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Abstract 

Given the important role of synchronous belts in the functioning of mechanisms, they are the 

subject of numerous studies and researches in order to define them more and more finely. 

Their mechanical characteristics influence the behavior in operation of the mechanisms that 

they entail. Also, the measurement of the characteristics of the longitudinal stiffness of the 

belt and the stiffness of the teeth is necessary to better control their behavior. In addition, 

these parameters constitute input data for models of lifetime and dynamic behavior of 

synchronous transmissions. An approach for the determination of longitudinal stiffness is 

presented. We have demonstrated a study comparing the measurement of the rigidity of a 

toothed belt by two methods. This is to qualify the first method of measurement through 

experimentation. And the second measurement method using the simulation of this toothed 

belt by SOLIDWORKS software. 
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Nomenclature 

𝐸"  Modulus of longitudinal elasticity of the belt [N/mm2] 

𝐸#   Modulus of longitudinal elasticity of the fibers in the belt [N/mm2] 

𝐸$  Modulus of longitudinal elasticity of the elastomer in the belt [N/mm2] 

𝑉#   Fractional volume of the fibers in the belt [mm3] 

𝑉$   Fractional volume of the elastomer in the belt [mm3] 

𝑘" Rigidity of the belt [N/mm] 

𝑏" 	 Length of belt pitch [mm] 

𝑛"   Number of cables 

𝐴#, 𝐴$  Surface of the fiber and  surface of the elastomer [mm2] 

𝐴" Synchronous belt section [mm2] 

𝐹 Transverse force to the belt [N] 

∆𝐿	 The elongation of the rectilinear length of the strand [mm] 

𝐿/ 	 Rectilinear length of strand [mm] 

𝐵	 Width of belt [mm] 

𝑇, 𝑡 Tension in the strand strained and tension in the strand slack [N]. 

𝑄4	𝑄5 	 Radial load and tangential load [N]. 

𝑛 The number of the tooth coiled 

𝐾, 𝑘 Stiffness of the belt core and stiffness of the belt tooth [N/mm]. 

𝑘7 Variable 10-6
£ 𝑘7 £ 1. 

𝑢9  Displacement of tooth i [µm]. 

𝑆9 	 Tension of the core [N]. 

𝜃 Pitch of the pulley [rad]. 

 



 

 

1. Introduction 

The toothed belts in Fig.1 are flat belts, the inner face of which is provided with transverse 

teeth which mesh with the notches of a notched pulley. These belts are used when it is desired 

to eliminate the slippage between the belts and the pulleys in order to obtain a synchronized 

transmission that is to say so that the speed ratio remains constant and precise. These are 

elements of machines which essentially serve to transmit forces, rotational movements and 

which have many advantages including: transmission of the forces without slip with a good 

angular accuracy (so-called synchronous transmission), operation at high speeds Exceed 50m 

/ s and a transmission between distant trees up to several meters and a good power-to-weight 

ratio. However, they present some disadvantages, particularly a mark of robustness (very 

limited lifetime) and a problem of reliability of operation. However, due to their mechanical 

advantages, synchronous belts are a very useful transmission element in industry [1.9]. 

 

 

Much research began 70 years ago in both theoretical and experimental directions to define 

and understand the behavior of synchronous belts and thus optimize the lifetime. This 

research has really contributed to the scientific evolution of the problem and has succeeded in 

clarifying certain points, but much remains to be done in view of the published results, 

namely: 

§ The phenomena carried out are generally global (rigidity, distribution of load, etc ...). 

§ The phenomena involved at the level of the contact-belt (contact problem) have not 

been visualized or clearly demonstrated (frictional forces, variation of geometry and its 

influence on friction conditions, understanding of sliding phenomena). 

§ The geometry considered in finite element models is defined very schematically using 

simplified boundary data to obtain orders of magnitude of stress distribution. The 

patterns generally take into account the stiffness of the teeth, the stiffness of the core 

and the tension of the soft strand and the tensioned strand. 



