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    Abstract 
 

An Accurate Kinematics Model of the Sanding-Belt-Wheel Driving System of a Grinding 

Machine and its Application 

 

Xietian Qi 

 

CNC Sanding-belt grinding machines are widely used in the manufacturing industry. These 

machine tools are featured with multiple linear and rotary axes, complex driving system of the sanding 

belt wheel, and very high investment. The advantages of these machine tools include making complex 

parts with high accuracy and being productive without manual operation. A kernel technique of these 

machine tools is to align the sanding belt well match the part geometry so that the sanding belt can 

accurately grind complex parts. However, the driving system of the sanding belt wheel is complicated, 

and the kinetics model of the driving system has not been established. Currently, the motion of the 

sanding belt wheel is simplified as vertical ups and downs. The drawback of the current kinetics of 

the sanding belt wheel costs the sanding belt location and the part accuracy. The objective of this 

research is to establish the accurate kinetics model of the driving system and apply this model to 

calculate the sanding belt wheel location. In this thesis, first, the mechanism of the driving system is 

investigated. based on geometric principles of the pressure drive system, a mathematical model is built to 

predict the position of the sanding belt wheel under different grinding pressure. Then a novel 

kinematics chain considering the sanding belt wheel position is developed to generate various NC 

programs for different grinding pressure. This kinematics chain is novel, and no one has done relevant 

research before. The experimental results showed that the NC program after compensation enhanced the 

machining quality significantly. 
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Chapter 1 Introduction 
 

 

1.1 Background 

 

The blade is the high-performance component of the aero-engine, which long-term works in 

the harsh environment of high temperature, high pressure, high speed, and complex alternating loads. 

Its machining accuracy and surface quality directly determine the service performance and fatigue 

life of the whole engine. However, owing to the difficult-to-machine of materials, weak rigidity, and 

complex surface profiles, it is hard to achieve the preferable grinding quality of blades while using 

the traditional machining methods [1, 2]. To improve blades' machining accuracy and efficiency, 

blade grinding on CNC machine tools will inevitably replace conventional manual grinding, and the 

manufacturer will widely use the new approach. As a flexible processing method, belt grinding has 

the functions of grinding and polishing, and it can preliminarily use for precision machining of aero-

engine blade profiles [3–5].  

 

The main components of an abrasive belt grinding machine are the driving wheel, tensioning 

wheel, and sanding belt wheel. These devices support, tighten, and drive the abrasive belt, as shown 

in Figure 1.1. The principle of abrasive belt grinding is shown in Figure 1.2 [6]. The abrasive grains 

on the abrasive belt interfere with the surface of the workpiece. As the abrasive grains slide, abrasive 

grains removed the material to achieve micro-removal. Abrasive belt grinding has the following 

characteristics.  

 

Firstly, abrasive belt grinding has high grinding efficiency. The abrasive grains of the abrasive 

belt are mostly long triangle shape and evenly distributed on the abrasive belt. The cutting edge of 

the abrasive particles is perpendicular to the surface of the sand belt. During the grinding process, a 

large number of abrasive particles can cut the surface of the workpiece at the same time, which has 

an outstanding grinding efficiency than that of the grinding wheel. Secondly, the grinding quality is 



2 

 

high. Compared with grinding wheel grinding, the longer belt circumference allows the abrasive 

particles to have enough cooling time during the grinding process so that the surface of the workpiece 

remains at a low temperature. A flexible abrasive belt and sanding belt wheel can reduce the vibration 

of the grinding system, thereby reducing the wear caused by vibration and improving the surface 

integrity and machining accuracy. The abrasive belt grinding also helps to improve the surface 

residual stress and surface hardness. Thirdly, the abrasive belt grinding equipment is simple, low 

investment, easy to operate, short time for changing and adjusting the belt, high grinding efficiency, 

and the processing cost significantly lower than other processing techniques. Last but not least, 

abrasive belt grinding has a wide range of applications. It can machine all engineering materials and 

even difficult-to-machine materials such as titanium alloy, stainless steel, and non-ferrous metals. In 

addition, it is suitable for various complex surface processing, such as blades, cycloid gears, 

crankshafts, etc. 

 

Manufacturers that can maturely apply blade abrasive belt grinding technology are mainly in 

advanced industrial countries, such as German IBS company, and British Rolls-Royce company, etc. 

