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RESUMEN. 

 

El artículo presenta el comportamiento dinámico 

de un juguete que se llama pájaro carpintero. Las 

fuerzas internas y externas son definidas en 

función del desplazamiento de dos partes 

inerciales del sistema. Los puntos de contacto del 

buje con poste se cambian cíclicamente y causa 

que las ecuaciones no sean continuas. Las fuerzas 

de fricción en puntos de contacto controlan la 

velocidad de movimiento de caída. Se presenta las 

ecuaciones diferenciales que definen el 

movimiento del sistema y la simulación de las 

ecuaciones. La velocidad promedio de caída está 

definida en función de los parámetros del sistema. 

 

ABSTRACT. 

 

The paper presents dynamic behavior of vibratory 

toy called “woodpecker”. With the internal and 

external forces are defined, the contact points be-

tween the sleeve with the pole are changed which 

results in non-smooth system. The friction forces 

depend on the position of the bird and these forces 

control the velocity of downward motion of the 

model of the bird. The paper presents equations 

describing the motion and as well as results of 

their simulation. The average velocity of motion 

of the toy is determined as a function of the system 

parameters. 

 

1. INTRODUCCIÓN 

 

In nature, many animals move in a vibratory mo-

tion, i.e. periodic motions of some organs gener-

ate continuous motion of the body in desire direc-

tion [1]. Mammals move by periodic changing po-

sition of their legs and the friction force between 

the legs and the ground push them forward. Fish 

and other water animals move forward or some-

time backward by periodic motion of their tails 

and fins. Some snakes moves by lateral undulation 

or sidewinding. Muscles on either side of their 

body generate waves of flexion that travel along 

the body from head to tail. Heavy snakes as boa 

and python move in rectilinear way. They have 

scales inclined in back direction what result in dif-

ferent friction force for slipping forward or back-

ward. Muscles between the ribs move belly´s 

scales forward and backward. Some scales dig up 

when the muscles try to move them backward and 

some of the scales slip forward what results in for-

ward motion of the snake. 

 

Birds also move in a similar way – the periodic 

motion of their wings generates a lift force which 

compensate their gravity and allow them to fly. 

The honey bird, bee or fly can stand still over a 

flower, then rapidly moves upward or any direc-

tion.  

 

This kind of motion is also used in robots and 

toys. In recent year’s many research has been 

done over a mini robots. In scientific journals, in-

ternet, YouTube, there are many papers or videos 

in which some mini robots are presented and their 

working principle is explained. Among them there 

are fly robot [2 - 4] and wave glider built by 

American Company Wyss Institute at Harvard [5-

6]. The inspector of pipes moves as a result of vi-

bration generated by actuator between two inertial 

masses and the friction of the bristles with the pipe 

[7]. Other interesting examples can be mentioned 

smart bird (flying pigeon) [8], soft worm [10, 11] 

or walking stick [12].  Each of them can be taken 

as a mini robot or as a toy. Only some of them 

have practical applications in this moment. 

 

Very serious analysis were done over a skate 

board to determine in what way it changes the di-

rection of motion. Other investigation were done 

over the principle of motion of the wave board 

which has only one front and one rear small 

wheels. Oscillation motion of the player generates 

a force which push the board forward. The motion 

of a wave board is similar to a motion of the skater 

when his skates do not lose a contact with ice. The 

board is twisted back and forth pushing the board 

forward. Riding a caster board requires using a 

twisting motion of hips and legs.  
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The behavior of the ball (e.g. tennis ball) can be 

taken as a toy or can be taken as a serious problem 

to define exactly the trajectory of the ball and 

where it will touch/hit the surface of the court.  

 

Some seeds have a shape which allows them to 

fall down very slowly with rotation (e.g. maple 

tree) what allows them to travel larger distance 

with very slow wind. 

 

There is no any difference between the 

principle of work of toys and real mechanisms or 

machines. Their motion is described using the 

same general physical laws and equations 

 

Some models of vibratory motion are used in 

practice to build some robots; e.g. vibratory mole 

is used for making tunnels in soil, vibratory ma-

chine to compact soil after putting pipes in ground 

or construction [13], micromechanical robots for 

locomotion [14, 15], vibratory positioning, vibra-

tory decreasing of the friction force [16], and oth-

ers. 

 

The systems with vibration, friction, nonlinearity, 

and non-continuous boundary conditions involve 

many mathematical problems [17-19] which can 

be overcome by numerical solution of the differ-

ential equations. 

 

2. DESCRIPTION OF THE SYSTEM 

 

A dynamic analysis is made on object on a toy. 

The toy consists of the model of the bird 1 con-

nected by an elastic element 2 to a sleeve 3 which 

can slip along a vertical pole 4 – Fig.1. The differ-

ence between the diameter of the pole and the hole 

of the sleeve is very small. In operation, the toy 

moves down the pole performing some kind of 

pitching motion, which is controlled by the sleeve. 

