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Abstract—The present paper shows the modal dynamic 

behaviour of a single cone synchronizer mechanism. A 3D 

finite element model is proposed to calculate the natural 

frequency of the system. By using an efficient method, the 

natural frequencies of every single component as well as the 

full system are extracted under different boundary 

conditions. The natural frequencies of the system in neutral 

and engaged conditions are extracted and the effective 

modes are identified. The finite element model is extended 

to evaluate transient response of the synchronizer 

mechanism. The effect of different boundary conditions on 

the modal response is presented. The results show that 

changing the actuator position can have a significant effect 

on the dynamic responses of the system. This methodology 

can be implemented to examine the transient behaviour of 

other shifting mechanisms.  

Index Terms—finite element model; natural frequency; 

synchronizer mechanism; Transient modal dynamics 

 

I. INTRODUCTION 

Due to the global demands to reduce fuel consumption 

and emissions, many improvements have been 

implemented in automotive industry [1]. It has been 

investigated that based on the driving condition, up to 

15% of energy loss originates from the transmission 

system [2]. In order to achieve environmental 

requirements and governmental regulations, the 

transmission systems in different categories have been 

introduced [3]. To obtain fast and smooth gear shifting, 

synchronizers often are utilized in automotive applications 

such as the manual transmission (MT), the automated 

manual transmission (AMT) and dual clutch transmission 

(DCT) systems [4]. Some studies have been conducted to 

investigate the effective parameters during the 

synchronization process, like the dynamic friction 

coefficient, thermal conditions, and the lubrication flow 

[5-7]. Moreover, different experimental test rigs were 

used to extract the overall behaviour of the shifting 

mechanism. However, those experimental rigs were not 

able to demonstrate the particular behaviour of every 

single component during the test. Therefore, some 
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empirical models have been proposed to analyse the 

dynamic behaviour of the synchronizer [8-11]. The main 

difference between these models was the subdivision of 

the synchronization process into different phases. 

Moreover, numerical models have been implemented with 

a multi body dynamic (MBD) approach in order to 

evaluate the dynamic behaviour of synchronizer 

mechanism. Some MBD models have been developed to 

study the dynamic responses of synchronizer under 

different loading conditions [12, 13]. The synchronization 

time is one of the most important parameters of shifting 

process that can be estimated precisely with the proposed 

MBD model [14, 15]. 

Dynamic analysis of rotational systems such as geared 

systems is essential for reduction of noise and vibration. 

Some research have been conducted on natural 

frequencies and vibration modes of rotating machines 

such as automotive transmission systems, turbo engines, 

helicopter and etc. [16, 17]. Parker and his colleagues [18] 

have developed two different models to present some 

sources of nonlinearity in a planetary gear system. Walker 

et al. [19] have presented a lumped model to study the 

response of DCT powertrain during engagement process 

with and without engine harmonic-induced vibration. 

Although many studies have been performed on various 

components of the transmission systems [20, 21], less 

attention has been paid to the vibrational effects of the 

shifting mechanism. Since the synchronizer is involved 

transitionally in the dynamic behaviour of the 

transmission system, a transient analysis is needed to 

investigate the dynamic responses of the shifting 

mechanism. The objectives of the present study are: a) the 

development of a 3D finite element (FE) model suitable 

for extracting the natural frequency of a particular 

synchronizer and b) the evaluation of the effects of 

different boundary conditions on the dynamic response of 

the synchronizer mechanism. 

II. SYNCHRONIZATION PROCESS 

The most common shifting mechanism for the 

transmission system is the Baulk ring-type mechanism 

equipped with a strut detent set [22]. This kind of 

synchronizer assembly includes a synchronizer hub, a 
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sliding sleeve, left and right synchronizer rings and 

friction cones, three strut detents, and left and right clutch 

body rings. The fork actuator is connected to the sliding 

sleeve groove to provide the axial load. Different parts of 

a single cone synchronizer and a sample of single cone 

synchronizer are shown in Fig. 1. The synchronizer 

mechanism is located between the two input and output 

shafts of the transmission system with different angular 

velocities and applied torques. In the neutral state, the 

input shaft is connected to the hub. In this step, the sliding 

sleeve, synchronizer ring, and strut detents have the same 

angular velocity as the input shaft and no axial 

displacement can be observed. However, the clutch body 

ring has a different rotational speed and applied torque. 

This phase can be called free-flying. Fig. 2 (a) shows the 

free-flying phase of the synchronization process. When 

the fork is actuated, the sliding sleeve starts moving to the 

synchronizer ring. In the second phase, the balls and 

springs that are inserted into the struts detents are 

compressed while they are sliding along the hub grooves.  

