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Abstract:  With  the  help  of  vector  equations  and  MATLAB  software,  this  paper  studied  the  kinematics  and kinetostatics of toggle-type transmission mechanism (hereinafter referred to as “toggle mechanism” for short) and attained  the  analytical  expressions  of  displacement,  speed,  and  acceleration  of  slider  punch,  and  the  force  and moment  balance  equations  of  each  component  in  the  toggle  mechanism  with  their  inertia  force  taken  into consideration.  Then,  the  toggle  mechanism  was  compared  with  conventional  crank-link  mechanism  and  their kinematic  characteristics  were  comparatively  analyzed.  The  proposed  kinematics  analysis  method  of  toggle mechanism  could  figure  out  the  kinematic  characteristics  of  the  target  mechanism  and  reveal  its  operating advantages on the basis that its functional requirements are met, in this way, the research purpose of optimizing the design of the mechanism could be realized, and the attained conclusions could provide useful evidence for the design of other types of transmission mechanisms. 

Keywords: Toggle-type; Transmission mechanism; Kinematics; Kinetostatics; Vector equation 1. Introduction

Mechanical  press  is  a  widely  used  stamping  equipment  in  machining  process,  and  the  characteristics  of mechanical press can be divided into  kinematic characteristics and dynamic characteristics [1]. In recent years, toggle-type  press  has  become  a  favor  in  the  market  due  to  its  structural  characteristics.  Compared  with conventional  crank-link  mechanism,  toggle  mechanism has  a  series  of merits:  it  can  run  at  a  low  and constant speed during the operating stage and ensure the quality of workpieces; it can increase idle stroke and return stroke speed  of  slider,  thereby  improving  production  efficiency;  it  can  reduce  the  contact  speed  between  mold  and workpiece, which is conductive to prolong the service life of the mold; it can reduce the  torque borne by crank, thereby reducing the size of parts in the transmission mechanism and decreasing the inertia of rotating parts; it can get a large slider stroke with a small crank radius, and increase the nominal pressure stroke. Thanks to its significant advantage in increasing pressure, the toggle-style servo press is still a hot spot in the research of this field. 

Many scholars in the world have made efforts to explore the toggle mechanism, such as Chen et al. [2] proposed a kinetostatics and dynamics analysis method based on the mechanism of a single-DoF (degree of freedom) six-link mechanical press, and their methodology has received wide attention from the academic circle. Behzadipour and Khajepour [3] proposed a method of using vector bond graphs in  dynamic analysis of multi-body dynamic systems, and the work could serve as a useful instruction for optimizing the design of toggle mechanism. Seok et al.  [4]  proposed  a  gradient-based  plane  toggle  mechanism  and  attained  multiple  candidate  mechanisms  in  the design space. Park et al. [5] applied a toggle mechanism analysis method to solve the kinematics of three design schemes, in this paper, an angular speed ratio was created based on the principle of virtual work, with attaining the maximum output torque in case that the output joint angle is less than 1° as the optimization goal, the size of each component in the mechanism was analyzed and optimized. Zhao et al. [6] designed three types of triangular toggle mechanisms based on a single toggle mechanism, analyzed their kinematics and pointed out their respective pros and cons. Jia et al. [7] proposed a design scheme of a novel 200kN direct drive rotary head press with double motor screw pair and studied its kinematics and dynamics. Some scholars such as Hu et al. [8], Bai and Wen [9], https://doi.org/10.56578/jisc020103 
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Qiu et al. [10], and Fang et al. [11] took the mechanical benefit of mechanism as optimization goal, and performed design  optimization  based  on  ADAMS  after  qualitative  analysis,  and  the  optimized  mechanism  showed  better kinematic  characteristics  and  power  increase  effects.  Fan  et  al.  [12]  optimized  an  eight-link  mechanism  and improved the uniformity of moving speed in the operating area. After reviewing these studies on toggle mechanism press, it’s found that there are few innovative theoretical analysis methods for the  kinematics and dynamics of toggle mechanism. 

The research of kinematics can be divided into two categories: mechanism analysis and mechanism synthesis, both are very important in mechanical design. The so-called kinematics analysis of mechanism is to analyze the displacement, speed, and acceleration of the mechanism [13]. Under the condition that the motion laws of driving link  is  known,  it  analyzes  the  displacement,  trajectory,  velocity,  and  acceleration  of  various  points  on  rest components in the mechanism, as well as their angular displacement, angular velocity, and angular acceleration. 

