
 

12Mansoura Engineering Journal, (MEJ), Vol. 40, Issue 1, March 2015                                                            M:  

Received: 15 Deceember, 2014 – Revised: 26 January, 2015- Accepted: 1 February, 2015. 

 

 

 New Methodology for Achieving Trim Condition for 

a small Flapping Wing Air Vehicle 
 

يُٓضٛت صذٚذة نخغقٛق عانت انخٕاصٌ ٔالإسخقشاس نهًشكباث انٕٓائٛت 

 انصغٛشة راث الأصُغت انًشفشفت
 

Mohammed A. Fanni
a
, M. Samy El-Gayyar

b
, Ahmed Sameh 

a 
Assoc.Prof., Dept. of Mechanics and Robotics, Egypt-Japan University and 

Technology (E-Just), Alexandria, on leave, prod. Eng. & Mech. Design, Dept., 

Mansoura University. 
b 

 Assoc. Prof., Prod. Eng. & Mechanical Design Dept., Mansoura University 
c 
 A demonstrator, B. Sc. of Prod. Eng. & Mechanical Design Dept., Mansoura 

University 
 

 

 يهخص
انطٛشاٌ يزم بسٛطت ٚضب أٌ ٚعخًذ انخصًٛى عهٗ افخشاضاث  يع انطائشاث انخقهٛذٚت راث الأصُغت انزابخت انخعايم عُذ     

صعٕبّ دٌٔ أ٘  زقمإنٗ يشكضان الأيشانز٘ ٚخطهب أٌ حكٌٕ انطائشاث نذٚٓا قٕٖ ٔعضٔو احضاٌ بانُسبت ،انزابج أٔ انًخضٌ

لاسخًشاسعشكتانضُاط  َخٛضت ٔرنكفٙ عانتانطٛشاٌ بالأصُغت انًشفشفت لا ٕٚصذ َقطت نهخٕاصٌ ٔنكٍ . انًسخًش فٙ انخغكى

يُٓضّٛ صذٚذة نخغقٛق عانت انخٕاصٌ ٔالإسخقشاس نهًشكباث انصغٛشة راث ٚقذو فٓزا انبغذ  . نزنكانطٛشاٌبانخفقاٌ أرُاء 

الأصُغت انًشفشفت. ْزِ انطشٚقت حعخًذ عهٗ اسخخذاو قٕٖ دافعّ فٙ بذاٚت انغشكت ٔحسخًش عخٗ حصم انًشكبّ فٙ سشعخٓا 

يعذلا  إٚشٔدُٚايٛكٙ اسخخذاو ًَٕرسإنٗ انزباث ْٔزا ٚخٛظ نهًصًى فغص انخٕاص انخصًًٛٛت نهًشكبت أرُاء انطٛشاٌ, حى 

MATLABحى بشيضخّ باسخخذاو بشَايش 
®

، ٔإدياصّ بًُٕرس نًشكبت ْٕائٛت راث أصُغت يشفشفت باسخخذاو بشَايش فعال 

MSC.ADAMS نذُٚايٛكا الأصساو انًخعذدة
®

حظٓش انُخائش انٕصٕل .ٔرنك نًغاكاة انًشكبت ٔعًم الإخخباساث انلاصيت ،

 انخٙ نى حشد فٙ الأبغاد انسابقت. اصٌ ٔالإسخقشاس نهًشكبت انًشفشفت أرُاء انطٛشاٌ ٔالأيزم نغانت انخٕ
 

 

Abstract 
     When dealing with a conventional aircraft, the design must be based on simplification assumptions, such as a 

cruising flight or a trimmed flight condition, which requires aircraft to have forces and moments equilibrium 

with respect to the center of gravity without any continuous control efforts. However, in case of ornithopters, 

there is no such equilibrium point due to the continuous flapping wing motion during the cruising flight. 

Therefore, this paper introduces a new methodology to obtain trimmed flight condition for a small flapping wing 

air vehicle. This methodology is based on applying initial impulsive forces to the air vehicle in such a way that 

the flapping wing air vehicle reaches almost constant flight speed after removing the initial impulsive forces. 

