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Objective: In this paper, a proposed technique of motion transmission is introduced, which is based  ~gntactless Motion:

on the crank-rocker principle of motion. The energy transmission action is performed through . o
magnetic force, in which no direct connection is made between the energy source input and the energy ~ 'V1agnetic Force Applications;
load output. Also, to illustrate the concept of motion and to approve the continuity of energy  Energy Harvesting;
transmission using this proposed technique, a simple model of this mechanism has been built and run,  notor.

showing the basic sequence of operation. Methodology/analysis: In this mechanical transmission
mechanism, one side is rotating and the other side is vibrating, in which any side is energy input
(which is usually the vibrating rocker), and the other side is energy output (which is the rotating
crank). That seems similar to the classical crank-rocker machine in the four-bar mechanism, but
without direct mechanical contact between the input and output energy stream. The concept of motion
and mathematical analysis with structuring conditions is provided in this paper, where the dynamic
analysis of the system is left for future work. A pilot physical prototype is manufactured and
experimentally tested, validating the proposed design. Findings: The structural parameters of this
proposed contactless crank-rocker machine have been modelled and simulated using the MATLAB
program. It shows that these parameters could be selected and optimized to guarantee the minimum
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simulation. Novelty/improvement: Contactless crank-rocker motion is a very promising technique. It

is possible to apply it in many applications, like the energy harvesting area, and it could be employed ~ Accepted: 03  January 2022

certainly in specific designs, such as MEMS, where no other motion transmission types can be used.  ayailable online: 27 February 2022

1- Introduction

The proposed mechanism in this research presents a way of power converting approach, which could be used mainly
in energy harvesting of vibrating energy sources or to transfer mechanical energy indirectly to loads without direct
contact in special applications. Unlike most of the current contact-less energy transfer applications that use electrical
media in the transferring process [1], the proposed mechanism in this research uses passive permanent magnets to transfer
mechanical energy directly [2, 3]. Several research studies have been performed on the design and analysis of harvesting
the vibration energy from different architectures with the goal of optimizing the output power. In mechanical energy
transmission, friction losses represent the main type of energy loss. It does not only minimize the transmitted useful
energy but also increases the wear, heating, noise, etc. However, by developing a contactless effective energy
transmission, the friction loss will be eliminated or minimized, which provides an efficient model, especially where the
transferred energy is very small, as in MEMS applications [4, 5]. Over the last few years, more and more sophisticated
methods of contactless energy transmission have been researched and produced. In the future, we'll be able to power our
portable gadgets without having to connect them to anything, like cords and switches [6].
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Many methods are utilized for the design of contactless energy transfer systems, and they may be categorized
according to the mechanisms used for energy transmission between the transmitter and the receiver [1-4]. These devices
may be based on acoustics, light, capacitive, or inductively linked. This latter one is essential in EV, as will be described
in the next section [6]. In contrast to the classical crank rocker mechanism, which is one setup of a four-bar mechanism,
a mechanism might be considered as a power transmitter and a motion transformer. The four-bar mechanism is
commonly utilized in many mechanical engineering aspects. These planar mechanisms' primary parts are joints, links,
or pairs that meet the criteria for many actual engineering purposes. The four-bar crank-rocker mechanism is the most
commonly used type of planar mechanism in mechanical systems and devices. Furthermore, an essential factor in the
planar mechanism'’s practical design is its transmission angle. The planar four-bar mechanism's transmission angle is the
one between the output and the coupler links [7, 8]. The provided mechanism consists of a rotary disk (crank), a strong
magnet distributed evenly (at angles) around this disk, but with a steady reduction in polar length, up to a complete circle
around the disk. A rocker arm moves along the diametrical axes of the disk, and a strong magnet is fixed on the rocker
arm end on the same crank's magnet surface with the same direction of polarity as shown in Figure 1.
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Figure 1. Scheme of proposed magnetic contactless crank-rocker machine

By moving the rocker’s magnet (driver side) toward the disk, a repulsion force tries to move the crank (rotary driven
disk) rotationally to reduce the impact of the repulsion force. The magnitude and direction of rotation strictly relate to
the position of the rocker and the angle of rotation of the disk. By controlling and synchronizing the position of the
rocker with the angle of the disk (this could be done by controlling the loading torque on the driven disk), continued and
smooth power transmission could be moved from the rocker to the disk without any contact or mechanical link; this is
the reason why we call this concept a "contactless" machine.