With these motion parameters, we can analyze and evaluate the performance of machines, and they are the basis for  the  optimization  of  new  machinery.  Furthermore,  we  can  say  that  kinematics  analysis  is  the  foundation  of dynamics  analysis  [14].  With  the  help  of  vector  equations  and  MATLAB  software,  this  paper  analyzed  the kinematics  and  dynamics  of  a  designed  toggle  mechanism,  attained  the  curves  of  displacement,  speed  and acceleration  of  all  components  in  the  toggle  mechanism  under  the  condition  of  different  rod  lengths,  thereby summarizing the kinematic characteristics of each rod in the toggle mechanism, which were then compared with conventional crack-link mechanism to reveal the motion law of toggle mechanism during working process and lay a theoretical foundation for deeper-level and more detailed research on toggle mechanism in the future. Through the  kinematics  analysis  of  toggle  mechanism,  this  paper  proposed  a  methodology  for  analyzing  the  kinematic characteristics of transmission mechanisms using vector equations, which provides an evidence for the kinematics analysis of other transmission mechanisms. 

Research content of this paper covers three aspects: kinematics analysis of toggle mechanism, dynamics analysis of  toggle  mechanism,  and  comparative  analysis  of  kinematic  characteristics.  Research  objectives  include  to analyze  the  kinematic  characteristics  in  three  aspects  of  displacement,  speed,  and  acceleration,  build  force  and moment balance equations of each component, and attain the corresponding curves, so as to indicate the superiority of toggle mechanism and provide theoretical evidence for determining parameters of the mechanism under actual operating conditions. 

2. Kinematic Analysis

Forward kinematics analysis is to solve and output the motion law of output component (slider) based on the known motion law of input component (servo variable/constant speed input) [15]; and inverse kinematics analysis is to solve the motion law of input component (servo drive) based on the known motion law of output component (slider) with other geometric conditions taken into consideration. 

Figure 1. Principle of kinematics analysis 

Once the mathematical model and design parameters of a system are determined, the mechanism can be subject to kinematics analysis, and the following kinematics analysis (forward kinematic analysis) was conducted based on the same mathematical model.  Principle of kinematics analysis is shown in Figure  1.  That is, the geometric relationship of the system and the kinematic parameters of the driving motor are known, and the aim is to solve the kinematic parameters of the slider. 

As  shown  in  Figure  2,  the  toggle  mechanism  is  a  new  type  of  flexible  mechanical  transmission  mechanism formed by connecting a crank slider P5 in series with toggle components P2, P3, and P4. Cranks P1 and P2 are directly driven by a servo motor; P5 is the output point on slider; P2, P3, and P4 are hinge points between connecting rods; together they form a triangular toggle rod. The included angle between rods P2P3 and P4P3 is  α, wherein O and P1 

are fixed hinges on the frame;  θ  represents the angle between crank and x-axis, and the punch stroke is S at this time; when P5 is at the lowest point (the lower dead point of press), its ordinate is zero, at this time, 0, P3, P4 and 24
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P5 are on the y-axis, and the three points P1, P2 and P3 are collinear. 





 

Figure 2. Simplified toggle mechanism of servo press 



Size parameters of each component in Figure 2 are: L0=77mm, L1=300mm, L2=490mm, L3=490mm, L4=760mm, L5=300mm, P1= (404.709 mm, 872.339 mm), the coordinate of point O is the origin; then vector equations could be adopted to solve the position, speed, and acceleration of slider P5. 



2.1 Position Analysis 

 

With point O as the  origin, a rectangular coordinate system was established, and the vector equations of the target mechanism are [16]: 



𝐿

⃑⃑ 

⃑⃑ 

⃑ ⃑ 

0 + 𝐿2 = 𝐿1 + 𝑥

+ 𝑦  

(1) 



𝐿

⃑⃑ 

⃑⃑ 

⃑⃑ 

2 + 𝐿3 = 𝐿4 

(2) 



𝐿

⃑ ⃑ 

⃑⃑ 

⃑⃑ 

1 + 𝐿3 + 𝐿5 = 𝑆  

(3) 



Each rod vector can be written in the form of a complex number of exponents, namely  𝐿

⃑  = l𝑒𝑖𝜃, wherein l is 

the length of rod,  𝜃  is the azimuth angle of rod vector, then the complex vector equation of the mechanism could be attained, and the complex number form of Formula 1 is: 



𝑙0𝑒𝑖𝜃 + 𝑙2𝑒𝑖𝜃2 = 𝑙1𝑒𝑖𝜃1 − 𝑥 + 𝑖𝑦 

(4) 



