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1. Introduction  

Modern industrial machinery needs to be supplied with appropriate mechanisms in order to 
improve its performance, accuracy and take the benefit on time, space, and input energy. One of 
the simplest and most common mechanisms is known as the slider-crank system. It takes the 
advantages of (i): its simultaneous rotation and translational motion when it is driven by a 
motor and finds the typical applications in petrol, fretsaws, gasoline, and diesel engines [1]. (ii): 
It is high coupling in nonlinear equations that can generate particular behaviors [2-5]. 
Depending on the desired application, the design of the traditional slider-crank mechanism 
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changes in order to modify the repetitive and alternate translational motion of the slider since 
its motion is limited to a finite range. Among the methods used, the pneumatic system or spring 
connected to the rod is practiced [6]. In this case, the pneumatic cylinder is compressed or 
extended as the crank rotates continuously whilst the slider stays at a short duration at each 
stop. The other method is the use of a flexible rod with or without clearance, giving the 
opportunity to the whole system to operate at high speed [7-9].  Adding elastic components at 
the slider side complicates the study. But as indicated above, the elastic components may be of 
different origins, such as pneumatic response and flexible structures fixed on the slider end. 
However, the dynamics of the slider-crank mechanism with viscoelastic media and driven by a 
DC motor have not yet been studied in the literature. 

Rotating and/or translational motion-driven energy harvesters are widely investigated [3, 
10-11]. These particular types of displacement are more attractive by reason of their 
omnipresent origin which is related to human motion, the functioning of conventional 
machines, vibration in buildings, bridges, cars, trains, aircraft, ships, manufacturing tools, etc. 
[1]. However, the late challenge is to maximize the energy conversion from mechanical sources 
to electrical load even at low operational speed. Consequently, many research works were 
carried out in order to improve the output signal or to broaden the frequency response by (1) 
taking advantage of nonlinear phenomena [12-13]; (2) adding many oscillators with staggered 
resonances [14]; (3) modifying the electrical or mechanical part with the addition of specific 
components [4]. The situation where the electrical part of an energy harvester has two sub-
circuits such that one must configure them for the high performance of the harvester was not 
studied enough in the literature.   

In this work, a model of a complex robot that uses simultaneously rotating and translational 
motion is considered. View as an actuator, it is supplied by a DC motor, and the first contribution 
is to analyze the dynamics of the whole system in order to find some suitable applications. On 
the other hand, the robot is considered an energy harvester. Its electrical part can take two 
configurations: the case where the rotating generator and the translational generator are placed 
in series and the case where the generators are wired in parallel with the load resistance. The 
contribution of the research is, through numerical simulations and experimental trials, to 
determine the appropriate configuration in which the electrical power is maximal, assuming 
that electrical signals are continuously in phase. The second contribution is to analyze 
theoretically the dynamical behavior of the robot based on the slider-crank mechanism when 
the external torque changes. This manuscript is organized as follows: Section 2 presents the 
description and the mathematical formulation of the device, considering the robot as an 
actuator and then as an energy harvester. In section 3, the analysis of the dynamical behavior of 
the slider-crank mechanism under constant electrical current excitation is carried out. Section 
4 deals with the theoretical analysis of the response of the device under a constant excitation. 
Then, an experimental study is done, symmetric to the analytical model, and comes to validate 
the theoretical predictions. Section 5 concludes the work.  

2. Design and mathematical modeling  

 Architecture  

Fig. 1(a) shows the architecture of the electromechanical robot. It consists of a rotating wheel 
subjected directly to the constant excitation from a DC motor. The rotation motion is 
transmitted to a translational subsystem through a slider-crank mechanism offering 
synchronized rotating and translational motion.  

In Fig. 1(b), the represented device is taken as an energy harvester, and the electrical part is 
formed by the coils with iron core placed between permanent magnets within the wheel and 
hung to the translational components. The relative mechanical displacements cause the 
magnetic flux variations within the corresponding coils which consequently, induce a voltage at 
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its terminals. The energy harvester system is able to output one or two voltages depending on 
the way coils are associated in series or one loop circuit (see Fig. 1(c)) or in parallel (see Fig. 
1(d)). In both cases, the parameter values of the whole system (and their units) are listed in 
Table 1 and Table 2. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 1. Schematic representation of the electromechanical as actuator (a) as energy harvester (b) 
with the electrical part connected in series (c) or in parallel (d) with the load resistance RC. 

