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Abstract. Design challenges arise in applications like humanoids where high torque is required 

to move and self-balance the bot. Present research focuses on development of a cycloidal gearbox 

for humanoid shoulder joints. Light weight gear box assembly was designed with mass of 360g. 

Structural design and analysis of cycloidal gearbox is carried out. A 3D printed prototype is 

developed to validate motion analysis. It was actuated by NEMA 17 step motor (0.45 N-m) 

which is controlled by A4988 motor driver module on the Arduino platform. The speed reduction 

ratio is achieved 20:1 in a very small space of 60 x 60 x 20mm. Motor torque 0.45Nm is 

magnified up to 8.82Nm. Result shows proposed cycloidal gearbox satisfies requirement of 

humanoid shoulder joints such as high torque, light weight and compact assembly. Additional 

features noticed are back drivable, vibration and noise free transmission which are highly 

desirable for humanoid shoulder joints. 

              Keywords: Torque, Cycloidal Gearbox, Humanoid, Motion study, 3D printing 

1. Introduction 

Robotics is a multi-disciplinary domain where mechanical, electronics, and computer science work 

together to get the best possible solution. In robotic arms, high torque is required at the output for holding 

larger loads. To increase the torque of the motor, it is essential to use a gearbox which can efficiently 

increase the torque in a very small amount of space. There are various gearboxes available which are 

very compact and can also transmit power at a very high reduction ratio (in the range of 100 and above). 

Forinstance, García et al. [1] proposed a review on the performance of harmonic and cycloid drives. 

along with emerging transmission technologies such as REFLEX torque amplifier, Archimedes drive, 

Nugear, Bilateral drive, Galaxie drive etc. used in modern robotics. Jonathon W. Sensinger and James 

H. Lipsey [2] also compared cycloidal and harmonic drives Study done by Biser Borislavov et al. [3] 

Study shows designing of a cycloidal reducer. Mirko Blagojevic et al. [4] presented a new concept of 

the two-stage cycloidal speed reducer development. Logan C. Farrell et al. [5] vibrations caused due to 

gearbox results in noise and affects its overall life. If a single plate is used, a counter balance must be 

added to avoid substantial vibration. Mathematical model and design procedures to design the epicycloid 

planet gear of cycloid drives was discussed by Ta-Shi Lai [6].Wei Bo et al. [7] carried out load 

distribution model and presented equation for design. Following researchers presented some of the 

potential applications of cycloidal geometry based power transmission benefits and issues. Abhi J. 
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Rawal [8] developed cycloidal based drive joint for wearable exoskeletons. Hiroshi Matsuki et al. [9] 

presented bilateral drive gear that is highly back drivable reduction gearbox for robotic actuators. 

Benedetto Allotta et al. [10] redesigned the cycloidal drive for novel applications in machines. Li, X. et 

al. [11] and Wan-Sung Lin et al. [12], presented design of a two-stage cycloidal gear reducer with tooth 

modifications. Li Yawei and Wu Yuanzhe [13] developed RV reducer i.e. one type of cycloid reducer. 

[14] In this paper, methodology was developed to draw cycloidal gear in minutes and also reduces the 

possibility of human error and the time to draw each gear which is the main fact why the wider use of 

cycloidal gears is limited. Stress analysis of cycloidal speed reducer was done by using Finite Element 

Method (FEM) for the case of single meshing which is the most critical case. Experimental analysis was 

carried using the strain gauges method [15]. Kinematic analysis of cycloidal speed reducer was 

performed using the softwares – Autodesk Inventor and Solidworks [16]. In the research work [17] 

modelled in a dynamic simulation environment, on the rotating parts of cycloidal reducer. The study 

[18] gave an insight about the internal load sharing of the rotating parts and their capability of carrying 

the shock loads of cycloidal gears.  Present work focuses on the design of a cycloid power transmission 

unit (gearbox) that possess characteristics of a high reduction ratio in a very compact assembly, much 

less weight and operating reliably with very less vibrations for humanoid shoulder joints. Computer 

codes are developed to get the cycloidal profile. A 3D printed prototype is produced to perform tests 

and validate motion analysis. In order to reduce the vibrations, two cycloidal discs are used which have 

a phase difference of 1800. It was actuated by NEMA 17 step motor (0.45 N-m) which is controlled by 

A4988 motor driver module on the Arduino platform. 