By applying the Euler's formula  𝑒𝑖𝜃 = 𝑐𝑜𝑠𝜃 + 𝑖𝑠𝑖𝑛𝜃, the above formula can be written as: 𝑙0𝑐𝑜𝑠𝜃 + 𝑖𝑙0𝑠𝑖𝑛𝜃 + 𝑙2𝑐𝑜𝑠𝜃2 = 𝑙1𝑐𝑜𝑠𝜃1 + 𝑖𝑙1𝑠𝑖𝑛𝜃1 − 𝑥 + 𝑖𝑦 

(5) 



The real part and imaginary part of above formula are separated to get: 𝑙

{ 0𝑐𝑜𝑠𝜃 + 𝑙2𝑐𝑜𝑠𝜃2 = 𝑙0𝑐𝑜𝑠𝜃1 − 𝑥 

(6) 

𝑙0𝑠𝑖𝑛𝜃 + 𝑙2𝑠𝑖𝑛𝜃2 = 𝑙0𝑠𝑖𝑛𝜃1 + 𝑦



Formula 5 can be transformed to: 



𝑙

{ 1𝑐𝑜𝑠𝜃1 − 𝑙2𝑐𝑜𝑠𝜃2 = 𝑙0𝑐𝑜𝑠𝜃1 + 𝑥 

(7) 

𝑙1𝑠𝑖𝑛𝜃1 − 𝑙2𝑠𝑖𝑛𝜃2 = 𝑙0𝑠𝑖𝑛𝜃1 − 𝑦



Collate the formula and eliminate  𝜃2  to get: 



𝐵

2 + 𝐵2 − 𝐶2

𝜃

1 + √𝐴1

1

1

1 = 2𝑎𝑡𝑎𝑛



(8) 

𝐴1 − 𝐶1



where, 𝐴1=2𝑙1(𝑙0𝑐𝑜𝑠𝜃 + 𝑥)  ;𝐵1 = 2𝑙1(𝑙0𝑠𝑖𝑛𝜃 − 𝑦). 
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𝐶

2

2

1 = 𝑙2 − 𝑙1 − (𝑙0𝑠𝑖𝑛𝜃 − 𝑦)2 − (𝑙0𝑐𝑜𝑛𝑠𝜃 + 𝑥)2 

(9) 



By the same token, we also have: 



𝐵

2 + 𝐵2 − 𝐶2

𝜃

2 + √𝐴2

2

2

2 = 2𝑎𝑡𝑎𝑛



(10) 

𝐴2 − 𝐶2



where,  𝐴2 = 2𝑙2(𝑙0𝑐𝑜𝑠𝜃 + 𝑥);𝐵2 = 2𝑙2(𝑙0𝑠𝑖𝑛𝜃 − 𝑦). 



𝐶

2

2

2 = 𝑙1 − 𝑙2 − (𝑙0𝑠𝑖𝑛𝜃 − 𝑦)2 − (𝑙0𝑐𝑜𝑛𝑠𝜃 + 𝑥)2 

(11) 



Similarly, the complex form of Formula 2 is: 



𝑙2𝑒𝑖𝜃2 + 𝑙3𝑒𝑖𝜃3 = 𝑙4𝑒𝑖𝜃4 

(12) 



Again,  by  applying  the  Euler's  formula  𝑒𝑖𝜃 = 𝑐𝑜𝑠𝜃 + 𝑖𝑠𝑖𝑛𝜃  to  separate  the  real  part  and  imaginary  part  of above formula, we can get: 



𝑙

{ 2𝑐𝑜𝑠𝜃2 + 𝑙3𝑐𝑜𝑠𝜃3 = 𝑙4𝑐𝑜𝑠𝜃4 

(13) 

𝑙2𝑠𝑖𝑛𝜃2 + 𝑙3𝑠𝑖𝑛𝜃3 = 𝑙4𝑠𝑖𝑛𝜃4



Collate the formula and eliminate  𝜃4  to get: 



𝐸

2 + 𝐸2 − 𝐹2

𝜃

1 + √𝐷1

1

1

3 = 2𝑎𝑡𝑎𝑛



(14) 

𝐷1 − 𝐹1



where,  𝐷1 = −2𝑙2𝑙3𝑐𝑜𝑠𝜃2;  𝐸1 = 2𝑙4𝑙2𝑠𝑖𝑛𝜃2. 



