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Abstract: Magnetic gears have the advantage of low noise compared to mechanical gears because 

there is no contact between solid materials. However, magnetic gear has the disadvantage of having a 
lower torque density than mechanical gear. For this reason, the study of efforts to increase torque density 
is an interesting topic for research. In this research, how to produce a larger torque at a constant magnetic 
volume by varying the number of poles and reducing the thickness of the magnet at a constant magnetic 
volume. In addition, the air gap is also varied, which corresponds to the tolerance in the manufacture of 
high-speed gear and low-speed gear on the internal magnetic gear. The research was conducted using 
3D modeling and experiments. As a result of this research, it is known that the addition of the number 
of poles 2 to 4 poles on high-speed gear and 4 to 8 poles on low-speed gear with total volume magnet 
constant, will increase the maximum static torque value of 15.9% and 43%, respectively. Besides that, 
the air gap reduction with an interval of 0.2 mm will cause an increase in the maximum static torque 
value of 3.8% to 5.3%. A comparison between numerical and experimental results is also discussed in 
this study. 
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1.  Introduction  
Mechanical gears have many advantages in their use, 

both in large topologies and in small topologies such as 
robot prototyping1) which is currently being developed for 
many sectors. However, that does not mean that there are 
no shortcomings in the application of mechanical gear. 
One of the shortcomings of mechanical gears arises 
because of the need for contact between the teeth of the 
drive and driven gears. Solid mechanical parts that have 
direct contact with each other will involve a lot of friction 
and really need a lubrication system2–5). If contact and 
rolling on the tooth surface occurs at high stress and 
occurs repeatedly, it can cause inherent wear, which can 
trigger gear failure. As a result of this, contact can also 
cause other losses such as wear on the gears, an increase 
in excess temperature due to friction that is repeated 
continuously, and noise from friction that occurs6). As we 
know, friction on metal will cause metal to wear out and 
affect the lifetime of the metal7–10). The existence of a 
system that involves friction between two materials 
requires the system to have adequate lubrication3,8). In 
addition, due to the absence of slippage when excessive 
torque occurs, the gears can experience severe damage. 
Several studies have been conducted to analyze friction 
and tribological properties11,12), and also to develop an 
adequate lubrication system13,14).    

The use of materials that have magnetic properties has 
very broad benefits, both in the medical field15), 
automotive equipment and machinery16–20), nuclear 
fusion21), biological science22), and many other uses. 
Along with developing the use of magnets, research is also 
being carried out to obtain raw materials for magnets23). 
Magnetic gear has many advantages due to the absence of 
contact between the driving gear and the driven gear24). 
One type of magnetic gear that exists is the radial internal 
magnetic spur gear. Internal magnetic gear is claimed to 
have the ability to transmit higher torque when compared 
to external magnetic gear models25). In the process of 
developing this magnetic gear, it is necessary to 
continuously analyze the influencing variables to improve 
the ability of the magnetic gear to transmit torque. 
Analytical equations have been developed to model the 
magnetic field strength and torque resulting from coupled 
multipole cylinders26). Furthermore, there is a comparison 
of the analytical two-dimensional model and the finite 
element with experiments for the external magnetic gear 
model27). From this analysis, it was found that there was a 
39% difference between the results of the two-
dimensional analytical model and the finite element model 
with the experimental results. 

A simple model of magnetic gear is external and 
internal magnetic gear. These two models are early models 
of magnetic gear before being developed into many new 
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topologies of magnetic gear. Several previous studies have 
been conducted to analyze the performance of external 
magnetic gear28–30). From that research, it is known how 
the air gap and the number of poles influence the external 
magnetic gear's ability to transmit torque. Several 
researchers have developed a simple magnetic gear model 
into several new topologies. It aims to get a magnetic gear 
model that has better torque transmission capability. Many 
developments in the new magnetic gear topology started 
with a simple internal magnetic gear model. One of them 
is the coaxial magnetic gear model31). Several studies of 
analytical models, finite elements, and experiments have 
been carried out to analyze the performance of coaxial 
magnetic gears32–36). In addition to the coaxial model, 
there are also several other development models, such as 
transverse flux magnetic gear37) and cycloidal magnetic 
gear38). From the development of the model, they obtained 
a better torque transmission capability on the magnetic 
gear. 

