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Abstract: By utilising sequentially engaged teeth, gears are utilised to transmit power from one shaft to another. Gears come 

in a variety of forms and sizes, as well as different materials, ranging from small gears used in timepieces to enormous gears 

used in bridge raising systems and turn tables (metallic and non-metallic). Composite materials are commonly employed in 

buildings where weight is a major consideration, particularly in the aircraft sector and other industries. Additive 

manufacturing technology has recently acquired a lot of traction in the production of composite materials. 3D printing of 

gear saves production time, allows for more personalised gear, minimises noise created during high-speed meshing of gear, 

and increases gear life. The bending strength of gear teeth determines the amount of power transferred by gears. It is critical 

to examine the stress condition, deformation, and other characteristics of gear in order to comprehend its failure criterion. 

With the progress of computing technology, FEA has emerged as one of the most promising and accurate methods of 

analysis. The FEA method is frequently used to analyse the state of stress of an elastic body with complex geometrical 

features such as gears. The main goal of the test is to use experimental and FEM analysis to establish the maximum bending 

stress created in 3D printed gear using single tooth specimens. 
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1. Introduction 

 

3D printing is the process of creating a component by layering material on top of each other. The typical manufacture of components 

from composite materials in the automotive and aerospace sectors involves laying continuous reinforcing fibre within a matrix. 

Composite materials, on the other hand, are a relatively new addition to Additive Manufacturing. It boosts the structural applicability 

of additively manufactured items. With the addition of composite materials to Additive Manufacturing, the technique may go 

beyond prototype to the manufacturing of robust working components [1]. 

Steel, cast iron, and other materials are commonly used to make gears. However, composite materials have lately been employed 

since they have sufficient mechanical qualities such as tensile strength, thermal strength, and so on. These characteristics are similar 

to those of steel, CI, and aluminium composites. As a result, composite materials gear can be used to replace metallic gear [2]. 

Because 3D printed polymer reinforced matrix gears have material qualities similar to metal gears, they may be employed in 

contemporary industries, aircraft, and a variety of other applications. The maximum permitted tooth load during mesh might affect 

power transfer through gear drive. Modern industries demand gears that can transmit a lot of power while still performing well. It 

is vital to build gears with minimal tooth tensions in order to meet these industries' requirements. The gears' working properties are 

determined by the design elements put into them. The maximum permitted tooth load during mesh determines how much power 

gears may transfer. Modern industrial drives necessitate gears that can carry large amounts of power while maintaining high 

performance [3]. P.Marimuthu et al. [8] investigated the effect of several gear factors on load sharing, including addendum height, 

tooth number, and module, followed by stress study. Higher addendum height increases bending stress due to increased moment 

arm, according to the load sharing analysis.  

Gear stress analysis and an awareness of the effects of misalignment and microgeometry are critical for gear designers and 

maintenance personnel. When spur gears are in use, they are subjected to a variety of strains, but two types of stresses, bending 

stress and contact stress, are particularly relevant from a design standpoint [5]. In the past, gear analysis was done with traditional 

approaches that needed a variety of assumptions and simplifications. Tooth stress and tribological failures are examples of 

interdisciplinary challenges that incorporate gears. Designing sturdy and silent heavily loaded gears for power transmission need 

easy-to-use analytical tools that offer information on stresses. Such data may be obtained using finite element analysis. The FEM 

analysis technique is frequently used to investigate the state of stress of an elastic body with complex geometrical features such as 

gears. 

 

1.1 Objectives 

 

After a thorough review of available literature, the objectives of this study are identified and enlisted as below: 

 

1. Additive manufacturing of single tooth polymer reinforced composite spur gear. 

2. Experimental study of load distribution on both onyx reinforced carbon fiber spur gear tooth and onyx reinforced glass 

fiber spur gear tooth. 

3. Determination of experimental bending stresses in 3D printed polymer matrix composite spur gears. 

4. FEM analysis of 3D printed polymer matrix composite spur gear. 
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5. Comparison of analytical results with experimental value. 