One of the most representative grinding machines introduced in this paper is the seven-axis belt 

grinding machine of IBS. As shown in Figure 1.3, the grinder has the characteristics of high flexibility 

and high adaptability [6]. It can grind various types of blades and has high processing accuracy and 

processing efficiency. The grinder machine has a pressure control system on the pseudo headstock so 

that the sanding belt wheel can grind the blades with a constant grinding pressure. This grinding 

machine contains the three moving axes of X-Y-Z, the three rotating axes of A-B-C, and the seventh 

axis H1 axis. H1 axis controls the movement of the sanding belt wheel on the Y-Z plane and the 

parameter H1 controls grinding pressure.  

 

In the milling process, the cutting force will not change. However, the grinding machine can 

adjust the grinding pressure and position to obtain different grinding thicknesses. This paper takes the 

H1 axis as the critical research object. Experiments have proved that this is a low precision grinding 

machine because the sanding belt wheel has a 1.7 mm Y-direction deviation under different grinding 

pressure. However, the engineers from the IBS company ignored this problem. They considered that 

the sanding belt wheel only moves in the Z direction, and the cutting force only relates to the H1 
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parameter. As a result, the CAM (Computer Aided Manufacturing) software from the IBS company 

does not generate the tool path program based on the actual sanding belt wheel position. This problem 

will render the part useless, which happens especially frequently in the turbine blade grinding process. 

 

To solve this problem, firstly, the size information of the mechanism of the pressure driving 

system was measured, and an accurate pressure driving system model was established. Secondly, the 

different sanding belt wheels positions under different H1 parameters were calculated. Finally, a novel 

real-time changing dynamic kinematics chain considering the H1 parameters and the position of the 

sanding belt wheel was built. In this way, the deviation in the Y direction was compensated, and the 

machining accuracy was significantly improved. In order to understand the current techniques to 

improve grinding accuracy, a literature review is conducted.  

 

 
 

Figure 1.1 Basic principles of belt grinding 

 

Figure 1.2 Surface forming principles of belt grinding 
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Figure 1.3 Turbine blade grinding machine MTS 1600-500-6 NC 

 
 

1.2 Literature review 

 

Researches on the sanding belt wheel of the grinding machine have been conducted since 

many years ago. Karpuschewski et al. [7] presented an automatic method of searching for a sanding 

belt wheel position in flute grinding for a given shape of the helical flute and grinding wheel profile. 

Shi and Zhang. [8] built a model of the sanding belt wheel position and orientation for the six-axis 

blade CNC abrasive belt grinding system. Chen et al. [9] built an iteration-based calculation of the 

position and orientation of the grinding wheel. An approach shown to control hybrid force and 

position of robotic automatic grinding aviation blades based on fuzzy proportional integral derivative 

has been proposed by Zhang et al. [10]. Wang et al. [11] deduced the mathematical representation of 

machined flute parameters in terms of the grinding position and orientation.  

 

On the other hand, it is becoming more and more common for predicting the machined surface. 

Wang et al. [12] built a numerical simulation method to precisely predict the machined surface 

topography of an aero-engine blade while using the abrasive belt grinding technique. Pandiyan et al. 
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[13] developed an in-process multi-sensor integration technique comprising of force, accelerometer, 

and acoustic emission sensor to predict the state of the surface roughness during grinding machining. 

Jourani et al. [14] presented a three-dimensional model of the contact and abrasive wear to understand 

the physics of abrasion and study the effect of the belt grinding on the surface texture. Sun et al. [15] 

presented a novel methodology for robotic belt grinding, which primarily focuses on system 

calibration and force control to improve grinding performance. Bratan et al. [16] evaluated the 

effectiveness of cutting fluids for belt grinding of long-length products of titanium alloys, and 

recommendations are given for the selection of the most effective compositions of cutting fluids for 

belt grinding of long-length products of their titanium alloys. Li et al. [17] developed a grinding force 

model and material removal rate model based on single grain force for robotic belt grinding. Zhou et 

al. [18] established a molecular dynamics (MD) model of abrasive grain cutting to obtain excellent 

surface integrity and the residual stress after grinding. Zhang et al. [19] proposed a trajectory 

compensation method based on the Co-Kriging space interpolation method, and an adaptive iterative 

constant force control method based on a one-dimensional force sensor is developed to improve the 

processing quality and efficiency of robot belt grinding. Sun et al. [20] developed a novel 

methodology by using a dynamic pressure sensor as feedback during the polishing process and built 

a particular form of material removal model considering the discretized nature of the dynamic 

pressure sensor. Qu et al. [21] established an elastic state-driven robotic belt grinding chip-thickness 

model to predict the workpiece surface roughness.  