 

 

In statics, numerous studies have been carried out in the field of tooth behavior and the 

distribution of the load on the teeth. Gerbert [2] to present a direct method for measuring the 

displacement of a toothed belt tooth. The displacement of the tooth is measured by means of a 

comparator. The belt is toothless on both sides of the chosen tooth. The friction of the belt on 

the winding arc is taken into account to calculate the stiffness of the tooth. The measurement 

of the stiffness of the core is done on a conventional traction machine. Childs [3] 

demonstrated the relationship between the rigidity of the synchronous belt and its constituents 

using fractional volume theory and show that the elastic modulus of the belt is given by: 

 

 𝐸" = 𝐸# . 𝑉# + 𝐸$ . 𝑉$ 																																																													(1) 
 

 

Using the Hooke's law, we have the following relation: 

 

𝑘"𝑏" = 𝑛" . 𝐸# . 𝐴# + 𝐸$ . 𝐴$																																																			(2) 
 

 

 

Where, 𝐸"  is modulus of longitudinal elasticity of the belt, 𝐸#  is modulus of longitudinal 

elasticity of the fibers in the belt,  𝐸$   is modulus of longitudinal elasticity of the elastomer in 

the belt,  𝑉#  is fractional volume of the fibers in the belt, 𝑉$  is fractional volume of the 

elastomer in the belt, 𝑘" is rigidity of the belt, 𝑏" 	is length of belt pitch, 𝑛" is number of 

cables, 𝐴# is surface of the fiber and 𝐴$ is surface of the elastomer . 

In 1993, Childs [4] also developed a new method for measuring the stiffness of teeth. Four 

pulleys are applied with lateral force to two teeth placed back to back. Dalgarno [5] also assert 

that the contribution to the rigidity of the elastomer is negligible compared to that of the fiber 

and that the rigidity of the belt is determined solely by the tensioning element. Thus the 

relationship becomes: 

 

𝑘" = 𝑛" . 𝐸# . 𝐴#
𝑏" 																																																																					(3) 



 

 

Otherwise, after extensive laboratory tests, Wallin [6] shows that the dynamic elongation of 

the synchronous belt and its stiffness can be quantified by the product of the elastic modulus 

E, by the cross section of the belt: 

𝐸" = 𝐹. 𝐿/
𝐴" . ∆𝐿 																																																																											(4) 

 

 
 

 

Where, 𝐴"is synchronous belt section, 𝐹 is transverse force to the belt, ∆𝐿	is the elongation of 

the rectilinear length of the strand and 𝐿/ 	is rectilinear length of strand. 

In 1990, Debbabi [7] attempted to establish a law of dynamic modulus evolution according to 

various factors but had to give up. The dynamic modulus is sensitive mainly to the frequency 

and amplitude of the excitation, but above all to the internal temperature of the polymer. The 

temperature factor will not be taken into account either in this article. Dancé [8] developed 

two methods, the first to measure the stiffness of the belt core on a conventional traction 

machine. The second method for obtaining the displacement of a belt tooth as a function of 

the applied load differs from the previous methods of direct measurement. Indeed, the 

experimenter notices that the displacement of a loaded tooth depends on the way it is housed 

in the hollow of the pulley. This method is based on a feeler which measures the displacement 

of the first tooth, with a variable number of belt teeth in contact with the pulley. This method 

is more precise, more reliable, and taking into account the previous methods, from a point of 

view measurement of the stiffness of a belt tooth.  

However, that Atouf [9] obtains very weakly non-linear core stiffness by a speckle 

measurement over two steps of HTD belt. The stiffness will be considered constant 

throughout the belt although the wiring is not homogeneous. Dynamic stiffening will not be 

considered in this article. Monternont [10] described a module whose task is to simplify 

considerably the computation of equation, of motion. The local appearance at the winding 

arcs is supported at the 3rd module. The macroscopic aspect is the subject of this 3rd module. 



 

 

Strictly, the model has three degrees of freedom of longitudinal translation by belt pitch (two 

at the core and one at the level of the tooth). This plethora of variables (the strap used for this 

study has 250 steps) leads to an over-dimensioning of the system in relation to the needs. 

BINDER transmission belts are the subject of numerous studies and research in order to 

optimize their behavior and in particular their lifetime. Several laboratories have been 

working for several years on the numerical modeling of the static and dynamic behavior of 

belt transmission type BINDER MAGNETIC. This article is divided into two parts. In the 

first part, we have shown a comparison study of the measurement of the rigidity of the core of 

a toothed belt by two methods. The first method of measurement is to be described as 

experimental. And the second measurement method using the simulation of this toothed belt 

by SOLIDWORKS software. On the other hand, the second part develops an experimental 

measurement method for the characterization of the stiffness of an AT10 belt tooth as a 

function of its tangential and radial load. 

This document is organized as follows. In Section 2 is devoted to an experimental and 

numerical study of the measurement of the stiffness of the blade of the two AT10 belts of 

width 16 mm and 20 mm. Section 3 presents an experimental method for measuring tooth 

stiffness characterization of two AT10 belts of width 16 mm and 20 mm as a function of its 

tangential and radial load. Section 4 presents the measurement results and simulations, and a 

discussion in view of the previous studies. The conclusion is drawn in Section 5.  