Based on the direction of the magnetic flux in the 
magnetic gear, magnetic gear can be divided into 
magnetic gear with axial and radial flux directions. A 
Comparison of the performance of those two types of 
magnetic gear has been done before39). In the process of 
developing magnetic gears, it is analyzed how the 
performance of magnetic gears compares with mechanical 
gears40). From previous studies there are also reviews and 
state of the art to compare the performance of several 
existing magnetic gear models41,42). The use of wind 
turbines requires a transmission system and kinematics 
that can maximize the power generated43). Most of the 
uses of magnetic gears are applied to wind turbines. 
Several studies were conducted to analyze the 
performance of magnetic gears applied to wind 
turbines44,45). 

From several previous studies, it can be seen that the 
development of the current magnetic gear topology is a 
modification of the internal magnetic gear model. This 
study was conducted to provide an analysis related to the 
capabilities of a simple internal magnetic gear model, 
which is the forerunner of the current development of 
magnetic gear topology. This study will analyze the 
influence of the number of poles and the air gap with a 
constant total magnetic volume on the internal magnetic 
gear's ability to transmit torque. The three-dimensional 
finite element method using Ansys Maxwell and the 
experimental method used in this study. This study will 
also analyze how the results of the two methods compare. 
Thus, it is hoped that this research can provide 
information regarding the radial internal magnetic gear's 
ability to transmit torque with numerical finite element 
and experimental method which has not been extensively 
analyzed. 

 
2.  Methods 

The research design using the finite element numerical 
method is used in this study to assist the analytical 

calculation process with very complex equations. The 
formulation of torque from the internal radial pair of a 
magnetic spur gear can be approached with the torque 
equation for the cycloidal magnetic gear type. 
Topologically, this cycloidal magnetic gear is identical to 
the internal magnetic gear. It is just that the cycloidal 
magnetic gear has components and movement patterns 
that are more complex when compared to the internal 
magnetic gear. Torque equations and magnetic fields in 
cycloidal magnetic gears that can be used as an approach 
to analyze torque in internal magnetic gears have been 
described in Jorgensen's research38). 

 
2.1  Finite Element Method  

In this research, a simple internal magnetic gear model 
is formed that only consists of high-speed gear (driver) 
and low-speed gear (driven). This model does not involve 
the presence of a ferromagnetic pole piece as a link 
between the driver gear and driven gear, as in the coaxial 
magnetic gear model. 

 

 

(a) 

 
(b) 

 

(c) 
Fig. 1: Radial internal magnetic spur gear model (a) 4-8 

pole; (b) 6-12 pole; (c) 10-20 pole 
 
In this study, 3 variations of the number of poles were 

used:  4–8  poles, 6–12  poles, and 10–12  poles. 
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Each variation uses magnets of the same width and the 
same total volume of magnets. The determination of the 
number of poles is adjusted to the size of the neodymium 
N35 magnet available on the market. The availability of 
permanent magnet sizes in the market is a consideration 
for determining the number of poles in this study. Details 
related to the internal magnetic gear design are listed in 
Table 1. 

Table 1. Magnetic gear model used 

High-speed 
gear design 

gear diameter 
(mm) 

40 

shaft hole 
diameter (mm) 

18.5 

width (mm) 30 

Low-speed 
gear design 

gear diameter 
(mm) 

80 

shaft hole 
diameter (mm) 

18.5 

width (mm) 30 

Number of 
poles 

(HS gear - LS 
gear) 

4-8 pole 
magnet size 

30x10x7,5 mm 

6-12 pole 
magnet size 

30x10x5 mm 

10-20 pole 
magnet size 

30x10x3 mm 

Air gap 
variation 1 1.6 mm 
variation 2 1.4 mm 
variation 3 1.2 mm 

 
Magnetic gear modeling in this study uses PLA as a 

gear blank material and uses a rectangular N35 grade 
neodymium magnet. The material properties of these 
materials are listed in Table 2. 