 

Some studies have also tried to improve grinding accuracy. Zhao et al. [22] optimized the 

grinding and polishing process parameters, such as abrasive size, contact force, linear belt velocity, 

and feed rate to improve the surface quality and reduce the surface roughness of integrally bladed 

rotors (IBRs). Wang [23] proposed a kinematic analysis and optimization method for a kind of six-

axis numerical control (NC) belt grinding machine tools to meet the accuracy requirements of the 

blade abrasive belt grinding process. Zou et al. [24] designed a kind of abrasive belt grinding device 

with a floating compensation function to reduce machining errors and proposed a double-vector 

control method to optimize the processing trajectory of robotic abrasive belt grinding. Wang et al. 

[25] analyzed the sanding belt wheel's deformation caused by belt tension to predict the depth of cut 

accurately. Ren et al. [26] analyzed the grinding energy partition from the perspective of grinding 
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effects and thermal aspects to enhances the understanding of dynamic energy partition in robotic belt 

grinding.  

 

 

1.3 Kinematics model of the sanding belt wheel driving mechanism 

 
In a sense, engineering problems are mathematic models with physics constraints. Thus, 

equations can be derived from the fundamental geometry and physics principles to describe the 

problem. Abrasive belt grinding is a kind of flexible grinding, which is adapted to complex curved 

surface workpieces. For example, the aero-engine blade is a workpiece with a thin wall and 

insufficient rigidity. Thus, a constant pressure grinding process must be used to ensure the accuracy 

of the blade profile.  

 

In order to meet the above conditions, the structure of the sanding belt wheel drive system is 

shown in Figure 1.4. The constant pressure device comprises a fixed plate, a floating plate, and a 

continuous pressure cylinder. Two connecting linkages of equal length connect the floating plate and 

the fixed plate to form a parallelogram mechanism. The constant force cylinder is installed on the 

fixed plate, making the floating plate move in the Z and Y directions. So, the sanding belt wheel on 

the floating plate can provide a constant grinding force for the workpiece [6]. 

  

The belt tensioning mechanism is also shown in Figure 1.4. It comprises the tensioning wheel, 

the input linkage, the output linkage, and the tensioning cylinder. The tensioning wheel on the input 

linkage is driven by the tensioning cylinder to tense and slack the belt. As shown in Figure 1.5, the 

sanding belt wheel is connected to the floating plate through a bracket. This structure meets the 

requirements of replacing the sanding belt wheel [6].  

 

 
 
 
 
 



7 

 

 

 
 

Figure 1.4 Sanding belt wheel drive system 

 

Figure 1.5 Sanding belt wheel and support frame 
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1.4 Kinematic chain of five-axis machining 

 

Five-axis machining is one of the crucial processes in precision manufacturing. It has been 

used in defense, aerospace, and even the consumer industry. Compared with conventional three-axis 

machine tools, five-axis machine tools can provide the flexibility of tilting the tool axis to various 

orientations, increase the cutting efficiency and avoid the tool collision against the workpiece [27]. 

 

However, it is almost impossible to generate the five-axis numerically controlled (NC) data 

manually. The data should be transformed by the postprocessor depending on the configuration of the 

machine tool. Postprocessor is the critical interface converting the cutter location (CL) data, cutter tip 

position, and the tool orientation to NC data. The core algorithm of the postprocessor is the kinematic 

chain. In practice, the kinematic chain can be classified into three basic types (Figure 1.6, 1.7, and 

1.8) according to the distribution of the two rotational movement units [28]. The kinematic chain of 

the machine tool in this thesis is table/spindle-tilting type. 

 

 

 

Figure 1.6 Table-tilting with two rotations on the table 
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Figure 1.7 Spindle-tilting with two rotations on the spindle 

 

 
 

Figure 1.8 Table/spindle-tilting with one rotation each on the table and spindle 
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1.5 Research problems and objectives 

 

The research problem of the grinding machine form IBS company is that the machine contains 

three moving axes of X-Y-Z, three rotating axes of A-B-C, and the seventh axis H1. The H1 axis 

controls the grinding pressure. The sanding belt wheel not only moves in the Z direction but also 

moves in the Y direction. The CAM (Computer Aided Manufacturing) software from the IBS 

company does not generate the tool path program based on the actual sanding belt wheel position and 

pressure. Therefore, building a dynamic programming that considers the position and pressure of the 

sanding belt wheel is necessary. 

 

The objective of this thesis is shown as follows: 

 

1. Building the kinematics model of the sanding belt wheel. 

 

The model of the sanding belt wheel takes into account mechanical analysis and geometry 

analysis. The position and processing pressure of the sanding belt wheel under different H1 

parameters should be accurately calculated. 