As the vibration of the bird is similar to a wood-

pecker when it searches for insects therefore the 

toy has its name.  

 

The gravity forces, vibration of the bird, friction 

force between the pole and the sleeve result in 

slowly downward motion of the bird with an av-

erage velocity. The average velocity depends 

mainly on the coefficient of friction and the fre-

quency of vibration. Without vibration the bird 

does not move downward or it may fall down with 

the gravity acceleration. The sleeve contacts with 

the post at the upper points A1, A2 and lower 

points B1, B2. Depending on the forces acting on 

the sleeve contacts with the pole at two contrary 

points A1, B2 or A2, B1. At these points there are 

normal reactions N and friction forces F. The fric-

tion force depends on the normal reaction N, the 

coefficient of friction μ and direction of slipping 

of the sleeve along the pole. The normal N1, N2 

and friction forces F1, F2 at the points A and B de-

pend on the instantaneous position of the bird. The 

model from Fig.1 was taken as the system with 

two degrees of freedom. The position of the sleeve 

is defined by x1, the position of the bird by x2 and 

the relative displacement of the bird with respect 

to the sleeve is defined by z=x2-x1. The bird has a 

mass m2, the sleeve m1, the elastic element has the 

stiffness k. The spring gives a force proportional 

to the relative position of the bird with respect the 

sleeve S=k∙z. The elastic element from Fig.1 can 

be a helical or flat spring. 

 

The analysis of the toy can be done to differing 

degrees of thoroughness depending what the in-

vestigator wants to obtain; without or with a clear-

ance between the sleeve and pole, the contact 

point is elastic o rigid, the bird has one or two de-

grees of freedom, the bird impacts the pole or not. 

The process of modeling of behavior of the toy is 

the same as for any mechanical system. 

 

Fig.1 presents the toy and its principal parts. 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 
Fig.1. Model of woodpecker 

1-bird, 2-spring, 3-sleeve, 4-pole, 5-base 
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Fig.2. Free body diagrams of the elements of the toy 

a) sleeve with the bird, b) forces acting on the 

sleeve, c) forces for the bird 

 

Motion of the sleeve is defined by its gravity, the 

force from the spring and the friction forces at the 

points A and B (Fig.2b) 

 

 vFFSgmxm 1111 2  . (1) 

 

And the motion of the bird is defined by an equa-

tion (Fig.2c)  

vFSgmxm 2222  ,  (2) 

where F1v, F2v  are the viscous resistance for each 

object. 

1111 xmcF v  ,  2222 xmcF v  ,  (3) 

where c1, c2 are the coefficients of viscous re-

sistance. 

The moment M on the left end of the spring de-

pends on its deformation 

 )( 12 xxlkSlM  .   (4) 

The normal reactions at A or B  

)(/)( 12 xxk
a

bl
aSbMN 


  (5) 

The friction forces at A or B depend on the direc-

tion of the sleeve´s slip and for the slip velocity 

zero depends on the magnitude and direction of 

the forces m1g, S and M. The condition for the fric-

tion force can be written as 

 

if   01 x  then (if NSgm  )( 1   then  

)(5.0 1 SgmF   else  )( 1 SgmNsignF   )  

if  01 x   then  )( 1xNsignF  .   (6) 

 

The first condition inside (6) defines the situation 

when the velocity of the sleeve is zero and the 

pushing force is smaller than the friction force. 

The second condition presents the situation when  

 

the sleeve starts to slip and the friction force is op-

posite to the acting force.  

 

Depending on the force S and the moment M the 

points of the contact of the sleeve with the post are 

A1 and B2 (Fig.2b) or A2 and B1. 

 

 The motion of both elements define the 

differential equations (1, 2), forces S and M are 

defined by (4, 5) and condition (6) defines the fric-

tion force F. The woodpecker toy is an example 

of a non-smooth system. As the differential equa-

tions are not continuous its solutions can be ob-

tained only by a numerical integration. The step 

of integration was selected in such way to obtain 

the variable x1(t), x2(t), S(t), N(t), F(t) with a sat-

isfactory small error. From this analysis the be-

havior of the system is defined: e.g. the average 

velocity of the sleeve, the amplitude of the bird 

vibration, the change of the normal and friction 

force during downward motion are determined. 

Some of them are presented as a function of the 

system parameters; e.g. the coefficient of friction 

μ or the stiffness of the spring k. Some results are 

presented in the diagrams in Fig. 3 – 10. The 

sleeve and the bird move slowly downward with 

the vibration of the bird. 