Energy harvesting of vibrating sources is one of the most favorable applications for such a contactless mechanism.
For such an application, piezoelectric generators are usually used to retrieve energy [9, 10]. A contactless rocker machine
can fit this application, where the vibrating source actuates the rocker and the rotary disk is driven indirectly to drive the
rotary load. Micro magnets could also be used in MEMS, which could be a good use for them. In this case, the isolation
is very important, and the small size improves the magnetic transfer of energy, which could be used in sensors.

2- Literature Review

Although different studies share some features with the provided technique in this work and have similar final
functions, no one contains the same architecture and process of work. A mathematical dynamic analysis has been
provided for two series of permanent magnets [11]. Based on nonlinear oscillators, a simple cantilever that composites
electric, mechanic, and magneto with a tri-layered of long bar bidomain LN- metglas/steel spring and a large tip of
permanent magnet is illustrated by Vidal et al. (2020) [12], which is trying to optimize its resonant performance against
load impedance to get the best results from harvesting the energy from low frequency random vibration.
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A study of energy harvesting of ultra-low frequency using bi-stable motion and rotary-translational in a magnet-
tethered oscillator is provided by Fu et al. (2020) [13]. A theoretical and experimental study is provided for design
guidelines and analysis of magnetic springs used in vibration energy systems [14]. Redder et al. depict the contactless
energy transmission unit. The author notes that such a system may be used without electrical connection or physical
touch through a low-conductivity nonmagnetic medium [15]. El-Refaie et al. (2017) [16] present a different topology
for rotary transformers, where large leakage inductances may be significantly reduced. This suggested rotating
transformer has a lightweight, robust, non-magnetic, and non-conductive combination of non-ferrite rotating
components, as well as a wide air gap, enabling it to operate safely at high speeds such as rotation. The fact that this
innovative rotary transposal is possible makes it possible to be used for rotor-spindle synchronism devices for hybrid or
electric vehicle traction. Utilizing a three-dimensional finite element technique, Kyung Woo has developed a unique
calculation procedure for the contact-less energy transfer device's magnetic coupling coefficient in terms of primary and
secondary core locations. The magnetic coupling coefficients are computed. The resonant circuit is used to calculate the
currents and voltages at the secondary core locations, and these values are compared [17].

To realize his goal of enabling the robot to do a wide range of functions, Komiyama and Uchimura (2013) explain
that a magnetic gear is applied to the robot to get a controller with multi-functionalities: positioning, force control, and
velocity control. An approximation concept of cogging torque is implemented [18]. To make new implementations of
such machines possible, Andrea Tilli and others present a unique control approach for doubly-fed induction units. The
provided method makes it possible to use direct-drive versions of Doubly-Fed Induction Machines to move and feed the
spinning portion where the rotor-side converter must be housed independently [19]. Mohammed et al. (2019) create a
new crank-rocker engine that converts the oscillating motion of the curve-piston to the rotary motion of the crankshaft
in order to determine the properties of the combusted fuel. A single curved-cylinder spark-ignition crank-rocker engine
is described with a basic thermodynamic model [20]. Koo et al. (2002) designed and simulated a contactless energy
transmission system for linear servo motor [21]. Sang et al. (2015) converted wave energy into electricity at a relatively
high efficiency using a slider-crank wave energy converter [22]. Boeij (2009) Multi-Level Contactless Motion System
In machine design, the acceleration and velocity of moving parts are often constrained by mechanical bearings for
guidance and cables for transferring power and information. These factors not only limit the stroke and functionality of
the machine, but additionally disturb the motion of the mover, thereby reducing reliability, speed, and accuracy. This
thesis focuses on the removal of these constraints and their effect on the system-level design of the machine. Three
different contactless techniques can be incorporated into the motion system design to overcome the limitations of
bearings and cables [23]. Hirano et al. (2017) used a musculoskeletal model and a Kinect TM based on a contactless
motion analysis approach to measure muscle activation [24].

The proposed technique could be utilized in contactless transducer devices that can sense the vibrator parameters,
especially where a small size is required. Harvested vibration energy is used for self-powered sensing by a Triboelectric
Nanogenerator setup, especially for low-frequency vibrations [25]. Hadas et al. (2012) showed how to get energy from
mechanical shocks by using a vibration energy harvester that is very sensitive [26].

