
 The three-axis linear actuation has been realized by using an innovative gimbal 
coupling system the LMA (A1), LMA (A2) and LMA (A3). The actuators A1 and A2 
have been coupled using suitable "U" clamp perpendicularly to each other with a rod end 
bearing centre to centre distance of 60 millimeter. The wing spar tip has been connected 
at A2 coupler and passes through fulcrum coupler. The ribs at other end are connected 
for wing construction. LMA (A3) has been coupled at right angles to fulcrum coupler 
through “L” bracket coupler. The complete wing assembly has been constructed through 
the sub-structure concept in SIMPACK as shown in Figure.12. The Linear Actuation is 
energized by 12VDC to Couplers A1, A2 and A3, which are attached to the wing spar. 
The wing around x-axis would realize pitch movement and the roll action would be 
realized through about y-axis and sweep action about the z-axis. The multi-axis 
movements of the wing are effectively controlled through an efficient morphing 
mechanism. The results are plotted with joint position and angular positions of wing-
body are illustrated in Figure 12. The wing travel with an input of 1millimetre for each 
actuator takes its place as per the mission requirement. The plotted results of body 
angular position indicated that the alpha, beta and gamma represents the value of 
�, �  and �.  
 

 
 

Figure 11.Three Axes Joint positions and Angular positions 
 

5. Development of Multi-axis Morphing  
Wing Test Rig for Realization 

 
 The test rig of 1:1 scale to realize the multi-axis morphing has been achieved through 
real-time fabrication. The wing is constructed with the seasoned balsa wood with 12 
sections at each of 100mm distance apart. The ribs are made using NAL’s water jet 
cutting machine facility and successfully fabricated to meet our requirement. Based on 
simulation results, the actuators of 12VDC for the maximum stroke of 30mm and load 
capability of 45N at 3.7mm/sec are chosen, keeping the minimum dimension of 87mm 
to accommodate in VTOL fuselage. The assembly of the multi-axis morphing with 
actuators and the maximum wing travel in upward and downward conditions are shown 
in Figure12(a) and in Figure12(b). 
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Figure. 12(a). Test Rig with LMA Assembly and IMU sensor 
Integration 

 

 
 

Figure. 12(b). Maximum wing positions on multi-axis (pitch,yaw and 
roll) 

 
5.1 System Integration and Assembly of Multi axis Morphing Wing with IMU sensors 
and actuators. 
 
 The MIL standard parts of MW3 -rod end bearing of three numbers and one number 
of M6 rod end bearing are used to construct 3 DOF’s at the actuator end and the other of 
end of actuator is hinged. A titanium tube of six mm OD of one-meter-long with 
thickness of one mm is used for assembling the ribs to realize the wing skeleton. The 
brackets of “C" type, "L" type and "U" type are fabricated as per the detailed design and 
customized  for building the "L" coupling system along with standard fasteners. The 
assembly of standard parts and fabricated parts are equipped and integrated as per 
design.   The system integration covers the controls on multi axis morphing and its data 
generation of wing travel on the space. The Inertial Measuring Unit (IMU) based sensor, 
is instrumented on the wing top surface, which measures the body’s specific force, 
angular rate using a combination of accelerometers, gyroscopes and magnetometers and 
provides the orientation of the body w.r.t pitch, yaw and roll motions. It must be noted 
that this sensor is calibrated with AHRS (Altitude Heading Reference System) 
alignment as per aircraft standards. The closed loop control system is adopted and 
represented in Figure 13.  
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Figure 13. Closed-Loop system with sensor feedback. 
 

6. Experimental Results and Discussion 
 

 The sensor data of two samples per second is obtained and the attitude measurement 
of roll, pitch and yaw angles are logged. The experiment is conducted to realize one mm 
of actuator displacement, such that the wing travels in space at 1o deflection. The linear 
actuator with a maximum speed of 3.5mm/sec is actually actuated by 1mm/sec to 
evaluate the linear stroke length to angular deflection relation. The single-axis and multi-
axis morphing experiments conducted for roll, pitch and yaw angles. 
 
6.1 Single-Axis and Multi-axis Morphing on Pitch roll and Yaw Displacement 
 
 The forward sweep travel of 12o and backward sweep of 8o are realized. Similarly, the 
pitch attitude of a positive angle of attack of 11o and negative angle of attack of -14oare 
achieved for the actuator advancement of ±15mm.The roll attitude of dihedral angle 15o 
and anhedral angle of -14o are realized for actuator travel of ±15mm.The graph is plotted 
for single and  multi-axis morphing angular displacement in degree Vs time in “sec” is 
shown in Figure 15(a) and Figure15(b)  The initial offset values of the roll, pitch and 
yaw considered are -4o, 2.5o and -6orespectively. The errors in pitch and roll attitudes 
vary from 3.3% to 6% and the yaw attitude of percentage error is above 20%. However, 
the sweep requirement in the sub-sonic vehicle is very nominal. The errors would be 
subsequently analyzed and customized as per the aerodynamic requirements, as the 
present study has focused to verify and validate kinematics and motion controls of 
morphing wing by the LMA’s with “L” coupling system. From the results, the wing 
travel (motion) on space during flight is achievable with the proposed “L” coupling 
system. Further, the desired AOA and dihedral angle may be imposed during transition 
flight of VTOL-UAV to overcome the deficiency in the aerodynamic performance. 
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Figure 14(a). Roll, Pitch and Yaw angles for Multi-axis morphing action 
 

 
 

Figure 14(b). Roll, Pitch and Yaw angles for Multi-axis morphing action. 
 

7.  Conclusion and Future Work 
 

 A multi-axis wing morphing wing mechanism is designed, simulated and realized 
using “L” coupling system with three linear miniature actuators. The design of the “L” 
coupling system is then optimized with required stroke length and response time of the 
actuators. The test rig has been realized with fully integrated ‘‘L’’ coupling system for 
the wing skeleton with a suitable platform to VTOL-UAV. A suitable instrumentation 
scheme is implemented with sensors, controller and power source. The proposed 
kinematics and motion controls of the wing are successfully achieved. The “L” coupling 
system is feasible in the fuselage of a VTOL-UAV for morphing wing on practical 
applications. Currently, the work is in progress to optimally design the actuator coupling 
system with controls to achieve the desired L/D ratio. Further the wing morphing would 
be studied for its static load test with solid wing, CFD analysis and wind tunnel test and 
Flight testing are kept for futuristic work. 
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