𝐹

2

2

1 = 𝑙4 − 𝑙3 − (𝑙2𝑐𝑜𝑠𝜃2)2 − (𝑙2𝑠𝑖𝑛𝜃2)2 

(15) 



Similarly, the complex form of Formula 3 is: 



𝑙1𝑒𝑖𝜃1 + 𝑙3𝑒𝑖𝜃3 + 𝑙5𝑒𝑖𝜃5 = 𝑖𝑆 

(16) 



Once again, by applying the Euler's formula  𝑒𝑖𝜃 = 𝑐𝑜𝑠𝜃 + 𝑖𝑠𝑖𝑛𝜃  to separate the real part and imaginary part of above formula, we can get: 



𝑙

{ 1𝑐𝑜𝑠𝜃1 + 𝑙3𝑐𝑜𝑠𝜃3 + 𝑙5𝑐𝑜𝑠𝜃5 = 0 

(17) 

𝑙1𝑠𝑖𝑛𝜃1 + 𝑙3𝑠𝑖𝑛𝜃3 + 𝑙5𝑠𝑖𝑛𝜃5 = 0



where, 



−𝑙

𝜃

1𝑐𝑜𝑠𝜃1 − 𝑙3𝑐𝑜𝑠𝜃3

5 = 𝑎𝑟𝑐𝑜𝑠



(18) 

𝑙5



By combining Formulas 8, 11, 14, and 18, the displacement equation of the slider is: S = 𝑙1𝑠𝑖𝑛𝜃1 + 𝑙3𝑠𝑖𝑛𝜃3 + 𝑙5𝑠𝑖𝑛𝜃5 

(19) 



This equation is nonlinear and is hard to solve. In this paper, the numerical solution was obtained by using the symbolic calculation function of MATLAB, after collating, the attained results are shown in Figure 3. 



2.2 Speed Analysis 

 

By taking the derivative of Formulas 7, 13, and 17 respectively, we can get: 



−𝑙

{

0𝜔𝑠𝑖𝑛𝜃 − 𝑙2𝜔2𝑠𝑖𝑛𝜃2 = −𝑙1𝜔1𝑠𝑖𝑛𝜃1 

(20) 

𝑙0𝜔𝑐𝑜𝑠𝜃 − 𝑙2𝜔2𝑐𝑜𝑠𝜃2 = 𝑙1𝜔1𝑐𝑜𝑠𝜃1
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Figure 3. Displacement curve of the slider 



−𝑙

{

2𝜔2𝑠𝑖𝑛𝜃2 − 𝑙3𝜔3𝑠𝑖𝑛𝜃3 = −𝑙4𝜔4𝑠𝑖𝑛𝜃4 

(21) 

𝑙2𝜔2𝑐𝑜𝑠𝜃2 + 𝑙3𝜔3𝑐𝑜𝑠𝜃3 = 𝑙4𝜔4𝑐𝑜𝑠𝜃4



−𝑙

{

1𝜔1𝑠𝑖𝑛𝜃1 − 𝑙3𝜔3𝑠𝑖𝑛𝜃3 − 𝑙5𝜔5𝑠𝑖𝑛𝜃5 = 0 

(22) 

𝑙1𝜔1𝑐𝑜𝑠𝜃1 + 𝑙3𝜔3𝑐𝑜𝑠𝜃3 + 𝑙5𝜔5𝑐𝑜𝑠𝜃5 = 𝑣



By solving the above three equations,  𝜔1,𝜔3, and  𝜔5  could be attained, after collating, the speed equation of the slider is: 



𝑣 = 𝑙1𝜔1𝑐𝑜𝑠𝜃1 + 𝑙3𝜔3𝑐𝑜𝑠𝜃3 + 𝑙5𝜔5𝑐𝑜𝑠𝜃5 

(23) 



Similar to the solution process of speed equation, this equation is also a nonlinear one and it’s hard to solve it. 

In this paper, its numerical solution was also obtained by using the symbolic calculation function of MATLAB, after collating, the attained results are shown in Figure 4.  