 

2. Creative Design of Cycloidal Gearbox  

2.1 Conceptual design 

Conceptual design of cycloidal gearbox (CG) shown in Fig. 1. It consists of an eccentric camshaft (input 

shaft), cycloidal gears, annular cycloidal gear (output gear), flange, fasteners (pins) and motor. Exploded 

view shown in Fig. 1 elaborates power transmission elements involved in CG. Fig. 2 shows assembly 

of proposed gearbox with motor drive. An eccentric camshaft transmits motor power to annular gear 

through cycloidal gears. Which drives a cycloidal gears.  In present work as a case study, torque 

requirement of humanoid shoulder joint is considered to design CG.  Requirement is to magnify the 

motor torque by 20 times. This implies when eccentric cam shaft rotates in 3600 annular cycloidal gear 

must rotate 180, so that after 20 rotations of the input shaft, the output shaft completes one rotation. Thus 

cycloidal gear box is designed for the transmission ratio of 20:1 

 

 

Figure 1. Major elements of proposed cycloidal gearbox (CG)  
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Figure 2. Assembled view of proposed cycloidal gearbox (CG) 

2.2   Generation of cycloidal profile  

The rotor has a very unique cycloidal shape. There are standard equations available to design the profile 

of the rotor [13]. The parametric curve equations were chosen because of the two equations needed to 

define the rotor as shown in Fig. 3. Once the rotor radius (R), eccentricity (E), roller radius (Rr), and the 

number of rollers (N) is set, the given equations can then be used to generate cycloidal rotor profile 

coordinates Cx and Cy ( X and Y  respectively) 

𝑋 = 𝑅 𝑐𝑜𝑠( 𝜃) − 𝑅𝑟 𝑐𝑜𝑠⁡( 𝜃 − 𝜓) − ⁡𝐸 𝑐𝑜𝑠⁡(𝑁𝜃)                  (1) 

Y = −Rsin⁡( θ) +⁡Rr sin⁡( θ − ψ) + ⁡E sin(Nθ)                  (2) 

𝜓 = ⁡− 𝑡𝑎𝑛−1 [
𝑠𝑖𝑛((1−𝑁)𝜃)

(
𝑅

𝐸𝑁
)−⁡𝑐𝑜𝑠((1−𝑁)𝜃)

]                                           (3) 

 

Figure 3. Cycloidal gear profile generation parameters 

Contact angle between the cycloidal rotor teeth and the rollers⁡𝜓. Equation can be utilized to compute 

the contact angle using different θ values ranging from 0 to 3600. The precision of the rotor profile 

depends on the step value of the angle θ. In other words, the meshing between rotor teeth and rollers 

will be precise, resulting in negligible backlash. 
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Table 1. Cycloidal profile parameters  

Parameters Values 

No. of teeth on gear (N) 20 

No. of roller pins (n) 21 

Rotor radius (R) 30 mm 

Roller pin radius(Rr) 3 mm 

Eccentricity (E) 1.5 mm 

 

MATLAB code was written to generate the cycloidal profile of gear tooth as shown in Fig. 4. Profile of 

cycloidal gear is a critical parameter to its design, so developed a software program in MATLAB. It 

takes the number of lobes and pins as input and uses a constraint that the number of pins are equal to 

number of lobes plus one. Rotor radius as per packaging was 30mm, eccentricity was again a critical 

design parameter which was 1.5mm. Using the appropriate equations other parameters were calculated 

housing circle diameter and transmission ratio. The shape of the rotor is very unique and standard 

equations are available to design the profile of the rotor. Mainly, two different types of equations are 

available and can be used, explicit equations and parametric equations. So, the parametric equations 

have been used here in the code and the angle is varied from -180 degrees to 0 degrees for the lower half 

and from 0 to 180 degrees for the upper half. This was done to maintain continuity and obtain a smooth 

profile. The results were also plotted to get a cycloidal profile as can be seen in Figure 4. The main aim 

behind writing the code was to see the effect that various parameters have on the profile of the rotor, the 

size of the rotor, the eccentricity, the transmission ratio, etc. without making CAD models for each 

iteration. 

 
Code: 
% For Transmission Ratio 
n = 20; %Number of Lobes 
N = 21; %Number of Pins (Rollers) 
% N = n + 1 is the condition 
  
TR = (n/(N - n)); %Transmission Ratio 
  
R = 30; %Rotor Radius 
  
% Housing Circle Circumference 
HCC = 2 * R * pi (); 
  