Table 1.  Parameters of the translational subsystem 

Parameters Value Unit 

Crank radius: a 3×10-2 m 

Crank mass: m1 0.914 kg 

Rod mass: m2 0.3 kg 

Length of the crank: b 21.7×10-2 m 

Viscous damping: C1 1.5×10-2 N.s/m 

Inductance: L1 150 mH 

Electrical resistance: RC Variable   
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Table 2.  Parameters of the translational subsystem 

Parameters Value Unit 

Viscous damping: λ 1.5×10-2 N.s/m 

Stiffness coefficient: k 87.11 N/m 

Inductance: L2 124 mH 

Slider mass: m3 0.05 kg 

Electrical resistance: R2 Variable   

 

 Modeling of the multifunction robot as actuator robot driven by a DC motor 

2.2.1. Modeling of the electrical part 

The equation that models the electrical part (motor) can be taken from classical textbooks 
or on research papers dealing with rotating electromechanical systems such as Ref. [6]. It can 
be written as: 

0m m em

di d
L R i k u

dt dt


+ + =  (1) 

where i  and    are respectively the electric current and the angle formed by the crank direction 
and the (𝑂, 𝑒𝑧) axis. Variable 𝑢0 is the constant input electrical voltage. The variables 𝐿𝑚, 𝑅𝑚 , 
and 𝑘𝑒𝑚 are respectively the inductance, the resistance, and the back electromotive constant of 
the DC motor.  

2.2.2. Modeling of the mechanical part 

The mechanical part of the system consists of the rotating and translational subsystem 

connected through a slider-crank mechanism (Fig. 1(a)). The length of the connecting rod length 

is assumed to be greater than the crank’s length. 

The mechanical part, viewed as connected to three mechanical subsystems: 

- the crank strongly connected to the wheel moves with rotation motion, 

- the rod which ensures the rigid link between the crank and the slider, 

- the slider, which moves according to the translational motion. 

It can be modeled as:  

22

02
( ) ( ) cos ( ) 1 cos sinm t m

d d d a
J C T k i F a

dt dt dt b

  
       

   
+ + + = − − +   

   
 (2) 

where 𝑇0 is the torque from external mechanical excitation considered as constant in this work, 
( )J   is the total inertia moment with respect to the angle  . Eq. (2) can be written as 
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 (3) 

Where ( )    is the damping coefficient of the wheel that strongly depends on the angle  . Its 

expression is: 
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Moreover, the coefficient 

2

1

2
m ag =  (5) 

is relied on the potential energy of the system. 

In (2), the terms tk i and ( )mF   are respectively the electromotive force and the restoring 

force from the damped spring. 

( )0( ) cos 1 cos sinm

a
F k a b l a

b
    

 
= + − − + 

 
 (6) 

The relation between the rotation angle   and the slider displacement z3 is 

3 cos cos cosz a b a b  = +  +  (7) 

The details are presented in Appendix A. The reader can also report in [5] for other details.  

Assuming that the dry friction forces and the magnetic losses are neglected, the resulting 
electromechanical equations which govern the system are: 
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 (8) 

 Modeling of the multifunction robot as an energy harvester 

2.3.1 Equation formulation of the electrical part 

- Case of the single loop circuit 

In the case of one loop, the inductance of the translational coil is disposed of in series with 
the inductance situated in the wheel (see Fig. 1(c)). Although the separate magnetic flux 
variation along with the associated coils, a unique electrical current flows in the wire and is used 
to power a load resistance RL. The one-loop electrical system is described by the following 
equation [14-17] 

 �̇�
𝑑𝑖

𝑑𝑡
+ 𝑅𝑒𝑞𝑖 = − (𝒌𝒆𝟏

𝑑𝜃

𝑑𝑡
+ 𝒌𝒆𝟐

𝑑𝑧

𝑑𝑡
) = −𝒆 (9) 

where 𝐿 = 𝐿1 + 𝐿2  is the equivalent inductance, 𝑅𝑒𝑞 = 𝑅1 + 𝑅2 + 𝑅𝐿 is the equivalent electrical 

resistance of the circuit and 𝑒 = 𝑒1 + 𝑒2  is the induced voltage form in rotating and translational 
motion, respectively. The variable 𝑅𝐿 is a load resistance. In (9), the coefficients  𝒌𝒆𝟏 and  𝒌𝒆𝟐 
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are the mechanical-to-electrical conversion coefficient while 
𝑑𝜃

𝑑𝑡
  and 

𝑑𝑧

𝑑𝑡
  are crank and slider 

velocity, respectively. 