Fig. 2 (b) shows the second phase of the 

synchronization process. By increasing the axial force, the 

first indexing between sliding sleeve and synchronizer 

ring teeth occurs. In this phase, the axial force transfers 

from fork and sleeve to the friction cone through strut 

detents. Fig. 2 (c) indicates the first indexing phase of the 

synchronization process. Due to stick contact between the 

clutch cone and synchronizer cone, the axial force raises 

to the maximum level at the synchronization phase that is 

shown in Fig. 2 (d). At the synchronization phase, the 

difference between input and output shaft becomes null. 

When the input and output velocities are the same, the 

final engagement process occurs that is shown in Fig. 2 

(e). 

 

 

Figure1. (a) Single cone synchronizer sample and (b)the synchronizer 
components presented in an exploded view. 

 

Figure 2. Different phases of the synchronization process (a) free-

flying,(b) sliding sleeve motion,(c) first indexing (d) synchronization (e) 
final indexing and engagement. 

III. NUMERICAL MODEL 

A. Mesh Convergence Study 

To study the dynamic response of the synchronizer 

mechanism, a 3D geometry of the single cone 

synchronizer is imported to the ABAQUS commercial 

software. In order to verify the quality of the mesh, the 

natural frequencies of every separate part were calculated. 

The element type of all parts were the continuum solid 

element with 4 nodes and reduced integration ability. The 

eigenvalue problem for a finite element model can be 

calculated as: 

              

where  is the mass matrix,  is the stiffness matrix 

regarding the initial stiffness effects,  is the eigenvector 

(the mode of vibration); and M and N are degrees of 

freedom. To extract the natural frequency, the Automatic 

multi-level sub-structuring (AMS) Eigen solver was used. 

The AMS method consists of three steps. The first step 

includes a reduction process. In this step, a full system is 

reduced with a very efficient eigen solution method. This 

method combines sparse factorization based on the 

multilayer super node elimination tree and a local eigen 

solution at each super node. Starting from the lowest level 

super nodes, a Craig-Bampton substructure reduction 

technique is used to successively reduce the size of the 

system [23]. The second step consists of the reduced eigen 

problem solution. In this phase, the eigen solution of the 

reduced system that comes from the previous phase is 

calculated. Although the reduced system typically is two 

orders of magnitude smaller in size than the original 

system, generally it still is too large to be solved directly. 

Thus, the system is further reduced mainly by truncating 
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the retained eigen modes and then solved using a single 

subspace iteration step. The last step is recovery. In this 

phase, the eigenvectors of the original system are 

recovered using eigenvectors of the reduced problem and 

local substructure modes [24]. All simulations were 

performed in the free-free condition. The material 

properties of all parts for natural frequency analysis were 

considered as linear elastic. Figures 3(a) to 3(e) show the 

natural frequencies of every component by reducing the 

element size till reaching a stable solution. In all cases, 10 

modes are illustrated. At the end of the mesh convergence 

analysis, the element suitable size of each part is shown in 

Table I. 

 

Figure 3. Mesh convergence study and natural frequency of separate 

parts (a) Strut detent (b) Synchronizer hub (c) Synchronizer ring (d) 
Clutch body ring (e) Sliding sleeve. 

TABLE I. THE MESH CONFIGURATION OF SEPARATE PARTS OF THE 

SYNCHRONIZER. 

component 
Converged element 

size (mm) 

Number of 

element 

Strut detent  0.18 6056 

Synchronizer hub 1 61041 

Synchronizer ring 1 51803 

Clutch body ring 1.5 75758 

Sliding sleeve 0.95 102883 

 

B. Natural Frequency of  the Full System with Free 

Boundary Conditions 

Once the appropriate mesh size for each component has 

been identified, the full model is assembled in two 

different working conditions: neutral state and engaged 

state. The AMS eigen solver also is used to calculate the 

natural frequencies of the synchronizer. A surface to 

surface contact pair algorithm was implemented in all 

contact areas. Due to the fact that the synchronizer works 

in a low frequency range, ten initial mode shapes are 

requested and the natural frequencies of the system are 

extracted with free boundary conditions. Figure 4 shows 

the different mode shapes of the synchronizer in the 

neutral working condition. 

 

 

Figure 4. Different mode shapes of single cone synchronizer in free-free 

condition. 

It can be seen that the three initial mode shapes are 

related to rigid modes. From the fourth mode on, the 

deformable modes of the system can be observed. Figure 

5 compares the natural frequencies obtained by the 

analysis of the neutral and the engaged working 

conditions for the single cone synchronizer with free-free 

boundary conditions. In this figure, the rigid and flexible 

modes are presented clearly. Changing the position of the 

sliding sleeve and changing from neutral condition, to the 

engaged condition a stiffer system is obtained and its 

natural frequencies increase. 