 
Table 2. PLA and magnetic material properties 

NdFeb N35 Properties 
Remanence (T) 1,15 

Relative permeability 1,09977 
Mass density (kg/m3) 7400 

Curie Temperature (oC) 310 
PLA Properties 

Density (g/cm3) 1,3 
Melting temperature (ºC) 173 
Tensile strength (MPa) 37 

Elongation (%) 6 
Flexural modulus (GPa) 4 

 
After making the radial internal magnetic spur gear 

model, finite element analysis was carried out using the 
three-dimensional Ansys Maxwell Electromagnetic 
software with magnetostatic and transient analysis 
completed. The results of the modeling in the previous 
stage are continued by adjusting the mesh value in the 
magnetostatic analysis where the mesh size must converge. 
After the mesh refinement is done on the magnetostatic,  
the mesh in the transient analysis is connected so that it 

can use the results of the refinement mesh on the 
magnetostatic. Then some settings are made on the 
transient analysis to determine the density of the magnetic 
field (B) and the torque (T) generated by the magnet gear. 

Analysis using the finite element method uses an 
approach related to the ideal magnetic strength 
distribution. where in reality we cannot get an ideal 
magnet that has the same distribution of magnetic strength 
on each side. Apart from that, the finite element method 
also does not represent the air gap which really 
corresponds to actual conditions. Some boundary 
conditions like that have the potential to produce quite 
significant differences in values between the finite 
element method and the experimental method. However, 
the finite element method would be much better if it could 
truly represent actual conditions. 

 
2.2  Experimental Method 

The experimental method was carried out in this study 
through a comparison of the numerical results. The 
experimental scheme can be seen in Fig. 2. 

 

 
(a) 
 

 
(b) 

Fig. 2: Experimental scheme (a) 3D modeling; (b) assembly 
 
This experiment uses torque meters, which are 

connected to the input shaft and the output shaft of the 
magnetic gear. The input shaft will get input rotation from 
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the motor, and the output shaft will get the load from the 
connected brake. The motor is set to have a constant speed 
of 110 rpm. The experimental scheme of this study only 
focused on 10–20 pole pairs which adequate to validate all 
of the variation in this study. The sizes of the magnets in 
this study were adjusted to those on the market, and sizes 
were used so that each variation of the pole pair had the 
same total magnetic volume. 

In this research, 2 types of experiments were carried out 
to observe static torque and dynamic torque. To analyze 
static torque, rotational input from a lever connected to the 
input shaft is used to rotate the magnetic gear transmission 
system. The output shaft is held in a stationary condition 
until losses occur from the magnetic pair in the driver and 
driven gear. Meanwhile, to analyze dynamic torque, 
rotational input from the motor is used to move the inout 
shaft and the output shaft is given a load gradually. 

 

 
Fig. 3: Radial internal magnetic spur gear prototype 

 
The radial internal magnetic spur gear prototype can be 

seen in Fig. 3. A feeler gauge is used to determine the air 
gap in the magnetic gear according to the specified 
variation. The torque analyzed in this study is the output 
torque generated by the magnetic gear. Before conducting 
the experiment, it is necessary to calibrate the torque meter. 
Torque meter calibration is carried out using a torque 
wrench as a reference for the torque value that will be read 
by the torque meter. Schematic and calibration results can 
be seen in Fig. 4. 

 
(a) 

 
(b) 

Fig. 4: Torque meter calibration (a) calibration scheme; (b) 
calibration result 

 
During the calibration process, the torque meter is 

clamped in a vise. The torque meter is given a voltage 
input from the "DP41-S Omega" module of 10 volts. 
Furthermore, the torque meter is given a torque input 
using a torque wrench. From the torque wrench, it can be 
seen how much torque is given to the torque meter. The 
output voltage from the torque meter can be seen for each 
given torque input. The multimeter is used to observe the 
output voltage of the torque meter. This voltage output 
value can be used as verification against torque meter 
specifications. The output voltage value of the torque 
meter is in the form of analog data. In the experimental 
scheme, this analog data will be sent to the HX711 ADC 
module. This module will convert analog data into digital 
data. Digital data will be read through the Arduino 
microcontroller. Through the Arduino program, we can 
determine how much torque is read on the torque meter by 
inputting the calibration value into the program. This 
calibration constant will convert the ADC value into a 
torque value according to the input torque given during 
the calibration process. Before carrying out the 
experimental process, it is necessary to measure how 
straight the system that has been assembled is. The 
straightness measurement scheme can be seen in Fig. 5. 

 

 
Fig. 5: Straightness measurement on assembly 
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The level box is used to measure the straightness of the 

assembly. Straightness in assembly is an important factor 
in analyzing torsion in experiments. Torque readings on 
the torque meter are very sensitive to the alignment of the 
assembly. The missing alignment will cause torque 
readings to be incorrect and the rotational motion of the 
assembly to be unbalanced. In this study, a fairly good 
alignment was obtained. Alignment in the assembly only 
has a slope of 0.1 degrees, according to the measurements 
in Fig. 5. 