- Case of a double loop circuit 

The coils can also be connected in parallel. Two output signals are available: It is the case of 
the double loops energy harvester. The rotating movement of the wheel and the translational 
coil induce different magnetic flux variations that create two electrical currents that power one 
electrical device, as shown in Fig. 1(b). According to Kirchhoff's law, the equation of this part 
considering the double loop case is:  

𝐿1

𝑑𝑖1

𝑑𝑡
+ (𝑅1 + 𝑅𝐿)𝑖1 = −𝒌𝒆𝟏

𝑑𝜃

𝑑𝑡
= −𝒆𝟏 (10a) 

𝐿2

𝑑𝑖2

𝑑𝑡
+ (𝑅2 + 𝑅𝐿)𝑖2 = −𝒌𝒆𝟐

𝑑𝑧

𝑑𝑡
= −𝒆𝟐 (10b) 

The equation of the mechanical part is the one treated in section 2.2.2, the resulting 
electromechanical equations which govern the system are: 

- for the single loop electrical circuit 
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- for the double loop electrical circuit 
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 (12) 

Where 1ek  and 2ek  are the electromotive force from the rotating wheel and translational plate, 

respectively. 

One denotes 
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The dimensionless electromechanical equations are written as: 
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- for the circuit in series 
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- for the circuit in parallel 
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with  

( )0 0 0 0 0 0( ) cos( ) 1 cos( ) sin( )
a

y k a y b l y y y
b

    
 

= + − − + 
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 (16) 

Reference values are taken as 0  rad = , 0 1 Ai =  and 0 1 rad/s =  

3. Dynamics of the electromechanical robot under constant excitation 

This section deals with the dynamics of the whole system as the supplied voltage of the DC 
motor changes. The interest is to set the appropriate value in order to obtain suitable dynamics 
for the given application. Due to the complexity of the equations, this investigation is carried out 
numerically, and the main parameter is the DC motor excitation u0. 

For this purpose, the fourth-order Runge-Kutta algorithm is used to solve the differential 
equations in (8).  Fig. 2 presents the dynamics of the current, crank rotation velocity, angular 
displacement, and translational displacement 𝑢0 = 9.4𝑉. One finds that a permanent rotation 
takes place. The current in the winding oscillates around its equilibrium value 0 (Fig. 2(a)), 
while the angular velocity oscillates around a non-zero value (Fig. 2(b)).  These results are 
similar to those obtained by Jih-Lian Ha et al. [5] and Rong-Fong Fung et al. [6]. The angular 
displacement is increased with time and oscillating around an oblique line (Fig. 2(c)) while the 

translational displacement oscillates between its extremal values, which are 24.7 cmb a+ =   
and 𝑏 − 𝑎 = 18.7𝑐𝑚 (Fig. 2(d)). 

In order to delineate the domains for different types of dynamical behaviors, the bifurcation 
diagrams versus the amplitude 𝑢0 are plotted for different values of k and m3. The bifurcation 
diagrams are obtained in the following manner: 

- Eq. (8) is solved considering the mechanical excitation as a parameter. 

- For each value of the parameter, the number of the period of the oscillation is numerically 

counted and represented in an (𝑢0, 𝑑𝜃/𝑑𝑡) axis. 

- Each point in this (𝑢0, 𝑑𝜃/𝑑𝑡) axis represents an oscillation with a 1T-period. But, the 
superposition of points in the vertical direction means either a multi-periodicity or chaos. 
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Fig. 2. Time traces of the electrical current (a), crank velocity (b), the total angle swept (c), and the 

slider position (d). These graphs are plotted with the parameters of Table 1 and 2 and 𝑢0 = 9.4𝑉, 𝑚3 =

0.5𝑘𝑔, 0.1 /k N m= and 
2 11.5 10  . .N m s − −=   

For this purpose, Fig. 3 shows the bifurcation diagram taking the excitation amplitude as a 

parameter. It presents several dynamics of the crank velocity as 0u  change. More precisely, in 

Fig. 3(a), where k = 0 and m3 = 0.5, the oscillatory state with at least one period is observed for 

the small value of 0u  ( 0u < 20). Then, crank velocity behaves with chaos dynamics for the middle 

values of 0u  (20 < 0u < 27). Finally, the multi-periodicity follows. In other words, one assist at 

the multi-periodicity – chaos – multi periodicity scheme of the bifurcation diagram. This 
alternate scheme is also observed in Fig. 3(b), plotted with k = 0.25 and m3 = 0.5. Nevertheless, 
it is distinguished by the narrower gaps between the alternating parts due to the influence of 
the dynamics imposed by the spring. In Fig. 3(c), where the spring is absent, a large gap exists 
between the multi periodicity – chaos – multi-periodicity patterns. But the increase of the value 
of the slider mass m3 tends to dissociate the chaotic area. The reverse situation is observed in 
Fig. 3(d), where the increase of the spring coefficient tends to enlarge the chaotic zone. 
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Fig. 3. Bifurcation diagram of the crank velocity as a function of the excitation amplitude 𝑢0.These 
graphs are plotted using the parameters of Table 1 and Table 2. In (a), 0 N/mk = and 𝑚3 = 0.5𝑘𝑔, In 