2. 3D Printing 

3D printing (Additive manufacturing) is an advanced manufacturing technology that creates three-dimensional (3D) objects from 

CAD (Computer-Aided Design) software. The 'STL' format is used to create parts that are developed with CAD software (Standard 

Tessellation Language). After that, the 'STL' file is loaded into 'Slicer' programme, which discretizes the model into multiple layers. 

The 3D printer's instructions are generated using Slicer. These produced instructions (known as 'G' codes) are put onto the 3D 

printer to construct the design pieces. One of the types of 3D printing is FDM (Fused Deposition Modeling) [6]. FDM printing may 

be done on a variety of materials, including Kevlar, glass fibre, carbon fibre, nylon, and onyx [7]. The focus of this project will be 

on onyx and onyx reinforced onyx. 

2.1 Materials for 3D Printing  

Onyx is thermoplastic which offers a chemical resistance, heat resistance and  high-strength and surface finish. 3D printing matrial 

onyx used as a thermoplastic matrix. Onyx used in the 3D printing can be reinforced with the continuous fibers or printed to give 

strength similar to aluminium. Today, there are more than a million Onyx 3D printed parts in the field transforming manufacturing. 

[4]. 

Carbon fibers or graphite fibre are diameter of ‘5–10’ micrometers. Carbon fibers are composed of carbon atoms. Carbon fibers are 

light weight, stiffer with high tensile strength and high chemical resistance. It also have high temperature tolerance and low thermal 

expansion. These carbon fiber properties have made the carbon fiber very familiar in civil engineering, defense area, motorsports 

as well as in aerospace.[4]. 

Glass fiber combines high strength, high stability, transparency and resilience at a very reasonable cost-weight performance. The 

utilities of high strength glass fiber composites are compared by physical, mechanical, electrical, thermal, acoustical, optical and 

radiation properties. Fiberglass continuous fiber, providing high strength at an accessible price. It is 2.5 times stronger and eight 

times stiffer than Onyx, Fiberglass reinforcement results in strong, robust tools. [4] 

 

2.2 Material Properties of 3D printed polymer matrix composites. 

 

The test specimens were modelled using the "SolidWorks" computer-aided design (CAD) programme in this study. The specimen 

geometry was determined according to ASTM D3039. Figure 1 depicts the universal testing machine (UTM) and specimen 

dimensions according to ASTM standards. The modelled specimen was turned into a Standard Tessellation Language (STL) file 

and then fed into the "slicer" using SolidWorks CAD software. Mark forged Mark Two printer was used to 3D print the specimen. 

Onyx, Continuous carbon fibre was used to produce the 3D printed item. The portion made from onyx-reinforced carbon fibre has 

the best mechanical strength. 

The tensile test speed for ASTM D3039 standard specimen is 2 mm/min (0.078 in/min), which may be set by the material 

specification or time to failure (1 to 10 minutes). Elongation and tensile modulus can be determined using a strain gauge or an 

extensometer. The tensile test results are shown in Table 1. The peak stress of onyx reinforced carbon fibre is higher than that of 

onyx reinforced fibre glass, according to the test findings. 

Table 1 Tensile test results. 

Properties Onyx + Fiber 

glass 

Onyx + Carbon 

fiber 

Peak stress (MPa) 45.72 54.16 

Peak load (kN) 2.78 3.293 

Yield Strain (%) 1.61% 1.44 

Yield Load (kN) 1.174 2.333 

Modulus (GPa ) 1.328 3.16 

Upper Yield Point (MPa) 19.313 38.38 

Lower Yield Point (MPa) 37.461 2.831 

Limit of Proportionality (MPa) 15.005 31.025 

Elongation at Break (Using Strain) 

(%) 

5.80% 2.681 

Reduction in Area at break (User 

Input) (%) 

100% 100% 

Strain % at Max. Load 5.755 2.658 
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3. Spur gear Design 

Design specification of polymer matrix composite gear tooth is shown in the table 2. 

Table 2 Design specification of gear tooth. 