 

Figure 4.  Speed curve of the slider 

 

2.3 Acceleration Analysis 

 

By taking the second derivative of Formulas 7, 13, and 17 respectively, we can get: 𝑙

2𝑐𝑜𝑠𝜃

2𝑐𝑜𝑠𝜃

{ 0𝛼𝑠𝑖𝑛𝜃 + 𝑙0𝜔2𝑐𝑜𝑠𝜃 + 𝑙2𝛼2𝑠𝑖𝑛𝜃2 + 𝑙2𝜔2

2 = 𝑙1𝛼1𝑠𝑖𝑛𝜃1 + 𝑙1𝜔1

1 

(24) 

𝑙

2

2

0𝛼𝑐𝑜𝑠𝜃 − 𝑙0𝜔2𝑠𝑖𝑛𝜃 + 𝑙2𝛼2𝑐𝑜𝑠𝜃2 − 𝑙2𝜔2 𝑠𝑖𝑛𝜃2 = 𝑙1𝛼1𝑐𝑜𝑠𝜃1 + 𝑙1𝜔1 𝑠𝑖𝑛𝜃1



𝑙

2𝑐𝑜𝑠𝜃

2𝑐𝑜𝑠𝜃

2𝑐𝑜𝑠𝜃

{ 2𝛼2𝑠𝑖𝑛𝜃2 + 𝑙2𝜔2

2 + 𝑙3𝛼3𝑠𝑖𝑛𝜃3 + 𝑙3𝜔3

3 = 𝑙4𝛼4𝑠𝑖𝑛𝜃4 + 𝑙4𝜔4

4 

(25) 

𝑙

2

2

2

2𝛼2𝑐𝑜𝑠𝜃2 − 𝑙2𝜔2𝑠𝑖𝑛𝜃2 + 𝑙3𝛼3𝑐𝑜𝑠𝜃3 − 𝑙3𝜔3 𝑠𝑖𝑛𝜃3 = 𝑙4𝛼4𝑐𝑜𝑠𝜃4 − 𝑙4𝜔4 𝑠𝑖𝑛𝜃4



𝑙

2𝑐𝑜𝑠𝜃

2𝑐𝑜𝑠𝜃

2𝑐𝑜𝑠𝜃

{ 1𝛼1𝑠𝑖𝑛𝜃1 + 𝑙1𝜔1

1 + 𝑙3𝛼3𝑠𝑖𝑛𝜃3 + 𝑙3𝜔3

3 + 𝑙5𝛼5𝑠𝑖𝑛𝜃5 + 𝑙5𝜔5

5 = 0  

(26) 

𝑙

2

2

2

2𝛼2𝑐𝑜𝑠𝜃2 − 𝑙2𝜔2 𝑠𝑖𝑛𝜃2 + 𝑙3𝛼3𝑐𝑜𝑠𝜃3 − 𝑙3𝜔3𝑠𝑖𝑛𝜃3 + 𝑙5𝛼5𝑐𝑜𝑠𝜃5 − 𝑙5𝜔5𝑠𝑖𝑛𝜃5 = 𝛼𝑠



By solving and collating above three equations, the acceleration equation of the slider could be attained as: 𝛼

2

2

2

2

𝑠 = 𝑙1𝛼1 𝑐𝑜𝑠𝜃1 − 𝑙1𝜔1 𝑠𝑖𝑛𝜃1 + 𝑙3𝛼3𝑐𝑜𝑠𝜃3 − 𝑙3𝜔3𝑠𝑖𝑛𝜃3 + 𝑙5𝛼5𝑐𝑜𝑠𝜃5 − 𝑙5𝜔5𝑠𝑖𝑛𝜃5 

(27) 
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3. Dynamics Analysis 

 

The matrix method was adopted to perform kinetostatics analysis on the transmission mechanism of servo press (the gravity of each component and the friction between components were ignored). A coordinate system shown in Figure 5 was established, and the Y direction is the direction of gravity. 





 

Figure 5. Kinetostatics analysis of servo press 

 

Known geometric parameters of components are:  𝐿0,  𝐿1,  𝐿2,  𝐿3,  𝐿4,  𝐿5. 

Distances from mass centers of rods to front hinges are: 𝐿𝑠0,  𝐿𝑠1,  𝐿𝑠3,𝐿𝑠5. 

Displacement angles of components are:θ,  𝜃1,  𝜃2,  𝜃3,  𝜃4,  𝜃5. 



3.1 Torque Parameters 

 

According  to  the  D’Alembert’s  principle,  if  the  inertial  force  and  inertial  moment  are  regarded  as  general external  forces  applied  to  the  component  that  produces  the  inertial  force,  then  the  machine  can be  regarded  as being  in  an  equilibrium  state,  and  static  force  can  be  analyzed  by  statics  analysis  method,  namely  to  adopt kinetostatics analysis method [17]. 