Rr = (HCC/ (4 * N)); %Roller Radius 
  
E = 1.5; %Shaft Eccentricity 
  
for t = linspace (-180, 0, 362) 
    X = (R*cosd(t))-(Rr*cosd(t+deg2rad(atan(sind((1-N)*t)/((R/(E*N))-cosd((1-N)*t))))))-(E*cosd(N*t)); 
%     plot(X, Y, 'r*'); 
%     hold on; 
    Y = (-R*sind(t))+(Rr*sind(t+deg2rad(atan(sind((1-N)*t)/((R/(E*N))-cosd((1-N)*t))))))+(E*sind(N*t)); 
    plot(X, Y, 'r.'); 
    hold on; 
end 
  
for t = linspace (0, 180, 362) 
    X = (R*cosd(t))-(Rr*cosd(t+deg2rad(atan(sind((1-N)*t)/((R/(E*N))-cosd((1-N)*t))))))-(E*cosd(N*t)); 
%     plot(X, Y, 'b*'); 
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%     hold on; 
    Y = (-R*sind(t))+(Rr*sind(t+deg2rad(atan(sind((1-N)*t)/((R/(E*N))-cosd((1-N)*t))))))+(E*sind(N*t)); 
    plot(X, Y, 'g.'); 
    hold on; 
end 
 

 
Figure 4. Cycloidal profile generated using code 

 

2.3 Structural Analysis of Cycloidal Gears 

Strength analysis of cycloidal rotor (disc) and casing is carried out.  Working loads are applied on each 

of the parts to obtain maximum stress and deformations. Conditions: Fixed – backside of casing (where 

arm will be seated), force applied - 260 N, Mesh – tetrahedral 

Material chosen - Polylactic acid (PLA) 

Material properties of PLA 

Density                     :    1.25 g/cm3     

Young’s modulus     :    3027 MPa  

Passions ratio           :     0.32 

From the analysis as seen in Fig.5, the maximum deformation is of 0.379 mm at the teeth of the output 

where the cycloidal gear and output completely meshes. The minimum deformation is zero where there 

is no contact between the cycloidal gear and the output. From the contour plot in Fig.6 , it can be seen 

that the maximum stress at completely meshed teeth because the force acting at that point is maximum 

and minimum stress where the gear is not in contact with the output. The minimum stress value is 298Pa 

and maximum value is 61.82 Mpa. Same is the case for the deformation of the cycloidal gear as it is for 

the out as observed in the Fig.7. The deformation is maximum at the teeth which is completely meshed 

with the output and the deformation goes on decreasing equally on both sides of the meshed teeth. The 

maximum deformation in this case is 0.355mm and minimum of 0mm about the centre of the gear. From 

the contour plot in Fig. 8 it can be observed that the maximum stress occurs at the root of one teeth that 

gets completely meshed which is 45.9Mpa. Also the stress occurs between the eccentric shaft and the 

cycloidal gear which is around 15 MPa. 
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Figure 5.  Deformation of annular gear of cycloidal gear box 

 
Figure 6. Von-Mises stress on annular gear of cycloidal gear box 

Analysis was carried out in Ansys Student Version with following boundary conditions Fixed - Inner 

bearing face, Force applied - 260 N, Mesh – tetrahedral 
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Figure 7. Deformation of cycloidal gear of cycloidal gear box 

 
Figure 8. Von-Mises stress on cycloidal gear of cycloidal gear box     

The stress levels and deformations found to be within the allowable limits as two out of phase cycloidal 

gears helps to reduce load distribution on individual gears. Also, contact stress and deformation of the 

proposed cycloid drive is much hence, proposed cycloid drive exhibits high load capability which is 

more suitable for robotic arm applications. Thus the structural strength was verified before the 

developments of prototype. 

3. Motion Analysis  

Motion study of CG was performed in computational tools. Fixed support boundary condition was given 

to the bolts and rotary input motion to the eccentric camshaft. Solid body contact assumed between the 

bearing and the discs, the eccentric shaft and the bearing, the cycloidal gear and the annular gear casing. 

Gravity condition also applied and a weight attached at the output side. The angular velocity of the 

output gear found to be one by twenty times of the input angular velocity. Similarly, the output torque 
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which was derived by using the angular acceleration was also close to the desired values. The humanoid 

for which this gearbox is designed is going to an interactive entertainment bot with capability of holding 

4.5 kg load at 0.2m distance which is equivalent to 7.8Nm. Fig. 9 shows the torque drawn by the motor 

over time. The values are fluctuating as gravity effect is considered and a single mass (for load) is given 

at output. Fig. 10 shows the angular velocity obtained at the output shaft. Input speed given to motor 

was 60 rpm, and the output speed computed was 3.13 rpm (0.3314 rad/s or 19 deg./s).The angular 

acceleration graph was also plotted shown in Fig. 11. The angular acceleration values obtained for each 

time step from motion analysis was exported to torque analysis. Here, these values were multiplied the 

inertia of the output part to calculate the torque that is required by the output (and the load) to rotate at 

each time step. The graph of torque required at each time step is shown below in Fig. 12. 

 

 
Figure 9. Motor torque vs time (sec.) 