Parameters Design details 

Teeth (Z) 50 

Module (M) 4mm 

Pressure angle (α) 20º 

Pressure angle at tip 29.53 º 

Tooth height 8.184mm 

Tooth thickness 6.996 mm 

Normal tooth load 218.51 N 

 

The above-specified onyx reinforced carbon fibre and onyx reinfored fibre glass spur gears were designed in Solid Works and 3D 

printed on a Markforged Mark Two 3D printer. Figure 3 depicts 3D printed onyx reinforced carbon fibre and onyx reinforced fibre 

glass spur gears placed on strain gauges. 

  

Fig 1. 3D printed onyx reinforced glass fiber and onyx reinforced carbon fiber spur gear tooth. 

 

3.1 Experimental stress analysis as applied to gear design problem. 

The bending strength of the gear tooth determines how much power is transferred via gears. Experiments in engineering practise 

instil trust in the engineering and research communities. Before a gear tooth is placed into operation, it must be tested for bending 

strength. As a result, the focus of this chapter is on the experimental determination of bending stress in standard-dimension teeth. 

The main goal of the test is to measure the maximum tensile bending stress created in the fillet of a typical gear tooth using a single 

tooth specimen. 

A Gear Tooth Bending Test (GTBT) fixture is created for this purpose, which holds a single tooth specimen of the gearing. A strain 

gauge, calibrated to detect the strain, is bonded around the fillet region of the tooth, and a strain indicator provides a digital display 

of the strain created. The strain indicator measures the strain created in the fillet when the load is applied to the tip of the tooth.  

 

3.2 Estimation of Experimental Bending Stress 

The applied load and the resultant strain are the variables in this experiment. Figure 4 shows an experimental bending stress 

arrangement. The most significant job of the experimental inquiry is strain measurement. This is accomplished with the help of a 

strain gauge glued to the specimen teeth and a strain indication that reflects the strain, which make up the entire apparatus. As a 

result, when the load is applied, the calibrated strain indicator displays the strain (micro-strain) immediately, substantially 

simplifying the process. The applied load varies from zero to 218.51 N in 19.62 N increments, with the strain corresponding to the 

load being recorded. Using Eq., the suggested strain is utilised to estimate the bending stress in the gear tooth (1) Experimental 

bending stress  

σEXP = e.E (MPa)                      (1) 

Where,          e - Indicated micro-strain (x10−6) 

                      E - Elasticity of material 

 

 

 

 

 

 

Fig 2. (a) Gear tooth bending fixture (GTBF) (b) Experimental setup. 
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3.2 Comparison of experimental results 

The experimental results are reported in this part so that a suitable inference may be drawn. The stress-strain curves for onyx 

reinforced fibre glass and onyx reinforced carbon fibre spur gear teeth are plotted in Fig.5. In comparison to the onyx reinforced 

carbon fibre spur gear tooth, the testing findings reveal that the onyx reinforced fibre glass spur gear tooth can take higher stress. 

 

 

 

 

 

 

 

Fig 3. Stress-Strain curve for (a) onyx reinforced with carbon fiber (b) onyx reinforced fiber glass. 

 

4. Finite element approach as applied to gear design problem. 

The local stress at the contact site is not considered in this study since subsequent heat treatments render it resistant to these stresses; 

instead, the fillet area of the gear tooth is the most strained. The Optistruct software is used to analyse a finite element model with 

a single tooth section. The capacity of a gear to bear bending stress under tooth load is directly connected to its life and performance. 

As a result, stress analysis in gear teeth has been a popular topic of study. As previously stated, gear analysis methods are based on 

several assumptions and simplifications with the goal of establishing the maximum stress values. A numerical approach using FEA 

can assist estimate stress levels more accurately. 

It is known that modeling of the part like a gear tooth having complex geometry is very difficult and time consuming in the analysis 

software like optistruct, in order to create a model directly in Optistruct a third-party package like Solid Works has been used. 

 

Table 3. Gives the input details considered in both 2D and 3D finite element analysis. 