For  component  performing  plane  complex  movement  and  having  a  symmetry  plane  parallel  to  the  plane  of motion, its inertial force can be simplified as an inertial force  𝐹

⃑⃑ 

𝑖 applied to mass center  𝑆𝑖  and an inertial torque 

𝑀

⃑⃑⃑ 𝑖  [18], therefore, its torque parameters can be expressed as: The sum of inertial forces applied at mass center  𝑆

⃑ 

𝑖  of component  i:  𝐹𝑖. 

The sum of the external force torques applied at mass center  𝑆

⃑⃑ 

𝑖  of component  i:  𝑀𝑖. 



3.2 Physical Parameters 

 

Mass of component  i:  𝑚𝑖. 

Rotational inertia of component  i about its mass center:  𝐽𝑖(i=1, 2, 3, 4, 5). 



3.3 Kinematic Parameters 

 

At a certain moment, the initial phase angles of two driving links are:  𝜃1  and  𝜃3. 

Angular speeds:𝜔1,  𝜔3. 

Angular accelerations:  𝛼1,  𝛼3. 

Component mass:  𝑚𝑖(i=1, 2, 3, 4, 5). 

Force on the component:  𝐹𝑅𝑃𝑖(i=1, 2, 3, 4, 5). 

Force on the component in x direction:  𝐹𝑅𝑃𝑖𝑥(i=1, 2, 3, 4, 5). 

Force on the component in y direction:  𝐹𝑅𝑃𝑖𝑦(i=1, 2, 3, 4, 5). 

Determine the equilibrant moment  𝑀𝑑  applied to the driving link at this position. 

In  this  paper,  the  servo  press  transmission  mechanism  shown  in  Figure  5  was  split  into  several  single components to perform kinetostatics analysis. 

In Figure 6,  assuming  Q represents the resistance force the slider is subjected to, to make the mechanism be in a  balanced  state,  it  needs  to  apply  an  equilibrant  moment  𝑀𝑑  on driving  link  𝐿0,  according  to  force  analysis shown in Figure 6, the force and moment balance equations are listed as follows: Component 1: 



−𝐹𝑅𝑃𝑥 + 𝐹𝑅𝑃2𝑥 = −𝑚𝑆̈𝑥                                                                    

{𝐹𝑅𝑃𝑦 − 𝐹𝑅𝑃2𝑦 = −𝑚𝑆̈𝑦                                                                         

(28) 

−𝐹𝑅𝑃𝑥𝐿𝑠 − 𝐹𝑅𝑃𝑦𝐿𝑠𝑐𝑜𝑠𝜃 + 𝐹𝑅𝑃2𝑥(𝐿0 − 𝐿𝑠𝑐𝑜𝑠𝜃) + 𝑀𝑑 = −𝐽0𝛼
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Component 2: 



−𝐹𝑅𝑂𝑥 + 𝐹𝑅𝑃3𝑥 = −𝑚1𝑆̈𝑥1                                                                                                                         

{𝐹𝑅𝑂𝑦 − 𝐹𝑅𝑃3𝑦 = −𝑚1𝑆̈1𝑦                                                                                                                              

(29) 

−𝐹𝑅𝑂𝑥𝐿𝑠1𝑠𝑖𝑛𝜃1 − 𝐹𝑅𝑂𝑦𝐿𝑠1𝑐𝑜𝑠𝜃1 + 𝐹𝑅𝑃3𝑥(𝐿1 − 𝐿𝑠1𝑠𝑖𝑛𝜃1) + 𝐹𝑅𝑃3𝑥(𝐿1 − 𝐿𝑠1𝑐𝑜𝑠𝜃1) = −𝐽1𝛼1



Toggle rod: 



−𝐹𝑅𝑃2𝑥 − 𝐹𝑅𝑃3𝑥 + 𝐹𝑅𝑃4𝑥 = −𝑚2𝑆̈2𝑥                                                                                                                  

𝐹𝑅𝑃2𝑦 − 𝐹𝑅𝑃3𝑦 + 𝐹𝑅𝑃4𝑌 = −𝑚2𝑆̈2𝑦                                                                                                                         (30) 

−𝐹𝑅𝑃2𝑥𝐿𝑠2𝑠𝑖𝑛(𝜃2 + ∅) − 𝐹𝑅𝑃2𝑦𝐿𝑠2𝑐𝑜𝑠(𝜃2 + ∅) − 𝐹𝑅𝑃3𝑥𝐿𝑠2𝑠𝑖𝑛(𝜃3 + ∅) − 𝐹𝑅𝑃3𝑦𝐿𝑠2𝑠𝑖𝑛(𝜃3 + ∅)     