3- System Description and Analysis

This study will show that there are many variants of this kind of mechanism. Some of these variants have advantages
and disadvantages over others, which will be described by the simple mechanism and operation array design. The
description and operation sequence for the proposed mechanism can be detailed as follows:

e The disk rotates in a CCW direction (by slightly starting moving or by rotating inertia of the previous cycle), and
the rocker’s magnet is near the disk, a repulsion force moves the most near (most force) magnet of the disk (edge
magnet) away from the disk and accepts the oncoming towards the more far (less force) magnet disk as shown in
Figure 2-a.

e The rotary disk (driven crank) continues the rotation, while the rotating force (repulsion force) is reduced, but
enough to drive the connected load (see Figure 2-b).

¢ Once the angle of the disk reaches a point where the consequent magnets are far and far away and the starting
(edge) magnet is near and near, the rocker arm must move away from the disk, as shown in Figure 2-c.

e Once the rocker magnet is far enough, the disk could continue rotating (by rotating inertia or by a concurrent shifted
crank-rocker disk) without a strong repulsion resistance force. The disk could reach the point where the cycle starts
again, as shown in Figure 2-d.

To identify exactly the parameters that create the motion and to determine the impact of these parameters on the
power transmission, a mathematical analysis that describes the motion can model the system and be the tool of motion
to identify the relations between the parameters. In this research, mathematical analysis will be focused on dimensional
conditions that guarantee the continuity of motion transmission. However, dynamic analysis should be carried out after
dimensional analysis and based on its conditions and results so that dynamic analysis can be part of future work.
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Figure 2. Sequential stages of the contactless crank-rocker machine operation; a: start-state of the cycle, b: middle-state
of the cycle, c: before end-state of the cycle, d: last-state of the cycle

4- Results and Discussion

Referring to Figure 3, which represents the basic structure of the proposed mechanism in this research, Considering
that the rocker’s magnet is my, while the most near two magnets of the disk is m; and my, the spaced angle between every
two sequenced disk magnets are a, the disk radius is R, the inner dead radius is r, as the disk rotates, the distance d
increases, while the distance d decreases. We will build the analysis based on x value (radial magnet shift) a parameter
design in terms of all other variable parameters, Figure 4 shows the model parameters of mathematical modelling.

Figure 3. Parameter definition in contactless crank-rocker machine
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Figure 4. Model parameter in contactless crank-rocker machine

Considering the spaced angles are evenly the same by N number of angles, and the x shift values are also changing
linearly along a complete one round, then:

ve= () x®-7r), k=[123.0N-1] Q)
k is the index of magnet on the disk, for the most edge magnet m1, k = N, while it is for the next magnet ms, k = N-1.

Since the magnets flux (values and direction) could be considered constant here, then the repulsion force depends on
the distance between magnets only, and to simplify the analysis, we will consider the forces are only affected by the
nearest two magnets from the rocker magnet (note that all other magnets fluxes are departed away by the unitarily of the
magnets fields direction).

To make sure that the continuity and smoothness of movement, the repulsing force in between the rocker magnet and
the nearest magnet on the disk should be always in the direction that results the same directional rotation of the disk.
While the disk is rotating, and after the nearest magnet along the radial line (in between the center of the disk and the
rocker magnet my) across this line and continuing the rotation, the next magnet on the disk should not be closer to rocker
magnet than the last nearest magnet (i.e.: repulsion force along d line should always be greater than repulsion force along
d’ in Figure 3). This could be done by shifting the next magnet toward the center of disk and parted from the rocker
magnet by value of x.

The trade-off x shifting value tolerated with the magnetic force, which affected significantly and exponentially by the
distance in between two magnets, so that we have to calculate the optimized value of this shift, which should be as
minimum as possible (best power transmission), while maintaining the continuity and smoothness condition which is
described above. These calculations are depending on neglecting the inertia effect of rotating disk, which means that the
rotating disk must be able to start rotating from any point without taking the condition of pre-rotating inertia. However,
since the increasing in rotating inertia increases the smoothness of rotation, x shifting value could be minimized and
optimized considering of disk pre-rotation condition, these calculations could be retrieved through including dynamic
analysis.