 

2. Building the kinematics model of the machine tool. 

 

In order to generate accurate machining programs, it is necessary to analyze seven motion 

axes relationship of the grinding machine to establish the kinematics machine tool model.  

 

3. Machining the blades with the correct grinding pressure and position. 

 

The kinematics model of the sanding belt wheel can be compensated into the machine tool 

kinematics model. In this way, different NC programs can be generated for different processing 

pressure, which significantly improves blade grinding accuracy. 
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1.6 Research outline 

 
The thesis is organized as follows. In Chapter 2, the sanding belt wheel kinematics model is 

established. Chapter 3 establishes a kinematics model of the grinding machine tool. Chapter 4 is the 

application of the kinematics model. Chapter 5 gives the conclusions and recommends future works 

based on the current research. 
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Chapter 2 Mechanism of the Sanding Belt 

Wheel Drive System 
 

 

2.1 The position of the sanding belt wheel under different H1 

parameters 

 

As illustrated in Figure 2.1, the position of the sanding belt wheel is different when 

different values of H1 are taken. The sanding belt wheel moves along the z-axis direction 

and has an offset in the Y-axis direction. A verification experiment is designed to measure 

the position of the sanding belt wheel under different H1 parameters to prove this point. 

 

 

 

Figure 2.1 Sanding belt wheel positions under different H1 parameters 

https://context.reverso.net/%E7%BF%BB%E8%AF%91/%E8%8B%B1%E8%AF%AD-%E4%B8%AD%E6%96%87/verification+experiment
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2.2 Analysis of factors affecting measurement results  

 

The driving cylinder of the four-bar linkage mechanism has a significant influence 

on the measurement results. As a result, it is necessary to analyze the structure of the 

cylinder and the four-bar linkage mechanism. 

 

2.2.1 Model of the drive cylinder 

 

The model of the cylinder used in this driving system is DNC-40-50-PA-S11. The 

product specification of the cylinder is shown in Figure 2.2. The diameter of the cylinder 

is 40 mm, the maximum stroke of the piston is 50 mm. It has elastic cushions at the extreme 

positions of both ends, and Its response pressure is slight. There is a limit switch at one end 

of the cylinder. When the H1 parameter is greater than 4000, the limit switch indicator will 

light up to indicates that the piston inside the cylinder runs to the upper limit position. 

 

 

 

Figure 2.2 Product specification of cylinder 
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2.2.2 The internal structure of the drive cylinder 

 

In Figure [2.3], the cylinder is shown below. The air inlet port at the lower end of 

the cylinder connects to the machine tool air pipe, and the air outlet port at the upper end 

connects to the atmosphere. 

 

 

 

Figure 2.3 Drive cylinder photo and CAD drawing 

 

2.2.3 The working principle of the cylinder 

 

The diagram of the constant pressure system is shown in Figure 2.4. The pressure 

regulating valve plays a significant role in air pressure control. When the pressure 

regulating valve receives different H1 parameters, it will adjust the air pressure at the 

exhaust pipe according to the H1 value. Another essential component is the 

electromagnetic valve, which can control each gas port's on and off. 
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• In the non-working state, port no. 1 connects to ports no. 2 and no. 4. Port no. 3 is 

closed. At this time, the driving cylinder connects to the gas pipe of the machine tool 

directly, and the piston was pushed to the upper limit position due to the high air 

pressure. 

 

• In the machining status, the electromagnetic valve closes the no. 1 and no. 4 ports. The 

no. 3 port connects to no. 2 port. So, the air inlet pipe of the cylinder is connected to 

the exhaust pipe of the pressure regulating valve. In this case, the air pressure inside 

the cylinder is controlled by the pressure regulating valve. 

 

 

 

Figure 2.4 Constant pressure system 
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2.2.4 Force analysis of the pressure-driven mechanism 

 

As shown in Figure 2.5, The H1 parameter is greater than 4000, and the piston in 

the cylinder contacts with the limit block at the upper limit position, so the sanding belt 

wheel is at the upper limit position. The force analysis of this mechanism is as follows. 

 

In Figure 2.5, the pulling force of the cylinder connecting rod to the input linkage 

mechanism is F1, and the supporting force of the upper hinge to the four-bar linkage 

mechanism is F2. G represents the gravity of the four-bar linkage mechanism and sanding 

belt wheel, and the supporting force of the lower hinge to the four-bar linkage mechanism 

is F3. The torque balance equation at the upper hinge is derived. 