This enables the designer to examine the design parameters of the vehicle during realistic flight performance. A 

refined aerodynamic model programmed with MATLAB
®

 is integrated into a flapping vehicle model using 

efficient multi body dynamics software MSC.ADAMS
®

 to test the system. The results show perfect trimmed 

flight condition for a flapping wing air vehicle that never presented before in the literature.   
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Nomenclature 
  : The angular velocity. 

  : The wing’s reference chord. 
 : the section's instantaneous dihedral 

angle. 

 : The pitch angle of the chord with 

respect to the free stream velocity. 

  : The plunging displacement. 

 ̅ : The section’s mean pitch angle. 

   : The section’s zero-lift line. 
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  ̅̅ ̅ : The pitch angle of the flapping axis 

with respect to U. 

  : The relative wind velocity. 

  : The relative angle of attack at the ¾-

chord location due to the wing’s motion. 

 ́ : The flow’s relative angle of attack at 

the ¾-chord location. 

       : The stalling angle of attack. 

    : The normal force due to circulation. 

 : The atmospheric density. 

   : The width of the wing section. 

  ( ) : The normal force coefficient. 

    : The normal apparent mass force. 

 ̇  : The rate of change of the midchord 

normal velocity component due to the 

wing’s motion. 

   : The section’s total attached flow 

normal force. 

(   )    : The separated normal force due 

to circulation. 

(  )   : The crossflow drag coefficient. 

 ̂ : Resultant of the midchord velocity. 

   : The midchord chordwise velocity 

component. 

   : The midchord Normal velocity 

component. 

(   )    : The separated normal apparent 

mass force. 

(  )    : The section’s total separated 

flow normal force. 

         : The chord wise force due to 

camber.  

    : The leading edge suction force. 

    : The leading edge suction efficiency 

factor. 

    : The chordwise friction drag force. 

(  )  : The drag coefficient due to skin 

friction. 

    : The totally separated flow force. 

   : The instantaneous lift force. 

   : The instantaneous thrust force. 

  : The flapping frequency. 

 

Subscripts 
Nc : Normal circulatory. 

Na : Normal apparent. 

Ts: leading edge suction. 

Sep: Separated condition. 

Df: Friction drag. 

Fx : chordwise force. 
 

Superscripts 
 9

ـــ
 Mean value 

.
  : Time derivative. 

 

1. Introduction 
     The flapping flight of birds, bats and 

insects has fascinated many researchers in 

various fields such as biology, zoology, 

aerodynamics and electronics because of 

their highly efficient maneuverability and 

aerodynamic benefits especially in a low 

Reynolds number flight regime [1].For 

many centuries, numerous efforts have 

been made to mimic nature's fliers in order 

to make artificial flapping wing vehicle. It 

seemed that the flapping vehicles are being 

forgotten with the great success of fixed 

wing aviation. However, the rebirth of 

flapping flying machines is seen in much 

smaller devices, namely flapping 

unmanned vehicles (UAV), equipped with 

a small video camera and various sensors. 

They can be used for surveillances and 

rescue missions [2]. Many analytical and 

experimental studies on flapping wings 

have also been performed to understand 

the aerodynamic characteristics and flight 

mechanisms of the flapping wings [3]. 

Most previous works seem to fall roughly 

into two categories. The first, and most 

common, is the quasi-steady model where 

unsteady wake effects are ignored. That is, 

flapping frequencies are assumed to be low 

enough that shed effects are negligible. 

Such assumption gives a great 

simplification to the aerodynamic 

modeling [3]. The second category 

accounts for unsteady aerodynamic effects 

by modeling the wake in variety of ways, 

induced by unsteady wing motion and 

vortices shed from leading edges. 

In the present study, an aerodynamic 

model is suggested based on modified strip 

theory and improved to consider high 

relative angle of attack and dynamic stall 

effects due to pitching and plunging 

motions [4]. The aerodynamic forces 

applied on the vehicle wings are 



 

12Mansoura Engineering Journal, (MEJ), Vol. 40, Issue 1, March 2015                                                           M:  

Fig.1. Root flapping wing and aerodynamic 

forces. 

Fig.2. Wing section aerodynamic forces. 

programmed using MATLAB
®
/Simulink. 