To find the value of x that could be increased for the next sequential position of magnet, we will take the most critical
case that happens after the nearest magnet m; along the radial line (in between the centre of the disk and the rocker
magnet) across this line and continuing the rotation, and the next magnet on the disk m, be closer to rocker magnet m,
than the last nearest magnet. This will happen when m, magnet being along m; at the same distance with m; (i.e: when
d = d°) which is shown in Figure 4. By applying the general equation of triangular:

d=+(R?+ (R+d—x)2)— 2R(R + d — x) cos(a)

d* = R+ R?+Rd — Rx + Rd + d? — dx — Rx — dx + x? 4+ 2Rx cos(a) — 2R(R + d) cos(a)

x2 + x(2R cos(a) — 2R — 2d) = —2R? — 2Rd + 2R? cos(a) + 2Rd(cos(a) — 1) )
x2 + x(2R cos(a) — 2R — 2d) = (2R? + 2Rd)(cos(a) — 1)

x2 + x(2R cos(a) — 2R — 2d) + (2R? + 2Rd)(1 — cos(a)) = 0
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By solving this 2nd order equation we will find:

Y= —(2R cos(@)—2R—-2d)+/(2R cos(a)-2R—2d)%—4(2R2+2Rd)(1—cos(a)) (3)
2

Considering that x value cannot be more than R anyway, we can use one solution of x value that will give the minimum
shift while the repulsing force in the same direction to continuously rotate the disk:

x=(R+d—Rcos(a)) — \/RZ cos(a)? — R? +d?) 4

To retrieve the relation in between system parameters, and its relation with x, we will use the Matlab tool to show the
relation of each variable parameter on x value, the following Matlab script code include the above equations, and finds
the output results:

syms x d r R a k N;

egqn = sqgrt(R"2 + (R+d-x)"2 -2*R* (R+d-x) *cos(a)) == d;
xSol = solve(egn, x)

% Results:

% R+ d - R*cos(a) + (R"2*cos(a)”2 - R"2 + d"2)"(1/2)
% R+ d - R*cos(a) - (R*"2*cos(a)”™2 - R*"2 + d"2)"(1/2)

To find the effect of d variation on x, the range of d variation considered to be (from 4 cm to 6 cm), while fixing all
other parameters at (R = 10 cm, a = 22.59):

dx (4:0.1:0)"';

XX vpa (subs (xS0l (2),{d R a}, {dx 10 (360/16)*pi/180}), 5);
figure (5); hold on; grid on; title('d versus x')

plot (dx,xx); xlabel('d'); ylabel('x")

Shifting value x versus d relation is shown in Figure 5. To enhance the energy transfer, the repulsion force must be
raised by reducing the distance d in between m, and m; by reverse square relation [27], which means that x shifting value
will also be increased, that makes the repulsion force on the next magnet m; decreases; this concludes that a trade-off
value of d should be considered to maintain the best performance of energy transfer. Mainly, the distance d value depends
on the structure and setup of application. To find the effect of R variation on x, the range of R variation considered to be
(from 8 cm to 12 cm), while fixing all other parameters at (d =5 cm, a = 22.5°):

Rx = (8:0.1:12)"';

xx = vpa (subs (xS0l (2),{d R a}, {5 Rx (360/16)*pi/180}), 5);
figure(6); hold on; grid on; title ('R versus x')

plot (Rx,xx); xlabel('R'); ylabel('x")

d versus x

4 4.2 4.4 4.6 4.8 5 52 5.4 56 5.8 6
d (mm)

Figure 5. Shifting x versus distance d
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The x versus R relation is shown in Figure 6. As stated above, energy transfer will be improved by keeping x value as
small as possible, and this can be achieved by minimizing the disk radius R which depends mainly on the structure and
setup of application too.

R versus x

X (mm)

8 8.5 9 9.5 10 10.5 1" 11.5 12
R (mm)

Figure 6. Shifting x versus disk radius R

To find the effect of N variation on x, the range of N variation considered to be (from 14 cm to 24 cm), which means
a variation (from 15° to 25.7°), while fixing all other parameters at (R = 10 cm, d = 5):

Nx = (14:24)"';

ax vpa (subs (360/N*pi/180, N, Nx), 5);

xx = vpa(subs (xS0l (2),{d R a}, {5 10 ax}), 5);
figure(7); hold on; grid on; title('N versus x')
plot (Nx,xx); xlabel ('N'); ylabel ('x'")

The x versus N relation shown in Figure 7, it shows that increasing the number of magnets on the rotary disk will
decrease the shifting x, which improves the power transfer and its smoothness, it’s noted that N trade-offs with radius R.

N versus x

| | | | | |
14 15 16 17 18 19 20 21 22 23 24
N (sectors)

Figure 7. Shifting x versus number of rotating magnets N
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As shown in Figures 5 to 7, all dependent parameters are modelled against x parameter, and the designer of this
mechanism can select the desired values that suite the related dimension in his application. To verify the operation of
the proposed mechanism of contactless crank-rocker machine, and to illustrate the concept of motion, a simple model of
proposed mechanism has been built and run, which approves the continuity of energy transmission using this technique.
This model demonstrates the basic structure of this technique, and shows the sequence of operation, it was built based
on the above analytical calculation of parameters.