{+𝐹𝑅𝑃4𝑥𝐿𝑠2𝑠𝑖𝑛(𝜃4 + ∅) − 𝐹𝑅𝑃4𝑦𝐿𝑠2𝑠𝑖𝑛(𝜃4 + ∅) = −𝐽2𝛼2                                                                              



Component 4: 



−𝐹𝑅𝑃4𝑥 + 𝐹𝑅𝑃5𝑥 = −𝑚4𝑆̈4𝑥                                                                                                                                  

{ 𝐹𝑅𝑃4𝑦 − 𝐹𝑅𝑃5𝑦 = −𝑚4𝑆̈4𝑦                                                                                                                                       

(31) 

−𝐹𝑅𝑃4𝑥𝐿𝑠4𝑠𝑖𝑛𝜃5 − 𝐹𝑅𝑃4𝑦𝐿𝑠4𝑐𝑜𝑠𝜃5 + 𝐹𝑅𝑃5𝑥(𝐿4 − 𝐿𝑠4𝑠𝑖𝑛𝜃5) + 𝐹𝑅𝑃5𝑦(𝐿4 − 𝐿𝑠4𝑐𝑜𝑠𝜃5) = −𝐽4𝛼4     



Component 5: 



−𝐹

{

𝑅𝑃5𝑥 + 𝑄 = 0                     

−𝐹𝑅𝑃5𝑥 − 𝐹 = 𝑚5𝛼5 + 𝑚5𝑔 

(32) 





 

Figure 6. Force analysis of each rod component 



3.4 Moving Torque Curve 

 

Since  the  processing  of press  has  the  features  of  large  load  and  strong  impact,  compared  with  the  torque  of conventional crank-link mechanism, the torque of toggle mechanism requires a greater output torque and it has a stronger anti-disturbance capability [19]. Therefore, based on the kinetostatics analysis of toggle mechanism, it’s necessary to analyze the moving torque of toggle mechanism. Figure 7 shows a motion model of toggle mechanism under normal operating condition. 

The dynamics analysis of toggle mechanism includes analyzing and calculating the force, inertia, and dynamic response, etc. They contribute a lot to the design and control of mechanism and are the basis for determining main structural parameters of the system [20]. When the slider performs stamping along a certain track, the force acted on the mechanism would vary according to different depths of the punch cutting into the stamping piece, and the kinetic energy of each component in the mechanism would change accordingly. Through dynamics analysis, the 29
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laws of the changes in force and kinetic energy of each component could be figured out [21].  According to the motion  model  of  toggle  mechanism  shown  in  Figure  7,  the  force  and  moment  equations  were  solved  by  the symbolic calculation function of MATLAB [22], and the results are shown in Figure 8.  







Figure 7. Motion model of toggle mechanism 







Figure 8. Torque curves of toggle mechanism components Note: The solid line curve represents Component 1; the short dotted line curve represents Component 2; the long dotted line curve represents the toggle rod component; the chain dotted line represents Component 4 

 

4. Comparative Analysis of Kinematic Characteristics 



To verify the scientific nature of kinematics analysis, this paper took a 1600kN toggle press as the subject and used vector equations to analyze its kinematics and dynamics, and its features were compared with those of the crank-link mechanism of a crank press with the same tonnage [23]. 

Technical parameters of the 1600kN toggle press: nominal force Pg=1600kN; nominal force stroke Sg=6mm; slider stroke S=180mm; number of times of stroke n=40-60spm. Technical parameters of crank press with same tonnage: nominal force Pg=1600 kN; stroke is 180mm; length of connecting rod is 1390mm, nominal force stroke Sg=6mm, maximum rotation speed is 60spm. The comparison results are shown in Table 1.  

 

Table 1. Comparison of kinematic characteristics between the toggle mechanism and the crank-link mechanism Uniform speed 

Linear speed of slider at the 

Pressure 

Torque at the position of 

Category 

range of the slider 

position of nominal force v 

angle (°) 

nominal force T(N·m) 

(°) 

(m/s) 

Toggle 

36.0 

135-180 

-112.6 

1563 

mechanism 

Crank-link 

20.6 

153-180 

-228.2 

3615 

mechanism 

 

Through comparative analysis, the following conclusions have been drawn: (1)  The  toggle  mechanism  has  an  ideal  low-speed  movement  feature  in  the  working  area,  the  contact  speed between the mold and the workpiece is low, which is conducive to increasing the service life of the mold. 