(b), 0.25 N/mk = and 𝑚3 = 0.5𝑘𝑔, In (c), 0 N/mk = and 𝑚3 = 1𝑘𝑔 and In (d), 0.25 N/mk = and 

𝑚3 = 1𝑘𝑔. 

4. Electromechanical robot as an energy harvester 

 Electricity generation: a theoretical study 

This section focuses on the theoretical analysis and comparison of the generated electrical 
signal taking to the output of the energy harvester system in accordance with the external 
torque and load resistance having the electrical part of the system since (11) and (12) are not 
analytically solvable, this theoretical study is relied on the numerical simulation using the four-
order Runge Kutta algorithm considering the single case where the whole system is subjected 
to the constant and permanent torque. This situation depends on the disposition of the blades 
around the wheel, which are plunged within the laminar moving fluid. Alongside this work, the 
dimensionless variables are transformed into dimensional ones before being plotted in the 
Figures. 

However, the rotating and the translational subsystems are linked with the rigid connection 
(a slider-crank mechanism). Consequently, their oscillatory response has the same frequency 
and constitutes a rotating-translational synchronized motion.  This oscillatory state induces the 
sinusoidal output voltage available at the load resistance whatever the wiring of the electrical 
part, as shown in Fig. 4. 

The time trace sketched on Fig. 4, considering some particular parameters, displays the 
shape of the expected electrical energy. This sinusoidal form can be treated with a specific 
electronic circuitry in order to convert it into the appropriate form easy to use or store. 
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(a) 

 

(b) 

Fig. 4. Time trace of the available voltage to the load resistance. (a) One loop system, (b) double loop 
system. These graphs are plotted with the parameters of Tables 1 and 2 and T0 =10 Nm, Rc=47 Ω. 

In Fig. 5, one plots the maximum of the voltage whilst the rotation rate changes. It is shown 
that the voltage increases substantially in the case of a single and double loop. This is due to the 
densification of the induction phenomena caused by the intense motion of the mechanical part 
and the linear behavior of the used inductances. Moreover, Fig. 5 also shows that whatever the 
considered frequency behavior of the mechanical part, the voltage provided by the double loop 
wire system is greater than that obtained with a single loop wire system. This observation can 
be justified by taking the association of the inductance and the internal resistance of the coils. 
The double loop output voltage is significant because of the low value of the inductance and the 
internal resistance. The low value of the coil’s characteristics favors the electromagnetic 
conversion, firstly from the magnetic quantity to the electrical quantity, and secondly, the low 
internal transformation through Joule’s effect.  

 

 

Fig. 5.  Maximum voltage through the load resistance versus rotation rate. This graph is plotted with 

the parameters of Fig. 4 (*) double loop predictions (°) single-loop predictions. 

The deep comparison is done rely on the electrical power delivered for each configuration 
case. Its expression is given by: 
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Eq. (17) considers the electrical power in the case of a single loop, whereas (18) deals with the 
case of the double loop wire. 

In Fig. 6, the maximum electrical power versus load resistance shows the peak resonance 
curve in each case. The peak value of the electrical power reaches when the resistance of the 
load approaches the resistance of the coil. Seeing that the equivalent value of the coils’ resistance 
is different in accordance with the number of the mesh of the electrical part, the peak value of 
the power appears at the different resonance value.      

 

Fig. 6. Maximum of the electrical power vs. load resistance using the parameters of Fig. 4 (*) single 

loop harvesting (°) double loop harvesting. 

 Results from an experimental prototype 

The device studied during the previous section is fabricated, and some experimental 
investigations were performed to compare with the theoretical predictions. These experimental 
trials concern the time histories of the response of the system under excitation, the maximum 
output voltage when the rotation rate sweeps a certain value and then, the electrical power 
delivered when the load resistance varies. With the intention to optimize the comparison 
between the theoretical simulation and the experimental results, the same approximate 
geometric parameter values are used and listed in Table 1 and Table 2. 