 

                            1G b F a = −                             (2.1) 

 

 
 

Figure 2.5 Force analysis of four-bar linkage mechanism 
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As shown in Figure 2.6, the pulling force of the four-bar linkage mechanism to the 

cylinder connecting rod is F4, and the pulling force of the piston to the connecting rod is 

F5. Therefore, the force balance equation is derived.  

                              4 1F = F−                             (2.2) 

 

                              4 5F = F−                            (2.3) 

 

 

 

Figure 2.6 Cylinder connecting rod force analysis 

 

In Figure 2.7, the piston's downward pulling force is F6, and the atmospheric 

pressure above the piston exerts downward pressure F7. The limit block above the piston 

exerts downward pressure F8, and the gas below the piston has an upward pressure F9. Thus, 

the force balance equation is derived.  

                                   6 5F = F−                               (2.4) 

                                  6 7 8 9F +F +F = F−                          (2.5) 
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Figure 2.7 Piston force analysis 

 

As shown in Figure 2.8, The H1 parameter is between 4000 and 3000. Therefore, 

the piston is located somewhere in the middle of the cylinder. The force analysis of this 

mechanism is as follows.  

 

In Figure 2.8, the pulling force of the cylinder connecting rod to the input linkage 

is F1, and the supporting force of the upper hinge to the four-bar linkage mechanism is F2. 

G represents the gravity of the four-bar linkage mechanism and supporting sanding belt 

wheel, and the contact force of the lower hinge to the four-bar linkage mechanism is F3. 

The torque balance equation at the upper hinge is derived.  

 

                                    1G b F a = −                                (2.6) 
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Figure 2.8 Force analysis of four-bar linkage mechanism 

 

As shown in Figure 2.9, the pulling force of the four-bar linkage mechanism to the 

cylinder connecting rod is F4, and the pulling force of the piston to the connecting rod is 

F5. Therefore, the force balance equation is derived.  

 

                                     4 1F = F−                                      (2.7) 

 

                                      4 5F = F−                                     (2.8) 
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Figure 2.9 Cylinder connecting rod force analysis 

 

In Figure 2.10, the piston's downward pulling force is F6, and the atmospheric 

pressure above the piston exerts downward pressure F7. The gas below the piston has an 

upward pressure of F8. Thus, the force balance equation is derived.  

 

                                      6 5F = F−                                    (2.9) 

 

                                     6 7 8F +F = F−                               (2.10) 
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Figure 2.10 Piston force analysis 

 

In Figure 2.11, the pulling force of the cylinder connecting rod to the input linkage 

is F1, and the supporting force of the upper hinge to the four-bar linkage mechanism is F2. 

G represents the gravity of the four-bar linkage mechanism and supporting sanding belt 

wheel, and the contact force of the lower hinge to the four-bar linkage mechanism is F3. 

The torque balance equation at the upper hinge is derived.  

 

                                 1G b F a = −                                (2.11) 
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Figure 2.11 Force analysis of four-bar linkage mechanism 

 

As shown in Figure 2.12, the pulling force of the four-bar linkage mechanism to 

the cylinder connecting rod is F4, and the pulling force of the piston to the connecting rod 

is F5. Therefore, the force balance equation is derived.  

                                       4 1F = F−                                    (2.12) 

 

                                       4 5F = F−                                    (2.13) 
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Figure 2.12 Cylinder connecting rod force analysis 

 

In Figure 2.13, the piston's downward pulling force is F6, and the atmospheric 

pressure above the piston exerts downward pressure F7. The limit block below the piston 

exerts upward pressure F8 on the piston, and the gas below the piston has an upward 

pressure F9. Thus, the force balance equation is derived.  

                                  6 5F = F−                              (2.14) 

 

                              6 7 8 9F +F = F F− −                          (2.15) 

 

 

 

 



24 

 

 

 

Figure 2.13 Piston force analysis 

 

In Figure 2.14, a part under the sanding belt wheel gives an upward force F9. 

Assume that the H1 parameter is 2000 during processing. The pulling force of the cylinder 

connecting rod to the input linkage is F1, and the supporting force of the upper hinge to the 

four-bar linkage mechanism is F2. G represents the gravity of the four-bar linkage 

mechanism and sanding belt wheel, and the supporting force of the lower hinge to the four-

bar linkage mechanism is F3. The torque balance equation at the upper hinge is derived.  

 

                           1 9G b F a F c  = −  −                       (2.16) 
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Figure 2.14 Force analysis of four-bar linkage mechanism 

 

As shown in Figure 2.15, the pulling force of the four-bar linkage mechanism to 

the cylinder connecting rod is F4, and the pulling force of the piston to the connecting rod 

is F5. Therefore, the force balance equation is derived.  