A multi-body dynamics software 

MSC.ADAMS
®
 is used to model the full 

vehicle parts (wings, body, mechanism and 

tail). The forces from MATLAB
®
 are then 

transferred into MSC.ADAMS
®
 through 

MATLAB/ADAMS interface. Since the 

aerodynamic model assumes constant 

flight speed, it is necessary to reach a near 

constant flight speed in the flight 

simulation. After reaching such speed, both 

aerodynamic model and dynamic 

simulation become justified and hence the 

examinations of the design parameters 

become possible. Iterations are performed 

to obtain the trim condition to have a stable 

flapping flight with small fluctuations in 

forward velocity, pitch angle and altitude 

at a specified frequency using initial 

impulse forces. 
 
 

2. Aerodynamic modeling of 

Flapping wing 
The computational aerodynamic model 

used in this study is based on the modified 

strip theory, in which the wing is divided 

into thin strips. Each strip is considered an 

aerofoil of finite width as shown below in 

figure1. The instantaneous aerodynamic 

forces are computed for each section and 

then integrated over the entire wingspan. 

The advantages of this model are the 

ability to account for vortex-wake effects, 

camber forces, leading edge suction effect 

and post stall behavior. The kinematic for 

each section of the wing is illustrated 

below in figure 2. The section's motion 

consists of a plunging velocity,  ̇  and a 

pitch angle, this model suggested a rout-

flapping kinematics with no spanwise 

bending. 

Therefore, the section's circulatory normal 

force is given by 

    
   

 
   ( )                              ( ) 

 : The flow's relative velocity at 1/4 chord 

location, and 

  ( )     ( ̅      ̅)                     ( ) 
 

 

Where         ̅  are the atmospheric 

density, the flight speed, and the angle of 

section's zero lift line and the remaining 

angle  ̅  can be computed in details in 

DeLaurier [3] based on the relative angle 

of attack at the 3/4 chord   due to the 

wing's motion and the downwash velocity 

[5, 6 and 7]. 

Normal force contribution comes from the 

apparent mass effect which acts at the mid 

chord and it is given by 

    
    

 
  ̇                                       ( ) 

Where   ̇ is the time rate of change of the 

mid chord normal velocity component due 

to the wing's motion.  

Therefore, the section's total attached flow 

normal force is  

                                                  ( ) 
 

The section's circulation distribution 

likewise generates forces in the chordwise 

direction. 

From DeLaurier [3], the chordwise force 

due to camber is given by  
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               ( ̅   ̅) 
   

 
       

                                                                     ( ) 
The leading edge suction force [8] is 

obtained by 

           [ ̅   ̅  
 

 

  ̇

 
]  
   

 
      

                                                                   ( ) 
The chordwise frictions drag force due to 

viscosity [9]. 

    (  )  
    
 
                         ( ) 

Therefore, the total chordwise force is 

given by 

                                  ( ) 

The criterion for attached flow over the 

section [10] is assumed as follows 

(      )    [ ̅   ̅  
 

 

  ̇

 
]

 (      )              ( ) 
Where the term in the bracket represents 

the dynamic stall effect induced by 

pitching motion, when the attached flow 

range is exceeded, the flow is assumed to 

be totally separated and all the chordwise 

force are negligible as localized post stall 

behavior. 

The normal force in the stall condition are 

given by 

(   )    (  )   
  ̂  
 

        (  ) 

(   )    
    

 
  ̇                    (  ) 

Where  ̂  and    are the resultant flow 

velocity and the normal flow velocity at 

midchord location respectively. 

Finally, the section's instantaneous lift and 

thrust can be computed as follows 
 

   ( )                         (  ) 
  ( )                          (  ) 
 

The aerodynamic forces of the sections can 

be integrated along the span to obtain the 

whole wing's instantaneous lift and thrust 

as follows 

 ( )   ∫     
   

 

                         (  ) 

 ( )   ∫   
   

 

                                 (  ) 

Where   is the section's instantaneous 

dihedral angle? 