Fig. 7 shows the mounted device and measurements apparatus. For the laboratory 
investigations, a DC motor is used to simulate the constant external torque excitation on which 
the fabricated device is tested. While the rotation of the wheel, a series of calibration 
experiments were performed to relate measured coil voltages using suitable apparatus (see Fig. 
7). 

 

Fig. 7. Experimental setup 
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The first data series from experiments is used to plot the time histories of the load resistance 
voltage. The plot is done separately in the single loop and double loop electrical system, as 
shown in Fig. 8(a) and Fig. 8(b). 

(a) 

(b) 

Fig. 8. Experimental time histories plot of the voltage at the resistance terminal (a) Single loop 

wire circuit (b) double loop wire circuit 

As theoretical predictions, whatever the considered configuration, the output voltage 
oscillates during the time. However, Fig. 9 is plotted the theoretical and experimental value of 
the maximum of the output voltage as a function of the rotation rate in the double mesh case 
simultaneously.  

 

(a) 

 

(b) 

Fig. 9. Maximum output voltage as a function of the rotation rate in (a) the double loop configuration 
and (b) a single loop of the electrical part (*) experimental plot (°) theoretical predictions 

It results that Fig. 9 presents the same qualitative behavior. This remark can be made in Fig. 
9(b), where the single mesh case is considered. The observed gap between the theoretical and 
experimental plots can be due to the approximate used values. This gap also appears in Fig. 
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10(a) and Fig. 10(b), where the comparison between the simulation method and experimental 
data are plotted. Finally, Fig. 11 shows that the electrical power is greater in the double loop 
case for the low value of the load resistance. But when the value of the load resistance is large, 
the single loop case is preferable to use. 

 

(a) 

 

(b) 

Fig. 10.  Maximum output power vs. load resistance (*) experimental plot (°) theoretical predictions 

(a) Single loop (b) double loop 

 

Fig. 11.  Comparison of the experimental maximum output power vs. load resistance (*) one mesh 

wiring (°) two meshes wiring 
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4 Conclusion 

This work has dealt with the study of a robot based on the slider-crank mechanism 
displaying two functions, namely actuation, and energy harvesting operation. The modeling of 
the robot has been provided and equations traducing its dynamics established in both cases. 
Looking at the influence of the DC-driven source on the whole actuator robot dynamics, it has 
first come that the electrical current, the crank velocity, the total angle swept, and the slider 
position present a regular dynamical behavior as expected according to the literature review. A 
deep look at the crank velocity when the DC excitation varies has revealed complex dynamics 
leading to different regimes (periodicity, multi-periodicity, and chaos). It has also been seen in 
bifurcation diagrams that the domain corresponding to each regime can be enlarged or reduced 
by a particular choice on the spring coefficient and the slider mass value. Taking the robot as an 
energy harvester system, theoretical and experimental works have been carried out in order to 
determine the best configuration for the system to be more efficient. The studies have been 
devoted to the harvester robot with a single loop and a double loop electric circuit.  It has come 
that the high performance of the system depends on the range values of the electrical load 
resistance. Also, it has been noted that the use of a double loop circuit should consider low 
values of the load resistance while the use of a single loop circuit is suitable to high values of RL. 
One can consider in future work the case where the excitation is periodic, like a sinusoidal signal 
or square signal. In this case, an analytical approach can be envisaged for others comparison 
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Appendix 

According to Fig. 1(a), the center of mass of the crank is spotted in the 𝑂, 𝑒𝑦, 𝑒𝑧 axis by: 

1 0y =  and 1 0z =   (A1) 

The center of mass of the rod is spotted by: 

2 sin
2

b
y =  and 2 cos cos

2

b
z a  = +   (A2) 

The center of mass of the slider is spotted by: 

3 0y =  and 3 cos cosz a b = +  (A3) 

In the triangle OAB, the following relation is verified: 

sin sina b =  (A4) 

The kinetic energy of the whole system is: 

1 2 3T T T T= + +  (A5) 

where ( )
1,2,3i i

T
=

 are the kinetic energy of the crank, rod, and slider, respectively. 

2 2

1 1

1

4
gT m r =  (A6) 
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b b
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 
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The potential energy of the system is 

2

1
sin

2
V m ga =  (A9) 

The Lagrangian of the system is, considering Eqs. (A5)-(A9), given as: 

L T V= −  (A10) 

The generalized impulsion is expressed as: 

L
P




=


 (A11) 

The Hamiltonian of the system is: 

2

2

1 1
sin

2 ( ) 2

P
H m ga 

 
= +  (A12) 

The equation of the mechanical part is derived from Eq.(A13) 

a
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with 
2 2 2sinb a b−   
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