30

(2) The displacement curve of slider in the toggle mechanism is asymmetric and has a quick return feature, it can perform quick return motions, thereby improving the production efficiency [24]. 

(3) The slider can stay near the lower dead point for a long time, which has a function of maintaining pressure, thereby ensuring the quality of cold-extruded workpieces [25]. 

(4) The toggle mechanism has a good effect of enhancing power, when the performance parameters of different type press machines are the same, the torque borne by the crank is smaller. 

 

5. Conclusion 

 

This paper took toggle mechanism as subject and performed kinematics analysis and dynamics analysis on it to figure out the impact of each component on its kinematic characteristics, as a result, the corresponding curves were attained, which had provided theoretical evidence for parameter setting of the mechanism under actual operating conditions. Moreover, these research  findings could also offer references for the design of mechanism size, the calculation of strength of bearings and components, and the selection of power and torque of the driving motor. 

However, in actual applications, in view of the complex transmission systems of press machines, it is suggested to fully integrate the influence of inertia force, resistance and other factors during the movement process of press machines, comprehensively consider the influence of structural size, kinematic parameters and component mass parameters  of  the  mechanism  on  the  performance  of  the  press,  and  apply  to  the  comprehensive  analysis  of mechanism scale, in this way, we could avoid blind mechanism design and put forward a new idea for studies on the comprehensive performance of mechanisms considering power distribution. 
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Abstract: With the help of vector equations and MATLAB software, this paper studied the kinematics and
kinetostatics of toggle-type transmission mechanism (hereinafter referred to as “toggle mechanism” for short) and
attained the analytical expressions of displacement, speed, and acceleration of slider punch, and the force and
moment balance equations of each component in the toggle mechanism with their inertia force taken into
consideration. Then, the toggle mechanism was compared with conventional crank-link mechanism and their
kinematic characteristics were comparatively analyzed. The proposed kinematics analysis method of toggle
mechanism could figure out the kinematic characteristics of the target mechanism and reveal its operating
advantages on the basis that its functional requirements are met, in this way, the research purpose of optimizing
the design of the mechanism could be realized, and the attained conclusions could provide useful evidence for the
design of other types of transmission mechanisms.

Keywords: Toggle-type; Transmission mechanism; Kinematics; Kinetostatics; Vector equation
1. Introduction

Mechanical press is a widely used stamping equipment in machining process, and the characteristics of
mechanical press can be divided into kinematic characteristics and dynamic characteristics [1]. In recent years,
toggle-type press has become a favor in the market due to its structural characteristics. Compared with
conventional crank-link mechanism, toggle mechanism has a series of merits: it can run at a low and constant
speed during the operating stage and ensure the quality of workpieces; it can increase idle stroke and return stroke
speed of slider, thereby improving production efficiency: it can reduce the contact speed between mold and
workpiece, which is conductive to prolong the service life of the mold; it can reduce the torque borne by crank,
thereby reducing the size of parts in the trans ion mechanism and decreasing the inertia of rotating parts; it can
get a large slider stroke with a small crank radius, and increase the nominal pressure stroke. Thanks to its significant
advantage in increasing pressure, the toggle-style servo press is still a hot spot in the research of this field.

Many scholars in the world have made efforts to explore the toggle mechanism, such as Chen et al. [2] proposed
a kinetostatics and dynamics analysis method based on the mechanism of a single-DoF (degree of freedom) six-
link mechanical press, and their methodology has received wide attention from the academic circle. Behzadipour
and Khajepour [3] proposed a method of using vector bond graphs in dynamic analysis of multi-body dynamic
systems, and the work could serve as a useful instruction for optimizing the design of toggle mechanism. Seok et
al. [4] proposed a gradient-based plane toggle mechanism and attained multiple candidate mechanisms in the
design space. Park et al. [5] applied a toggle mechanism analysis method to solve the kinematics of three design
schemes, in this paper, an angular speed ratio was created based on the principle of virtual work, with attaining
the maximum output torque in case that the output joint angle is less than 1° as the optimization goal, the size of
each component in the mechanism was analyzed and optimized. Zhao et al. [6] designed three types of triangular
toggle mechanisms based on a single toggle mechanism, analyzed their kinematics and pointed out their respective
pros and cons. Jia et al. [7] proposed a design scheme of a novel 200kN direct drive rotary head press with double
motor screw pair and studied its kinematics and dynamics. Some scholars such as Hu et al. [8], Bai and Wen [9],
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