2. Structure of AT10 type timing belts 
 

A timing belt is an endless belt in the longitudinal direction with rectangular cross-sections 

and transverse teeth disposed either on one face (inside or outside) of the belt or on both sides. 

In a transverse section a series of string sections can be seen. They allow the loads to be 

transmitted and define a primitive line all along the belt. They are wound in pairs and the 

torsion helices of two successive strings are opposite.  



 

 

In general the strings are made of fiberglass, polyester, Kevlar and steel. The timing belts are 

equipped with standard galvanized steel cables. Thanks to these cables, the belts retain their 

stability of length (Fig. 2 and Table.1). However, like any metal, the steel deforms under the 

force following Hooke's law [11.12]. This law describes the deformations under stress in the 

phase of elasticity. The elongation of the belt will be proportional to the stress in the strand. 

 

3. Measurement of the stiffness of the blade of a toothed belt 
 

 

3.1. Principle of measurement 
 

 

The stiffness of a belt step is measured by a static tensile test according to the following 

procedure (Fig.3): 

§ The belt is placed between two jaws, one fixed connected to the frame and the other 

mobile connected to the pneumatic load cylinder, 

§ Two studs a and b are glued at thirty pitch intervals on the back of the belt. The vertical 

displacement of each of the pads (𝑋Fet	𝑋G) is measured by means of two micrometric 

sensors, 

§ The belt is subjected to a tensile force in steps with a load varying in a range from 0 to 100 

kg, 

§ After each loading stage, the sensors are reset. This operation is carried out directly on the 

micrometric sensors using screws. This step is necessary to measure the deformation due 

separately to each of the load stages. The total displacements are obtained by the sum of all 

these measured displacements. The elongation of the pitch strand is thus obtained by the 

difference between the total displacement of the sensors mounted at each end, 

§ The stiffness of the 30 pitch strand is calculated by dividing the total force applied by the 

measured elongation, 



 

 

The stiffness of a belt pitch is finally obtained by multiplying by 30 the one of the pitch 

strand. Indeed, the toothed belt is assimilated to a series of springs mounted in series, each 

rigidity then representing a pitch: 

 
 
 1

𝐾$H =I 1
𝑘9 =

𝑛
𝑘9 																																																																	(5) 

 

 

From where : 
           

𝑘9 = 30 ∗ 𝐾$H																																																																								(6) 
 

3.2. Résults 

 

The results of the various series of tests are summarized in Table 2 and Table 3, illustrated in 

Fig. 4: 

 

It can be seen that the two curves check the belt traction curve, ie for the two AT10 belts 

(width 16 and 20 mm), the elongation of a 30-pitch strand increases with the increase Of the 

tensile force (slope between 16° and 18°). It is also noted that as the load increases the 

stiffness increases and this is due to the elongation of the cables of the belt. The width of the 

belt plays an essential role in increasing the rigidity of the core. The 20 mm wide belt is stiffer 

than the 16 mm belt. The stiffness of the belt is determined on the basis of test results see 

table 4. 

 

3.3. Simulation of the mechanical behavior of the belt 

In static analysis, the finite element model of the belt tooth is generated by importing the 

geometric (solid) model of the structure modeled under SolidWorks. We define the properties 

of the materials, the constraints (imposed displacements), the necessary loadings and the type 

of mesh. Thus, the global mesh of the system is generated by tetrahedral quadratic 3D 



 

 

elements of sizes 41.634 mm. The system is discretized in 24384 elements linked to 35595 

nodes. 

3.4. Results 

 

Fig. 5 and Fig. 6 show the results of simulation of the tooth of the two belts conducted in this 

study. 

 

It is found that the elongations and deformations of the pitches of the two belts AT10 increase 

linearly when the tensile force increases, see Fig. 7. 

 

3.5. Results and discussion 

 

 It is observed that the two curves check the traction curve for the two AT10 belts 

(width 16 and 20 mm), the elongation of a 30-step strand increases with increasing tensile 

force. It is also noted that as the load increases, the stiffness increases and this is due to the 

elongation of the belts of the belt. The 20 mm wide belt is stiffer than the 16 mm belt. 

It is found that the stiffness measured at a small deviation from the simulated stiffness for the 

two AT10 belts (width 16 mm and width 20 mm) see Table 5. And this is due to the 

experimental condition such as the errors related to the pneumatic cylinder loading and the 

errors of the elongation measurement sensors. 