 

Details 2D 3D 

Analysis element type Structural, 

4noded quadrilateral  

Structural, 

Static 8 noded hexahedral 

Peak load (N) 218.5 218.5 

Min. load (N) 19.62 19.62 

Gear tooth  No of nodes 8046 

No. of elements 10220 

No of nodes 27846 

No. of elements 24600 

 

The finite element analysis is done on a single tooth in order to establish similarities between the finite element and experimental 

research. While the load is delivered vertically, the tooth is orientated at an angle equal to the pressure angle at the tip of the gear 

tooth in this analysis. This aids in keeping the loading's direction in relation to the gear tooth, much as in a genuine tooth-mesh 

arrangement. To calculate the Von Mises stresses, both 2D and 3D analysis are done with the issue being of the structural analysis 

type. The study takes into account Von Mises stress at the gear tooth's fillet area. Figure 3 (a)(b)(c) depicts pictures of meshed finite 

element models and the resultant stress contours for 3D examples under a maximum normal tooth load of 218.5 N, respectively. 

 

 
 

 

Fig 3. (a)Meshed model of gear tooth (3D) (b)Von mises stress in onyx reinforced carbon fiber gear(c) Von mises stress in onyx 

reinforced fiber glass gear 
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The load acting normal to the tooth profile at the point of contact determines the bending stress in gears. Additionally, the load 

shared by the gear tooth throughout the contact path changes from point to point. Table 4 demonstrates the load distribution and 

fluctuation of bending stresses in onyx reinforced glass fibre and onyx reinforced carbon fibre spur gear teeth based on experimental 

and FEM analyses. 

Table 4. Bending stress in onyx and onyx reinforced carbon fiber. 

 

Load 

(N) 

Experimental 

Result of onyx 

reinforced 

fiber glass 

(Mpa) 

Analytical 

Result of onyx 

reinforced 

fiber glass 

(Mpa) 

Experimental 

Result of onyx 

reinforced 

carbon fiber 

(Mpa) 

Analytical 

Result of onyx 

reinforced 

carbon fiber 

(Mpa) 

22 0.555104 1.387 2.389 2.29 

20 1.099584 2.773 4.326 4.58 

39 1.665312 4.16 6.380 6.87 

59 2.213776 5.546 8.431 9.161 

78 2.764896 6.933 10.292 11.451 

98 3.2868 8.319 11.414 13.741 

118 3.841904 9.706 12.583 16.031 

137 4.38904 11.092 13.797 18.321 

157 4.824624 12.479 14.782 20.611 

177 5.312 13.865 16.078 22.902 

196 5.6772 15.252 17.086 25.192 

 

Table 4 summarises the findings of the experimental and FEA investigations. In comparison to the onyx reinforced carbon fibre 

spur gear tooth, the results clearly reveal that the onyx reinforced fibre glass spur gear tooth can sustain higher stress. 

 

5. Conclusion  

A 3D printer was used to create the composite spur gear teeth. The stresses are measured using a strain gauge bonded in the fillet 

region, which is indicated by a finely calibrated digital indication. The strain gauge bonded in the fillet region is utilised to measure 

the relevant strain when a static load is applied to the single tooth polymer composite gears. For comparison of bending stress in 

onyx reinforced glass fibre and onyx reinforced carbon fibre, the stresses estimated using the strains are displayed. In comparison 

to the onyx reinforced carbon fibre spur gear tooth, the results clearly reveal that the onyx reinforced fibre glass spur gear tooth can 

sustain higher stress. 

Optistruct software was used to conduct a FEM analysis for the single tooth polymer composite gear. Table 4 shows the results of 

the 3D finite element analysis. Bending stresses for both onyx reinforced glass fibre and onyx reinforced carbon fibre teeth are 

determined by applying standard tooth loads at the tip of the gear tooth in stages of 19.62 N from zero to a maximum of 218.51N. 

In comparison to the onyx reinforced carbon fibre spur gear tooth, the results clearly reveal that the onyx reinforced fibre glass spur 

gear tooth can sustain higher stress. 

 

Table 4 shows that onyx reinforced fibre glass can sustain higher stress than unreinforced fibre glass. However, the experimental 

and analysis findings' comparison values are considerably different. 
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