Real-time torque reading from magnetic gear using an 
Arduino microcontroller and HX711 ADC module. This 
experimental method was carried out to observe static and 
dynamic torque. Static torque is obtained by rotating the 
input shaft instead of using a motor. Meanwhile, dynamic 
torque is obtained by providing rotation on the input shaft 
using a motor. The output shaft is loaded through the 
brakes until a slip or loss interaction occurs on the 
magnetic gear. With such a scheme, the maximum torque 
of the magnetic gear will be known before the slip occurs. 

 
3.  Results and Discussion 
3.1  Finite Element Results  

There are 3 variations in the number of poles used in 
this study, namely variations with a number of 4–8 poles, 
6–12 poles, and 10–20 poles. By varying the number of 
poles, it will be known how the number of poles 
influences the torque value that can be transmitted by the 
radial internal magnetic spur gear. 

 

 
Fig. 6: Flux density in the magnetic pole pair 

 
By using the finite element method, it can be seen how 

the flux density in the pole pair varies. In Figure 6, it can 
be seen that the magnets on the high-speed gear and low-
speed gear that are paired will have a higher flux density 
than the magnets that are far apart or not paired with each 
other. With three-dimensional analysis, it will be seen that 
the flux distribution in the magnet is not uniform. The 
edge of the magnet will have a higher flux when compared 

to the center. This is because the edge has a relatively 
closer distance between the south pole and the north pole. 
The flux density will increase along with the smaller air 
gap in the pole pair. This will affect the torque generated 
from the magnetic gear. 

 

 
(a) 

 
(b) 

Fig. 7: (a) Effect of pole number on torque; (b) effect of air 
gap on torque (finite element) 

 
In Figure 7(a) by running finite element method with 

static torque analysis, it can be seenthat the difference in 
the number of poles used will affect the torque value that 
can be transmitted by the radial internal magnetic spur 
gear. This can be seen from the maximum torque value 
that can be produced at each different pole pair and also 
from how the torque continuity is generated. By observing 
the maximum torque value, it will be found that as the 
number of poles used in the radial internal magnetic spur 
gear increases, the maximum torque value that can be 
transmitted will be greater. With the number of pole pairs 
4–8, the maximum torque value that can be transmitted is 
1.6 Nm, the number of pole pairs 6–12 can transmit a 
maximum torque of 1.85 Nm, and the number of pole 
pairs 10–20 can transmit a maximum torque of 2.6 Nm. 

Meanwhile, how the air gap affects the resulting torque 
can be seen in Fig. 7(b). By observing the maximum 
torque value, it will be found that the smaller the air gap 
between the high-speed gear and low-speed gear, the 
greater the maximum torque value that can be transmitted. 
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With an air gap of 1.6 mm, the maximum torque value that 
can be transmitted is 2.63 Nm, an air gap of 1.4 mm can 
transmit a maximum torque of 2.73 Nm and an air gap of 
1.2 mm can transmit a maximum torque of 2.9 Nm. The 
fluctuation of torque value from positive to negative is due 
to the static numerical method simulation scheme. This 
static numerical method simulation scheme will cause the 
magnetic pole encounter between the high-speed gear and 
low-speed gear to fluctuate between the same pole 
encounter and different pole encounters. 

 
Fig. 8: Effect of pole number and air gap against torque 

(finite element) 
 
Figure 8 shows that the addition of the number of poles 

from 2 to 4 in high-speed gear, and from 4 to 8 in low-
speed gear will increase the maximum static torque value 
of 15.9% and 43%, respectively. In addition, it can be seen 
that the air gap reduction with an interval of 0.2 mm will 
cause an increase in the maximum static torque value of 
3.8% to 5.3%. Based on the level of increase in the 
maximum torque value, it can be seen that the addition of 
the number of poles with an interval of 2 to 4 poles on 
high-speed gear and 4 to 8 poles on low-speed gear has a 
more significant effect than reducing the air gap with an 
interval of 0.2 mm. 