 

 

3. Modified aerodynamic 

model 
According to the flight condition, if the 

plunging velocity is increased or the free 

stream velocity relative to  ̇ is decreased, 

the wing section can be exposed to a high 

relative angle of attack, so the assumption 

of small relative angle of attack is not valid 

[2]. To consider high relative angle of 

attack, the aerodynamic model is 

improved, using the horizontal and vertical 

components of the velocity at 1/4 chord 

location, the relative angle of attack can be 

defined as follows: 

       [
 ̇    (    ̅̅̅̅ )            ̇       

       ̇    (    ̅̅̅̅ )
] 

                                                              (16) 

The section's aerodynamic forces can be 

expressed as follows 

       ( ̅      ̅)      
   

 
     

                                                               (17) 
    

       [ ̅   ̅  
 

 

  ̇

 
]       

   

 
              

                                                               (18) 

         

      ( ̅   ̅)      
   

 
               (19) 

Other aerodynamic forces,     and     

are the same in the modified strip theory 

developed by DeLaurier [3]. The effects 

due to the dynamic stall can be generated 

by the plunging motion as well as the 

pitching motion. Using dynamic stall effect 

and high relative angle of attack, in this 

study three kinds of flow conditions are 

used as follows: 

(1) – attached flow condition 

(      )      (      )                (20) 

(2) – dynamic stall condition  

(   )    [  
 

 

  ̇

 
]  (   )     

                                                              (21) 
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(3)- Post stall condition: over the dynamic 

stall range.  

In the attached flow range and post stall 

flow range, the aerodynamic forces are the 

same as those defined in the modified strip 

theory. In the dynamic stall range, the 

aerodynamic forces are applied as those in 

attached flow, but only the direction of the 

leading edge suction force is assumed to be 

perpendicular to the effect due to the 

leading edge vortex [4]. 
 
 

4. Modeling and Simulation  
In order to have a successful and an 

efficient flight simulation of the flapping 

vehicle and obtain accurate results, the 

commercial software MSC.ADAMS
®
 is 

used to model the wing kinematic motion. 

4.1. Mechanism selection 

The linkage mechanism has to be powered 

by an electric motor; the rotational motion 

of the shaft has to be converted to a 

harmonic flapping motion with the 

constraint of simplicity of the mechanism. 

The used mechanism is basically a four bar 

crank rocker mechanism, the wing is 

attached to the rocker, this mechanism 

doesn't give asymmetric flapping motion 

neither it would give a motion that is fully 

harmonic. The main advantages of this 

mechanism are the simplicity and it would 

be very light. Figure 3 shows the simple 

four bar mechanism used in the model. 

 
 

 

4.2. Wing kinematics 
Each wing is divided into 12 sections as 

shown in figure 4 below, each division has 

all the aerodynamic forces which will be 

integrated along the wingspan to have the 

full instantaneous aerodynamic lift and 

thrust forces. The total weight of the model 

is about 60 grams as the model consists of 

the flapping mechanism, motor, two wings, 

tail and the main body which will contain 

the control board and the battery. The 

wingspan is about 30cm. After 

constructing the model, we accurately 

determine the locations and dimensions of 

the aerodynamic forces for each section of 

the wing; each section would have eight 

aerodynamic forces as shown in figure 5 

below, with approximately 192 force 

vectors for the entire model, both wings. 

 

 

 

 

 

 

 

Fig.3. A simple Four bar flapping mechanism 

Fig.4. Elliptical wing shape used in the simulation. 

 

Fig.5. Applied Forces on the aerofoil. 
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Using the plug-in built in MSC.ADAMS
®
 

which named Adams/control; interaction 

between MSC.ADAMS
®
 and MATLAB

®
 

is performed to make a program containing 

all the aerodynamic forces equations. The 

output forces from MATLAB
®
 will be the 

inputs imported in MSC.ADAMS
®
, so the 

simulation can be performed accurately 

and fast. Through MATLAB
®
/Simulink, a 

simple user interface is built in which all 

the simulation and aerodynamic 

parameters required are submitted. Also, 

the different model wing's dimensions and 

sections' chord length can simply changed 

through Simulink interface. A flow chart 

showing the main steps of modeling and 

simulation is shown in figure 6. 