 
Figure 10. Angular velocity vs time (sec.) 
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Figure 11. Angular acceleration vs time (sec.) 

 
Figure 12. Torque output vs time (Sec) 

4. Prototype and Experiments  

 

Figure 13. Design of experiment 

4.1 Prototyping  

Fig. 13 shows design of experiment plan to build and test the CG. As per design specifications a 

prototype of CG was 3D printed. The parts included the eccentric camshaft, cycloidal gears, annular 

gears, and casing. 3D printed components shown in Fig. 14. Special care to be taken to make accurate 
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assembly of all components. Bearings are press fitted in the 3D printed cycloidal discs. Bolts were used 

as the connectors between the discs and the retainer which will allow the disc to wobble around it. 

Finally, the cycloidal discs are fitted into the cycloidal casing. Both the discs were mounted on the 

eccentric shaft in the phase difference of 180°. Input and output covers were also fitted and finally bolted 

to prepare the final gearbox assembly. Overall space dimensions of a cycloidal gear box was 60 x 60 x 

20mm and mass assembly is 360g.  

 

 

Figure 14. 3D printed components of cycloidal gear box   

4.2 Testing setup  

Input is given to gearbox using a 12 Volt, 0.45 N-m, NEMA 17 stepper motor. These motors come with 

an outer casing, which are easy to mount and ensure stable operation. This motor required a special 

motor driver due to its high ampere rating. A4988 motor controller was used along with the RUDRA 

board to drive this motor. This motor also allows to vary the speed. This could be done by changing the 

delay between the consecutive frequency pulses in the code.  RUDRA board (which is very similar to 

the Arduino UNO Micro-controller). External power supply was given to the micro-controller using a 

12 V, 2A adaptor.  
 

 

Figure 15. Test setup of cycloidal gear box 
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Fig.15 shows circuit to control NEMA 17 stepper motor with Arduino. Stepper motor is powered using 

a 12V power source, and the A4988 module is powered via Arduino. 

4.3 Results  

A 3D printed prototype is developed to validate motion analysis. It was actuated by NEMA 17 step 

motor (0.45 N-m) which is controlled by A4988 motor driver module on the Arduino platform. Tests 

are conducted on two prototypes as printing of hypocycloidal and epicycloid tooth profile is critical. In 

first prototype it was observed slipping during rotation and skipping some gear teeth in between and not 

rotating continuously. Also, the cycloidal disc was rotating out of plane. Gearbox was functioning 

properly when the motor and cycloidal disc were held at a certain position. One of the main reasons for 

the above-mentioned problems was the error in assembly that is backlash in meshing cycloidal teeth, 

this caused problems while rotation. Second prototype components precisely 3D printed and assembled 

accurately. Problems occurred in first prototype due to backlash are totally rectified.  Many test trails 

are conducted on prototype of cycloidal gear box. Input and output speed were measured through rpm 

sensor. Displacement trials shows annular gear rotates by 180 during a complete rotation of the input 

shaft of 3600. The output speed found to be 3 complete rotations in 60 seconds when the input speed of 

motor was 60 rpm. Motor torque 0.45Nm and output torque found to be 8.82Nm. Kinematic simulation 

results are very close to the experimental values of speed ratio and torque. Speed, torque and back 

drivability validated by running gear box at different speed and more than 50 trials. Overall, after 20 

rotations of the input shaft, the output shaft completes one rotation.  The transmission ratio of the 

gearbox is thus 20:1 in a very small space of 60 x 60 x 20mm.   

5. Conclusion 

Design of compact cycloidal gear box is proposed for the application such as humanoid shoulder joints. 

Research was focused on development of concepts and validation through design, modelling, motion 

analysis, 3D printing, prototyping and testing. Two out of phase cycloidal gears in assembly helps to 

reduce vibration and load distribution on individual gears. The output speed found to be 3 complete 

rotations in 60 seconds when the input speed of motor was 60 rpm. Motor torque 0.45Nm and output 

torque found to be 8.82 Nm. Also, motion analysis results are very close to the experimental values of 

speed ratio and torque. Speed, torque and back drivability validated by running gear box at different 

speed and more than 50 trials. Overall, after 20 rotations of the input shaft, the output shaft completes 

one rotation.  The transmission ratio of the gearbox is thus 20:1 in a very small space of 60 x 60 x 20mm.  

Proposed cycloid drive exhibits high load capability which is more appropriate for robotic arm 

applications. Cycloidal gearbox satisfies requirement of humanoid shoulder joints such as high torque, 

light weight and compact assembly. Additional features noticed are back drivable, vibration and noise 

free transmission which are highly desirable for humanoid shoulder joints. 
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