4. Principle for measuring the stiffness of the belt tooth 

 

4.1. Theoretical aspect 

 

The objective of this method is to obtain the law	𝑄5(𝑢, 𝑄4), this law is obtained at the end of 

several series of measurement points (𝑇, 𝑢9) within each case a rolled tooth number 𝑛 As well 

as the tension 𝑡 in the soft strand. The charge 𝑄5 on the ith tooth of the wound arc comprising 

𝑛 teeth is obtained from the Gerbert equation [9]: 

𝑄5 . 𝑠ℎ(𝑘7. 𝑛) = 𝑡. P𝑠ℎQ𝑘7. (𝑖 − 1)T − 𝑠ℎ(𝑘7. 𝑖)U 		+ 𝑇. [𝑠ℎ(𝑘7. (𝑛 + 1𝑖))	𝑠ℎ(𝑘7. (𝑛 − 𝑖))]   (7) 

 



 

 

With  

𝑘7 = X𝐾 𝑘⁄                                 (8) 

 
 

Where, 𝑇 is tension in the strand strained, 𝑡  is Tension in the strand slack, 𝑄Zis radial load,  

𝑄5 is tangential load, 𝑛 is the number of the tooth coiled,  𝐾 is of the belt core , 𝑘 is stiffness 

of the belt tooth and 𝑘7 is variable. 

 

According to this equation, only 𝑄5 and stiffness of tooth 𝐾 are unknown. These two 

unknowns require a second equation: 

𝑄5 = 𝐾.𝑢9 																																																																											(9)						
      

 

 The calculation of the radial load 𝑄4\ , on the tooth i require the calculation of the voltages 

in the core 𝑆9 by the following equation: 

 

𝑆9 . 𝑠ℎ(𝑘7. 𝑛) = 𝑡. 𝑠ℎ(𝑘7. 𝑖) + 𝑇. 𝑠ℎ(𝑘7. (𝑛 − 𝑖))							(10)          
So 

𝑄4\ = ]𝑆9 + 𝑠9^_2 ` . 𝑠𝑖𝑛 ]𝜃2`																										(11) 

 

Where, 𝑢9 is displacement of tooth i, 𝑆9 	is tension of the core and  𝜃 is pitch of the pulley. 

4.2. Practical aspects 

 A belt tooth traction bench (Fig. 8) has been developed in order to accurately and 

reliably, ie repetitively, measure the deformation of a tooth. The belt wraps around a fixed 

pinion whose immobility is verified by a micrometric comparator. The strap is attached to two 

places by two jaws which allow it to continue freely its way. Thus, it is not necessary to 

destroy the belt. The soft strand is free and is fixed at a weight of known mass which is varied 

(5, 10 and 15 kg) [4]. It wraps around a pebble. The tension in the soft strand is thus known 



 

 

and remains permanently constant. In addition, the roller can move to increase or decrease the 

winding arc. The tension in the tensioned strand is measured by a dynamometer. The 

movement of two teeth is measured using a probe and a small die attached to the back of the 

belt. The two simultaneous measurements increase the quality of the evaluation of the 

displacement of a tooth under a given load. These two teeth should be placed in the middle of 

the wrapped arc in order to eliminate the bending effects due to the stiffness of the bending of 

the belt. The measurement of the displacement of the teeth is done by varying three 

parameters: 

§ The tension t in the soft strand by modifying the mass. 

§ The tension T in tensioned strand, which varies from the tension t to the phenomenon 

of the jump of the tooth. 

§ The number of teeth n in engagement varying with the roller. 

4.3. Results 

The results of the various series of tests are illustrated in Fig.9, Fig.10, Fig.11, Fig.12, Fig.13 

and Fig.14: 

 

It is noted that the tangential load increases with the increase of the load and also increases 

with the increase of displacement, but for the tangential stiffness it is the inverse that is to say 

it decreases with the decrease of the load And the increase in displacement. 

 

 

4.4. Results and discussion 

The Fig.15 and Fig.16 shows the variation in the tangential stiffness and tangential load 𝑄5 of 

a tooth according to the displacement u of the tooth and the tangential load. 



 

 

The analysis of Fig.15-a and Fig.15-b allows us to deduce that when the radial load 𝑄4  

increases, there is an increase in the stiffness of the tooth. It is also observed that this 

tangential stiffness decreases when the displacement of the tooth u increases. The results 

illustrated by Fig.16-a have shown that the tangential load 𝑄5  increases with the increase of 

the radial load	𝑄4 . It is also notices that this tangential load increases when the displacement 

of the tooth u varies from 0 to 450 µm and Decreases when this displacement varies from 450 

to 750 µm. On the other hand, it can be seen from Fig.16-b that the tangential load 𝑄5   

increases when the radial load 𝑄4  and the displacement of the tooth u increase. 