 
 

 

5. Results and Discussion 
In this study, a time-efficient integrative 

simulation frame work for the trimmed 

longitudinal flight of model ornithopter is 

performed accurately. The trim condition 

main parameters in this model are 

frequency, pitch angle and the relative 

forward velocity measured from the 

center of gravity of the model. Obtaining 

the trimmed flight parameters is based on 

trial and error method, an initial guess of 

frequency of wings, forward velocity and 

the pitch angle is considered. Starting the 

iterations based on trial and error with 

different frequencies starting from 5 Hz to 

20 Hz for our small model with maximum 

weight of 60 grams, and also we tried for 

different pitch angles starting from 0 to 20 

degrees. The main parameter is the forward 

velocity or in another word the relative 

wind velocity as the trim condition occurs 

at a velocity that has small fluctuations and 

seems to be constant or near constant 

during flight, so velocities are considered 

to start from 0.1m/s to 20 m/s.  

At a pitch angle of 7.5 deg, velocity of 11 

m/s and frequency equal to 13 Hz, the 

model raised and has a sufficient lift 

Fig.6. A schematic diagram shows the sequence of simulation. 
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almost greater than the weight and gives a 

slow raising flight altitude with a rate of 7 

cm per sec but we failed to achieve a 

constant forward velocity. Inserting an 

impulsive force within a small working 

time about 0.07 sec is then suggested in 

order to help the model to achieve the trim 

condition and perform a stable flight. 

Using several values of impulsive forces 

all applied in the direction of the forward 

velocity of the model; we noticed that at a 

start force of 100 Newton, we succeeded to 

obtain the best stability and performance of 

trimmed flight condition as the ornithopter 

has a stable altitude at 7.84 meters above 

ground after 1 second and achieves the best 

equilibrium condition in which lift almost 

equals to the weight of ornithopter. For 

forward velocity, we get fluctuations in the 

first second of launching and rapidly 

decrease to very small fluctuations after 1 

second to have a constant velocity of 11.4 

m/s. The pitch angle also has small 

fluctuations varying from 7.4753 to 7.5000 

degree as shown in figure 7. 

 

 
 

 
 
 

 

By increasing the impulsive force, we 

succeeded to obtain the trim condition at a 

force of 10000 N as the model has small 

fluctuations at altitude about 360 meters 

after 6.8 seconds and have a constant 

velocity of 11.1 m/s. At a start force of 

20000 N we obtain the trim condition after 

10.6 seconds at altitude of about 900 

meters and a constant velocity of 11.2 m/s 

as shown below in figure 8.  

 

 

 

 

 

 

 

Fig.7. Trim condition obtained at impulsive force 100 N, pitch angle 7.5 deg, velocity 11m/s 

and altitude about 7.84 m. 
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By increasing the start force, we obtain the 

trim condition at 50000 and 60000 N after 

a time about 5 and 22 seconds respectively, 

the altitude is about 180 and 3500 meters 

respectively, the forward velocity has a 

constant value at 11 m/s at both 50000 and 

60000 N as shown below in figures 9 and 

10. 

 

 

 

 

Fig.8. Trim condition obtained at impulsive forces 10000 and 20000 N. 

Fig.9. Trim condition obtained at impulsive force 50000 N. 
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Many iterations are performed for different 

values of flight parameters without using 

impulsive forces but the trim condition 

only achieved using impulsive forces with 

specified values. Figures 11 and 12 show 

some of these unsuccessful tries to obtain 

the trim condition but the results as shown 

didn't reach the steady state and the trim 

condition.  

 

 

Fig.10. Trim condition obtained at impulsive force 60000 N. 

Fig.11. Unsuccessful tries to obtain trim condition without impulsive force for different values 

of forward velocity, frequency and pitch angles. 
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6. Conclusion 
By using efficient multi-body dynamics 

software MSC.ADAMS® and a refined 

aerodynamics model, a small flapping air 

vehicle can be simulated accurately 

showing the flapping flight performance. 

Iterations of flight parameters values are 

made to obtain the trim condition to have a 

stable flight performance with constant 

velocity and small fluctuations of pitch 

angle and altitude. The trim condition is 

obtained successfully about five times by 

using an impulse force with different 

values 100,10000,20000,50000 and 60000 

N. Achieving the trim condition enables 

the designer to examine the design 

parameters of the vehicle during realistic 

flight performance as the aerodynamic 

model is useful only if the flight speed is 

constant or near constant. 
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