 

 Figure 5. Natural frequency of the single cone synchronizer in neutral 
and engaged conditions with free-free boundary conditions. 
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C. Natural Frequency of the Full System with 

Constraint Boundary Coditions 

Since the synchronizer mechanism is mounted between 

the input and output shafts, the input and output shafts 

should be considered to study the natural frequencies of 

the system. Based on the application of this specific 

synchronizer, four different conditions can be considered 

as a case study. Figure 6 shows the schematic of a 

synchronizer set with assembled input and output shafts. 

The end side of the left shaft is free to rotate and also free 

to move axially (Ux, URx ≠0). The end of the right shaft 

is only free to rotate (URx≠0). Table 2 presents the 

different boundary conditions of the single cone 

synchronizer.  

 

 

Figure 6. The schematic of a synchronizer set with assembled input and 
output shafts. 

TABLE
 

II.
 

THE DIMENSION OF CONNECTING SHAFTS OF 

SYNCHRONIZER MECHANISM

 

Boundary 

conditions

 

Shaft diameter(mm)

 

Shaft length (mm)

 
Internal 

diameter

 

External 

diameter

 

Left side

 

Right side

 
Lmax-Dmin 

 
12

 
34

 
172

 
69

 Lmax-Dmax
 

18
 

47
 

172
 

69
 Lmin-Dmin 

 
12

 
34

 
56

 
75

 Lmin-Dmax
 

18
 

47
 

56
 

75
 

In order to reduce the time of calculation, the shafts 

were modelled with 3D beam element (B31) and the size 

of elements for all models is considered 0.5 mm. Given 

that natural frequencies of the fully engaged system are 

larger than the range of interest, natural frequencies of the 

system in a neutral state were considered. Figure 7 

compares natural frequencies of the single cone 

synchronizer subject to different boundary conditions. 

 

Figure 7. The effect of different boundary conditions on the natural 
frequency of the neutral position. 

IV. MODAL DYNAMIC RESPONSES 

A. Dynamic Equation  

As mentioned in the previous section, given the 

transient behaviour of the synchronizer, it is necessary to 

perform the modal transient analysis to examine the 

dynamic response of the system. In order to analyse a 

linear system, the dynamic equation for a time response 

problem can be written as: 

+   (2) 

where M is the mass matrix, C is the viscous damping 

matrix, K is the stiffness matrix, α and β indices span the 

eigen space and U is the generalized displacement of the 

mode β.  The substitution of ω=√ (K ⁄ M) in (2) yields: 

 +    (3) 

Moreover, to simplify the (3) the  (damping ratio) 

can be calculated as:  

                    (4) 

and the full system dynamic equation with diagonal 

damping matrix can be written as: 

+   (5) 

However, for a coupled system, the viscous damping 

matrix should be split into the diagonal and off-diagonal 

matrix as follow: 

         (6) 

The solution to the coupled equations is obtained 

readily as a particular integral for the loading and a 

solution to the homogeneous equation. These solutions 

can be combined and written in the general form: 

 

+

+   (7) 

Since the loading only varies linearly over the time 

increment (∆f⁄∆t), The aij and bij are constants and i,j=1,2. 

To calculate a and b constants in more detail see [23]. 

B. 3d Finite Element Model for Modal Analysis 

The previous model is extended to examine the modal 

dynamic behaviour of the single cone synchronizer. In this 

case, the model is obtained in two different steps. The first 

step is the same as the previous model and is used for the 

natural frequency extraction. In the second step, a time 

response analysis was performed and the FE results are 

converted into the frequency domain by using Fast 

Fourier Transform (FFT). In the first step, only shafts 

were constrained as in the previous model. The clutch 

body ring and the hub are free to rotate (URx ≠0) and 

synchronizer rings and sliding sleeve are free to rotate and 
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move axially (Ux, URx ≠0). The surface to surface 

contact algorithm was implemented for every contact 

surface pair. The friction coefficient between clutch body 

ring and synchronizer ring was considered 0.06. Figure 8 

shows the finite element model used for modal analysis. 

 

 

 Figure 8.The FE model for modal dynamic analysis of synchronizer 
mechanism. 

The AMS eigen solver is used for natural frequency 

calculation in the first step. Similar to previous section, 

ten modes were requested. The second step uses the 

extracted natural frequencies to compute the transient 

response of the system that is excited with a ramped force. 

Figure 9 shows the applied load as the excitation force in 

a short period of time. The loading time was taken from a 

previous study [14]. The damping ratio in this study was 

set to 0.05. 

 

 

Figure 9. The applied force to the sliding sleeve for system excitation. 