 

Fig.17 shows the variation in the tangential stiffness of the teeth of 16 mm width and 20 mm 

AT10 belt depending on the load and 𝑄4  for different tooth displacement values:  u = 0 µm, u 

= 150 µm and u = 300 µm. 

 

From Fig.17 it can be seen that the tangential stiffness of the tooth increases linearly with the 

increase in the radial load 𝑄4   and decreases as the displacement of the tooth increases from 0 

to 300 µm. However, it is observed that the deviation of the tangential stiffness increases from 

0 to 4.105 N/µm when the radial load 𝑄4   increases from 0 to 120 N and at the same time this 

difference in stiffness increases from 4.105 to 17.105 N / µm when the displacement u varies 

from 0 to 300 µm see Table 6. 

 

Table 6 shows that the ratio of the stiffness of the tooth between the two belts of the widths 16 

mm and 20 mm remains constant when the radial load 𝑄4  increases and decreases when the 

displacement of the tooth u increases from 0 to 300 µm. 

 



 

 

5. Conclusion 
 

This study is part of the dynamic determination of the characteristics of AT10 type toothed 

belts. The studies that we have carried out for the determination of the longitudinal stiffness 

of the belt and the stiffness of the belt teeth, have confirmed that the geometry of the belts 

plays an important role in their static and dynamic behavior in service: 

§ It can be deduced that the longitudinal stiffness of the belt increases when the width 

thereof increases. 

§ The tangential tooth stiffness of AT10 type belts increases linearly with increasing 

radial load Qy and decreases with increasing tooth displacement u. This increased 

displacement is due to the increased tension on both the taut and slack ends. 

§ The stiffness of the teeth affects the distribution of loads on the pulley. 
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Highlights 

§ The vertical displacement of each of the studs is measured by two micrometric sensors, 

§ The tension in the taut end is measured by a dynamometer. 

§ The stiffness’s of the web and teeth of a belt are calculated theoretically. 

§ Experimental determination of the stiffness of the tooth of the AT10 belt. 

 

 



Figures

Figure 1

Transmission by a timing belt.

Figure 2



Structure of a timing belt

Figure 3

Device for measuring the stiffness of the soul of the belt.



Figure 4

The experimental variation of the traction effort with respect to the elongation: a - width 16 mm, b - width
20 mm

Figure 5

The displacements of the tooth of a belt AT10 for a tensile force of 100 N: a- B = 20 mm, b- B = 16 mm.

Figure 6



The deformations of the tooth of a belt AT10 for a tensile force of 100 N: a- B = 20 mm, b- B = 16 mm.

Figure 7

The simulation variation of the traction effort with respect to the elongation: a - width 16 mm, b - width 20
mm



Figure 8

Device for measuring the stiffness of the tooth of the belt.



Figure 9

Variation of the tension of the tensioned strand as a function of the displacement of the tooth for 4
contact teeth between pulley-belt of B = 16 mm: a-Sensor 1 and b-Sensor 2



Figure 10

Variation of the tension of the tensioned strand as a function of the displacement of the tooth for 6
contact teeth between pulley-belt of B = 16 mm: a-Sensor 1 and b-Sensor 2.

Figure 11

Variation of the tension of the tensioned strand as a function of the displacement of the tooth for 8
contact teeth between pulley-belt of B = 16 mm: a-Sensor 1 and b-Sensor 2.



Figure 12

Variation of the tension of the tensioned strand as a function of the displacement of the tooth for 4
contact teeth between pulley-belt of B = 20 mm: a-Sensor 1 and b-Sensor 2.



Figure 13

Variation of the tension of the tensioned strand as a function of the displacement of the tooth for 6
contact teeth between pulley-belt of B = 20 mm: a-Sensor 1 and b-Sensor 2.

Figure 14

Variation of the tension of the tensioned strand as a function of the displacement of the tooth for 8
contact teeth between pulley-belt of B = 20 mm: a-Sensor 1 and b-Sensor 2.



Figure 15

The variation of the tangential stiffness as a function of the displacement of the tooth and the load Q
_y: a-B = 16 mm, b- B = 20 mm.

Figure 16

The variation of the tangential load  Q_x of a tooth as a function of the displacement of the tooth u
and the load Q_y: a-B = 16 mm, b- B = 20 mm.



Figure 17

The variation of the tangential stiffness of the tooth of the two belts AT10 as a function of the load Q
_y: a-u = 0 μm, b-u = 150 μm, c-u = 300 μm.