Figure 8 shows a simple design of this model, the main part is a magnetic contact-less crank-rocker mechanism. It
consists of a vibrating rocker with a permanent magnet fixed on its tip, and a rotating disk with distributed magnets fixed
on it in the same manner described in Figure 1. This part transfers the input energy from the vibrating rocker to the
rotating crank, which is the output energy (rotating load). All the other parts (electrical power supply feeding the
electrical motor) are built to drive the rocker in vibrating motion and simulate the actual state of the vibrating energy
source.

Figure 8. Simple demo structure of crank-rocker mechanism

As the provided technique in this paper is new, more researches and different designs could be applied on the same
described principle of this technique. Also, the energy transmission action is performed through magnetic force, in which
no direct connection in between energy source input and energy load output, several kinds of special applications can
utilize this technique, where the isolation in between input and output energy stream is needed, and minimizing the
friction loss of energy transmission process is required.

On the other hand, since this technique depends on magnet repulsion forces, the amount of transmitted energy is
limited by dimensions of setup and strength of magnets, which concludes that this technique has more potential to be
used in contact-less energy harvesting applications for small-scale of power, where collecting a limited amount of lost
energy and converting it to useful energy is practical and useful. Also, MEMS could be another type of favorable area
of application, where the micro magnet could be utilized to do special functions (as sensing and transducing), and where
the isolation is highly preferable, and the miniature scale (small distance in between magnets) improves the magnetic
transfer of energy. Depending on the principle of contactless crank rocker mechanism, different variants of design could
be modified to match special applications and increase the efficiency of energy transferring; for instance, the sequence
of magnets on rotary disk could be repeated as shown in Figure 9, this makes the average total shifting value x to be
minimized, and accepts higher alternating frequency of rocker.

Although different studies share some features with the provided technique in this work, and have similar final
functions, no one contains the same architecture and process of work [28-30]. In this work, the energy transfers from the
vibrating source to the rotating load in the mechanical type of energy, which has some advantages in specific applications
and accepts the wideband frequency range of the vibrator. Most of available studies, the provided approach of
transferring and deriving energy from vibrating source are proposed to convert it to electrical energy [29], a low-power
controller IC has been fabricated using MEMS technology in order to convert ambient mechanical vibration into
electrical energy to be used in powering low power electronic systems. One of the main limitations of converting energy
of vibrator to electric energy is accepting the wideband frequency range of vibrator, especially when the mechanical
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vibration is low (as it is mostly available naturally in the surrounding), to overcome this limitation, some approaches
have been proposed as described [30], it uses up-frequency converters to meet the high-frequency of piezoelectric
generators.

To get the maximum energy transfer from the vibrator (rocker) to the rotating load (crank), the motion of the vibrator
and rotating load must be synchronized, although the tuning approach for this synchronization is left to be studied in
future work. A novel self-tuning concept of harvesting and converting vibration energy is presented by Gunn et al. (2021)
[31]. By transferring energy through a variable distance of magnet force, a non-linearity will exist in energy flow, which
effects the dynamic performance of the system. To minimize this non-linearity, the sequence of magnets on the rotary
disk could be repeated as shown in Figure 9, and/or a multi-parallel mechanism of the rotating disk (crank) could be
used simultaneously with equally-divided shifted angels of distributed magnets on the disk. In Zou et al. (2021) [32], a
developed device capable of customizing nonlinear forces is provided. Yang et al. (2021) prepared a comprehensive
review of harvesting nonlinear vibration energy and vibration suppression technology [33].

Figure 9. Repeated sequence variant of contactless magnets crank-rocker machine

5- Conclusion

A new proposed contactless crank-rocker machine mechanism that can convert vibrating mechanical motion into
useful rotating motion without direct contact between the input and output streams of energy flow has been provided.
The principle of operation and the structural parameters have been illustrated and analyzed. The mathematical analysis
of dimensional parameters against design variables has been derived and analyzed. A simple demo model has been
created to show, verify, and apply the derived relations and principles of work. This model approves the concept of the
proposed technique and agrees with analytical calculations. In the future, and based on the provided dimensional
analysis, a dynamic analysis of this mechanism and load synchronizing control could be provided. Based on the same
basic design principle that is shown here, different designs of contactless crank-rocker machine mechanisms could be
made, which could be used in different applications.
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