 

                                  4 1F = F−                              (2.17)  

 

                                  4 5F = F− 　                            (2.18) 
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Figure 2.15 Cylinder connecting rod force analysis 

 

In Figure 2.16, the piston's downward pulling force is F6, and the atmospheric 

pressure above the piston exerts downward pressure F7. The gas below the piston has an 

upward pressure F8 on the piston. F8 is related to the H1 parameter (the smaller the 

parameter of H1, the smaller the value of F8). 

 

                                     4 5F = F−                                  (2.19) 

 

                              6 7 8F +F = F−                        (2.20) 
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Figure 2.16 Piston force analysis 

 

The formula 2.21 was obtained by combining 2.16, 2.17, 2.18, 2.19, 2.20 formulas.  

 

                                 8 7 9F a= G b F a F c −  −  −                       (2.21) 

 

It can be seen from the formula 2.21 that when G and F7 are constant, the grinding 

force F9 is inversely proportional to the air pressure F8. During the measurement of the 

sanding belt wheel position, wait 5 minutes after inputting the H1 parameter. Then, the 

position of the sanding belt wheel tends to be stable, and a sizeable experimental influence 

factor is eliminated. 
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2.3 The measuring principle of the relative coordinate value of the 

sanding belt wheel in the Z direction 

 

As shown in Figure 2.17, the definition of machine tool reference point is that the 

position of the reference point in the machine tool coordinate system is the same as the 

reading on the machine tool controller. The relative coordinate value measurement process of 

the sanding belt wheel in the Z-axis direction includes the following kernel steps. 

 

1.The support frame is fully retracted, and the pseudo-spindle moves up to a 

particular initial Z coordinate value. 

2.The pseudo headstock moves down so that the support frame triggers the Z-axis 

setter. There will be a LED light prompt when the setter is activated and then record the 

controller reading manually. Initial Z coordinate value subtracts the reading value to get 

ZINI. 

3. The pseudo headstock moves to the initial position and input a specific H1 

parameter to drop the support frame. 

4. The pseudo headstock moves down again to trigger the Z-axis setter and 

manually records the Z coordinate reading at this time. Initial Z coordinate value subtracts 

the reading value to get ZH1.  

 

 

Figure 2.17 Measurement principle diagram in the Z direction 
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Thus, the support frame movement distance ΔZ alone Z-axis is: 

                             

                                   AVE INIZ=Z Z −                            (2.22) 

 

 

2.4 Measurement steps of the relative coordinates of the support frame 

in the Z direction  

 

As shown in Figure 2.18, in the first place, fully retract the support frame, and make 

the support frame move to the top of the Z-axis setter. Then, the Pseudo-spindle falls slowly 

along the Z-axis until the support frame touches the upper surface of the Z-axis setter and 

the indicator light is on. Z coordinate reading on the controller is recorded at this time.  

 

In the next place, the pseudo-spindle moves to the safe position (Z=500) alone Z-

axis direction, and the support frame is dropped. It is necessary to wait for 5 minutes before 

starting measuring. Then, the Pseudo-spindle falls slowly along the Z-axis until the support 

frame touches the upper surface of the Z-axis setter, and Z coordinate reading Z1 is 

recorded. Meanwhile, the pseudo-spindle rises 5 mm and then slowly drops the pseudo-

spindle so that the support frame triggers the setter again. Z coordinate reading Z2 on the 

controller is recorded. The pseudo-spindle rises 5 mm and then slowly drops the pseudo-

spindle alone Z-axis repeatedly. When the support frame triggers the setter, Z coordinate 

value is recorded as Z3. ZAVE is the average of Z1, Z2, and Z3. 

 

Before starting the next set of data measurements, the pseudo-spindle moves to the 

safe position and waits for 5 minutes. 
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Figure 2.18 Support frame measurement process 

 

The relative coordinate measurement values of the support frame in the Z direction 

are shown in the following table 2.1. 

 

 

Table 2.1 Relative coordinate measurement values 
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The line chart of the relative coordinate measurement value in the Z direction is plotted 

in Figure 2.19. When the H1 is different, the displacement of the support frame relative to the 

initial position in the Z direction is different. 

 

 

 

Figure 2.19 The displacement of the support frame in the Z direction 

 

According to the measurement results, the internal structure of the cylinder and the 

position of the four-bar linkage mechanism are shown in Fig 2.20. 