 

The system for analysis was taken with the fol-

lowing parameters; m1=m2= 8 g, x2(0)=1 mm, 

0)0()0()0( 211  xxx  , μ=0.5, k= 16 N/m, 

l=50 mm.  

 

It can be observed that the sleeve moves with 

stops but its average velocity is constant –Fig.3.  
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Fig.3. Displacement of the sleeve vs time 
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The bird moves down with vibration and its am-

plitude stabiles very quickly -Fig.4. The bird´s vi-

bration is similar to a harmonic movement. 
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Fig.4. Displacement of the bird vs. time 
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Fig.5. Vibration z(t) of the bird 

 

The normal force depends on the deformation of 

the spring z(t), the friction force is defined by the 

normal force and the direction of sleeve´s velocity 

as it shown in Fig.6. 
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Fig.6. Changing of the normal and friction forces for two pe-
riod of the bird´s vibration 

 

The velocity of the sleeve changes as it is shown 

in Fig.7. Depending on the position of the bird the 

sleeve slips or sticks to the pole what results in a 

small average falling velocity of the toy. 
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Fig.7. Changing of the sleeve´s velocity in time 

 

The changing of the bird´s velocity of the vibra-

tion with the position of the bird is shown in Fig.8. 

The lower position of the cycle of the bird´s mo-

tion happens with increasing velocity which oc-

curs in the upper part of the cycle. 
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Fig.8. Phase portrait of the bird´s vibration 

 

The sleeve does not slip for greater deformation 

of the spring (greater z) and the slip of the sleeve 

happens for two nonsymmetrical position of the 

bird when it is closer to the sleeve – Fig.9. 
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Fig.9. Phase portrait of the sleeve 

 

 The toy needs some time to stabilize is 

motion as shown in Fig.10.  At the beginning it 

can be observed a free fall and later slow motion 

with vibration. 
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Fig. 10. Initial and stabilize motion 

 

 The above results were obtained for 

some initial conditions. But under certain condi-

tions there is no any motion or there is a free fall 

without vibration. This motion does not happen 

(no motion and vibration) if the initial conditions 

are: 

 

 0)0()0()0( 211  xxx  ,  

 kgmzx /)0()0( 22  ,  (7) 

the forces of static friction is greater than gravity 

of both elements 

 gmmablgmFst )()(22 212   . (8) 

 

For the initial conditions  

 0)0()0()0()0( 2121  xxxx   (9) 

there is a free fall – Fig.11. 
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Fig.11. Free fall of the sleeve and the bird 
 

The average velocity of the toy depends 

on the parameters of the system and with increase 

of the coefficient of friction the average velocity 

decreases as shown in Fig.12.  

 

 

 
Fig.12. Average velocity of the toy vs. the coefficient of fric-

tion 

 

EXPERIMENTS 

 

The experiments were done with a toy 

which the parameters were close to those taken for 

the theoretical model. The vibration of the bird 

were measured with the accelerometer B&K, the 

mass 4.8 g and the sensibility 10mV/1ms-2. The 

stiffness of the cable and its damping has an influ-

ence on the bird vibration and therefore the vibra-

tion of the bird with the accelerometer and with-

out it is not exactly the same. Fig. 13 presents vi-

bration of the bird with the sleeve made of nyla-

mid and the pole made of duralumin.  

 

 
 

Fig.13. Acceleration of the bird )(2 tx  

 

 In the spectrum of the bird´s vibration (Fig. 

14) one can find some harmonics of the bird´s vi-

bration and also other frequencies which was not 

presented in the theoretical model. As the sleeve 

has a small clearance there are also impacts be-

tween the pole and the sleeve what make a spec-

trum of frequency more complex. Also the elas-

ticity of the contact point A, B is not taken into 

consideration in the theoretical model.  

 

 
 

Fig.14. Frequency spectrum of the bird´s vibration 

 

 The simulation of the theoretical model and 

the experiments give similar results. For the friction 

pair: duralumin pole and timber sleeve the 

theoretical model gives the average velocity of 22 

mm/s and the experiment 23.3 mm/s, nylamid 

sleeve and duralumin pole – 17.5 mm/s from the 
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theoretical model and 16.7 mm/s from the 

experiment. 

 

 

CONCLUSIONS 

 

The theoretical model of the toy “woodpecker” 

was presented and its properties were 

investigated. It was shown that the motion of the 

toy stabilize very quickly. The motion of the 

sleeve has two stops during a cycle of the bird 

vibration. The lower maximum displacement of 

the bird with respect to the sleeve is about three 

times greater than the upper maximum 

displacement. The theoretical results were 

confirmed in the experiments with different 

friction pairs. It was shown that the motion of the 

bird go to a limit cycle which is nonsymmetrical. 

Increasing of the coefficient of friction decreases 

the average velocity of the toy. The toy is an 

example of a stick-slip motion. 
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