 
3.2  Experimental Results 

 

(a) 

 

(b) 
Fig. 9: Effect of air gap on torque (a) experimental static 

torque; (b) experimental dynamic torque 
 
The other method used in this research is the 

experimental method. Figure 9(a) depicts how the radial 
internal magnetic spur gear generates static torque 
readings. By observing the maximum static torque value, 
it will be found that the smaller air gap used will cause the 
maximum static torque value that can be transmitted to be 
greater. With an air gap of 1.6 mm, the maximum static 
torque value that can be transmitted is 1.43 Nm. An air 
gap of 1.4 mm can transmit a maximum torque of 1.6 Nm, 
and an air gap of 1.2 mm can transmit a maximum torque 
of 1.8 Nm. With an air gap reduction interval of 0.2 mm, 
the maximum value of static torque increases from 11.8% 
to 12.5%. 

Figure 9(b) shows how the dynamic torque readings are 
generated from a radial internal magnetic spur gear with a 
constant input speed of 110 rpm on a high-speed gear. In 
Figure 9(b) it can be seen that with an air gap of 1.6 mm, 
the maximum dynamic torque value that can be 
transmitted is 0.76 Nm, an air gap of 1.4 mm can transmit 
a maximum dynamic torque of 0.94 Nm, and an air gap of 
1.2 mm can transmit a maximum dynamic torque of 1.04 
Nm. With an air gap reduction interval of 0.2 mm, the 
maximum dynamic torque value increases from 10.6% to 
23.7%. The phenomenon of slipping magnetic gear can be 
seen in the figure. This slip or loss interaction can be 
observed with a significant decrease in the dynamic torque 
value after reaching the maximum torque value. 
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3.3  Comparison Between Finite Element and 

Experimental Result 
 

 
Fig. 10: Comparison between finite element and 

experimental result 
 

Based on Figure 10, it can be seen that the radial 
internal magnetic spur gear's ability to transmit static and 
dynamic torque is significantly different. The difference 
in the maximum value of static torque and dynamic torque 
from the experimental results ranges from 70% to 88%. 
The difference arises because the observation of dynamic 
torque involves many moving components, where these 
components become variables that affect the magnetic 
gear's ability to transmit dynamic torque. 

In Figure 10, it can also be seen that the static torque 
value of the finite element method and the experimental 
method have a very significant difference. The difference 
in the maximum value of static torque between simulation 
and experiment is between 61% and 83%. This difference 
is caused by the input of the permanent magnet strength 
value in the finite element method based on the general 
approach of neodymium magnet material properties with 
grade N35. In ideal circumstances, the magnetic strength 
input into the finite element method should be based on 
measurements taken with a Gauss Meter to measure the 
magnetic strength used in the experimental circuit. This 
research is limited to the existence of the Gauss Meter 
measuring instrument so that the magnetic strength at the 
input of the finite element method is only based on general 
material properties. In addition, the cause of the difference 
in results is the presence of a fairly large tolerance of the 
magnetic gear assembly geometry. The large tolerance of 
the magnetic gear geometry in this experiment will cause 
the existing air gap to not be constant for each pair of poles. 
 
4.  Conclusions 

This study analyzes the ability of a simple internal 
magnetic gear model to transmit torque. The methods used 
in this research are finite element and experiment. From 
all methods, it is found that the smaller the air gap and the 
more of poles used, the greater the torque that can be 
transmitted by the radial internal magnetic spur gear. 

Based on finite element method we can see the addition of 
the number of poles from 2 to 4 in high-speed gear, and 
from 4 to 8 in low-speed gear will increase the maximum 
static torque value of 15.9% and 43%, respectively. In 
addition, it can be seen that the air gap reduction with an 
interval of 0.2 mm will cause an increase in the maximum 
static torque value of 3.8% to 5.3%. Meanwhile we can 
see from experimental results that air gap reduction with 
interval of 0.2 mm will cause the maximum value of static 
torque increases from 11.8% to 12.5%. 

This research provides information indicating that the 
ability of magnetic gear to transmit static and dynamic 
torque is different. The difference in the maximum value 
of static torque and dynamic torque from the experimental 
results ranges from 70% to 88%. This is useful to illustrate 
that, in analyzing the ability of the magnetic gear, it is 
necessary to involve dynamic variables to get the true 
ability of the magnetic gear to transmit torque. This study 
also shows that in finite element modeling, it is necessary 
to provide values that correspond to what is in actual 
conditions to obtain the best approximation results; 
however, experimental geometry is an important variable 
when analyzing the ability of magnetic gears to transmit 
torque.  
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