 

1. When the support frame is fully retracted, the piston in the cylinder is at the upper 

limit position. 

 

2. When 3000<H1<3600, the piston in the cylinder is at a non-limiting position (a 

specific position in the middle of the cylinder), so the support frame is positioned in the 

middle of the entire stroke. 

 

3. When 0<H1<3000, the cylinder moves to the lower limit position. At this time, 

even if the parameter of H1 is reduced, the position of the support frame will not move. 
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Figure 2.20 Internal structure of the cylinder and the position 

 

 

2.5 The measuring principle of the relative coordinate value of the 

sanding belt wheel in the Y direction 

 

As shown in Figure 2.21, the relative coordinate value measurement process of the 

sanding belt wheel in the Y-axis direction includes the following kernel steps. 

 

1.The support frame is fully retracted, and the pseudo-spindle moves to a certain 

initial Y position.  

 

2.The pseudo headstock moves alone in the +Y direction so that the support frame 

triggers the setter and then records the controller reading manually. Initial Y coordinate 

value subtracts the reading value to get YINI. 

 

3. The pseudo headstock moves to the initial Y coordinate value again, and a certain 

H1 parameter is inputted to drop the support frame. 
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4. The pseudo headstock moves alone +Y direction again to trigger the setter and 

manually records the Y coordinate reading value. Initial Y coordinate value subtracts the 

reading to get YH1. 

 

 

 

Figure 2.21 Measurement principle diagram in the Y direction 

 

The support frame movement distance ΔY alone Y-axis is: 

 

                                   AVE INIY=Y Y −                          （2.23） 
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2.6 Measurement steps of the relative coordinates of the support frame 

in the Y direction  

 

As Figure 2.22 shows, the setter is attached to the side of the pneumatic tailstock. 

In the first place, the pseudo-spindle moves to the safe position (Y=225). Fully retract the 

support frame and make the support frame move to the top of the setter. The Pseudo-spindle 

move slowly along the +Y axis direction until the support frame touches the upper surface 

of the setter and the setter's indicator light is on. Y coordinate reading on the controller is 

recorded at this time.  

 

In the next place, the pseudo-spindle moves to the safe position (Y=225) alone Y-

axis direction, and the support frame is dropped by entering an H1 parameter. It is 

necessary to wait for 5 minutes before starting measuring. The Pseudo-spindle moves 

slowly along the +Y direction until the support frame touches the upper surface of the 

setter, and the Y coordinate reading Y1 is recorded. Meanwhile, the pseudo-spindle moves 

5 mm alone -Y direction and then slowly moves the pseudo-spindle alone +Y direction 

until the support frame triggers the setter again. Y coordinate reading Y2 is recorded. The 

pseudo-spindle moves 5 mm alone -Y direction and then slowly moves alone +Y direction 

repeatedly. When the support frame triggers the setter, Z coordinate value is recorded as 

Y3. YAVE is the average of Y1, Y2, and Y3. 

 

Before starting the next set of data measurements, the pseudo-spindle moves to the 

safe position and waits for 5 minutes. 
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Figure 2.22 Support frame measurement process 

 

The relative coordinate measurement values of the support frame in the Y direction 

are shown in the following table 2.2. 

 

Table 2.2 Relative coordinate measurement values 
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The line chart of the relative coordinate measurement value in the Y direction is plotted 

in Figure 2.23. When the value of H1 is different, the displacement of the support frame is 

different. This experiment is sufficient to prove that when the support frame moves from the 

fully retracted position to the fully dropped position, it not only moves in the Z direction but 

also moves in the Y direction. 

 

When the H1 parameter is between 3600 to 3250, the support frame moves in the 

+Y direction relative to the initial position. Conversely, when the H1 value is between 3250 

to 1500, the support frame moves in the -Y direction relative to the initial position. Thus, 

the movement trajectory of the support frame is a curve. 

 

 

 

Figure 2.23 The displacement of the support frame in the Y direction 

 

 

2.7 The trajectory diagram of the sanding belt wheel under different 

H1 parameters 

 

As shown in Figure 2.24, the trajectory diagram of the center hole of the sanding 

belt wheel is obtained by combining the measurement results of the support frame in the Y 
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direction and the Z direction. The offset of the sanding belt wheel in the Y direction 

between the upper limit position and the lower limit position is 1.12 mm, and the offset in 

the Z direction is 51.075 mm. 

 

 

 

Figure 2.24 Trajectory diagram of the sanding belt wheel 
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2.8 Measurement method of the four-bar linkage mechanism  

 

The four-bar linkage mechanism of the sanding belt wheel is shown in Figure 2.25. 