Since the range of frequencies for single cone 

synchronizer is between 0 and 100 Hz, only five modes 

are used for the second step. The rotational speeds to the 

synchronizer hub and clutch body ring were allocated. 

The synchronizer hub is rotating with 104 rad/s and clutch 

body rings are rotating with 209 rad/s. After actuating the 

sliding sleeve with the excitation force, the result of time 

response solver converted to the frequency response by 

using FFT plot. Figure 10 illustrates the frequency 

response of the synchronizer with different boundary 

conditions. 

C. Effect of Actuator Position on the Dynamic Response 

Due to manufacturing aspects, the fork and sliding 

sleeve can be installed in their position with allowable 

tolerance. However, this small displacement can affect the 

stiffness matrix of the system. For this reason, the 

minimum, maximum and nominal size were applied to the 

sliding sleeve position. Table 3 shows all resonance 

frequencies and corresponding amplitudes for different 

conditions. It can be seen that the worst case is related to 

Lmax-Dmax boundary conditions. 

 

 

Figure 10. The frequency response of the single cone synchronizer with 
different bounday conditions. 

TABLE III. THE DYNAMIC SYSTEM CHARACTERS WITH DIFFERENT 

BOUNDARY CONDITIONS AND SLIDING SLEEVE CLEARANCE.  

Applied 

boundary 

conditions 

Sleeve position 

min nom max 

freq 

(Hz) 

amp 

(µ) 

freq 

(Hz) 

amp 

(µ) 

freq 

(Hz) 

amp 

(µ) 

Lmin-Dmax 27 51.9 34.6 27.2 35.8 28.8 

Lmin-Dmin 29.1 54.5 33 34.1 37.2 37.1 

Lmax-Dmax 29.6 67.5 30.5 37.5 32.5 53 

Lmax-Dmin 34.1 57.7 35.2 50 39.2 38.6 

 

Fig. 11 compares the dynamic response for different 

sleeve’s positions with Lmax-Dmin boundary condition. 

When the sliding sleeve is in the minimum condition, it 

means that the minimum clearance between sliding 

sleeve teeth and the synchronizer ring teeth has existed. 

 

Figure 11. The effect of different clearances between sleeve and the 
synchronizer ring on the frequency response of single cone 

synchronizer. 

V. DISCUSSION AND CONCLUSION 

The present study introduces the synchronizer 

mechanism and different phases of synchronization. To 

better understand the dynamic behaviour of the 

synchronizer, the study of the modal and natural 

frequencies of the mechanism is essential. For this reason, 

in the first step, natural frequencies of each component 

were calculated. In order to achieve more accurate 

numerical results, the mesh convergence study was 
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applied to every single part. Furthermore, the 

synchronizer mechanism was assembled with the 

converged element size. The natural frequencies of the 

full system in the neutral and engaged conditions were 

calculated by AMS method. The results show that when 

the mechanism is engaged, the system stiffness increases 

and the natural frequencies of the system become higher 

than the frequency range of interest. However, the 

synchronizer is connected to the input and output shafts 

and the stiffness of connected shafts affects the natural 

frequencies of the system. Therefore, the connecting 

shafts were added to the FE model and natural frequencies 

of all four possible boundary conditions were extracted. 

Increasing the length and decreasing the diameter of the 

shafts, the natural frequencies of the system decrease. The 

lowest natural frequency is obtained in the Lmax-Dmin 

combination. 

After calculation of the natural frequencies of the 

synchronizer, the FE model is extended to study the effect 

of excitation force and transient modal response of the 

synchronizer. A ramped force as the excitation force was 

applied to the sliding sleeve and time responses of the 

system with different boundary condition were estimated. 

The results show that the worst case is Lmax-Dmin with 

50 µm at 35.2 Hz: the maximum deflection occurs when 

the resonance mode is equal to 35.2 Hz.   

By changing the sliding sleeve position, the clearance 

between the sleeve teeth and the synchronizer ring teeth 

can be varied. This variation can occur due to the 

manufacturing process. The effect of backlash between 

teeth pair was examined for all possible boundary 

conditions. Surprisingly, when the sleeve backlash is in 

minimum allowable tolerance, the critical amplitude is 

changed from Lmax-Dmin to the Lmax-Dmax. The 

minimum clearance between sleeve and synchronizer ring 

increases the maximum amplitude more than 1.8 times 

than nominal clearance. Comparison between different 

conditions shows that the backlash effect dominates the 

effect of the shafts boundary conditions.  

The proposed model can be used for the evaluation of 

dynamic responses of different types of synchronizer 

subject to different loading and boundary conations. 

Moreover, the dynamic parameters of the single cone 

synchronizer such as natural frequency, maximum 

amplitude, resonance frequency and effective boundary 

conditions were characterized. 
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