The length and angle of the linkage need to be measured. The four-bar linkage mechanism 

comprises fixed linkage AD, input linkage AB, output linkage DC, and intermediate 

linkage BC (located on the other side of the pseudo headstock). 

 

 

Figure 2.25 Four-bar linkage mechanism of the sanding belt wheel 

 

 

As shown in Figure 2.26, an original laser measurement method was used to 

measure the length and initial angle of the four-bar linkage mechanism. First, the tripod 

platform is leveled so that the platform surface is parallel to the XY plane of the machine 

tool coordinate system. The laser transmitter is fixed on a stationary tripod platform. The 
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laser is irradiated into the center hole of the input linkage at one end by moving the pseudo-

spindle. The Y1 and Z1 readings on the machine tool controller at this position are recorded. 

 

Next, the laser is irradiated into the center hole of the input linkage at another end 

by moving the pseudo-spindle. And record the Y2 and Z2 readings on the machine tool 

controller at this position. As shown in Figure 2.27, the length of the input linkage can be 

calculated by the formula 2.24. 

 

 

 

Figure 2.26 Laser measurement method 

 

 

 

Figure 2.27 Principle diagram of length measurement of the four-bar linkage 

mechanism 

 

 

                       ( ) ( )
2 22

1 2 1 2AB Y Y Z Z= − + −                       (2.24) 
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As shown in Figure 2.28, the laser thickness adjuster can adjust the diameter of the 

circular spot emitted by the laser emitter, and the smallest spot diameter can reach 0.2 mm. 

The smallest spot is smaller than the diameter of the center hole, so the measurement 

accuracy is improved. 

 

 

 

Figure 2.28 Laser transmitter and linkage center hole 

 

 

2.9 Measurements of the four-bar linkage mechanism 

 

The measurement results are shown in table 2.25 below. The measurement result is 

based on the state that the sanding belt wheel is fully retracted as Figure 2.29 shows. 
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Figure 2.29 Four-bar linkage mechanism 

 

Table 2.3 Four-bar linkage measurement results 

 

 

Analysis of the measurement results shows that the four-bar linkage mechanism is 

a particular parallelogram structure, and it has the following characteristics. 

 

• During the four-bar linkage mechanism movement, the angle between the input linkage 

AB and the horizontal plane equals the angle between the output linkage DC and the 

horizontal plane. 

 

• Due to the sanding belt wheel is fixed on the intermediate linkage, the sanding belt 
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wheel only performs the translation during the movement of the four-bar linkage 

mechanism without rotating. 

 

Distances and angles between the mounting hole and the sanding belt wheel's center 

hole were measured using the same laser measuring method (Figure 2.30), and the results 

are shown in table 2.4. 

 

 

 

Figure 2.30 Geometric illustration of the support frame 

 

Table 2.4 Support frame measurement results 

 

 

2.10 Derivation of the formula of the four-bar linkage mechanism 

 

As Figure 2.31 shows, AD is the fixed linkage, AB is the input linkage, DC is the 

output linkage, and BC is the connecting linkage. Ows' is the center of the upper mounting 

hole of the sanding belt wheel, and Owl is the center of the sanding belt wheel. These two 

points are fixed on BC and follow the movement of BC.  
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Coordinate origin coincides with point A, and the length AB BC AD DCL L L L  has 

been measured, AB DCL =L , AD BCL =L . Positions of point wsO   and point wlO  relative to 

points B and C have been measured. When AB coincides with the Y-axis, define angle   

as zero.   is determined to be positive when turning clockwise and negative when 

turning counterclockwise. According to the measurement, the range of   at the upper 

and lower limit positions is  6.73 5  −  ， , and the initial   is 5⁰. 

 

 

 

Figure 2.31 The intermediate rod on the other side of the pseudo headstock 

 

The θ1 angle is a fixed value, and the β angle is a dynamic value. Therefore, θ1 and 

β can be calculated as: 

 

                            ( )
ws ws

22

BO O G BC CGL = L + L +L
 

                         (2.25) 



44 

 

 

                             
ws ws

2 2

CO O G CGL = L +L
 

                                (2.26) 

 

                              ( )
ws

CG

GO

L
tan

L




=                                    (2.27) 

 

                             ( )
ws GO

BG
1

L
tan θ +

L




=                                  (2.28) 

 

                           ( ) ( )1 1θ = arctan θ + arctan −                         (2.29) 

 

The θ2 angle is a fixed value, and the γ angle is a dynamic value. Therefore, θ2 and 

γ can be calculated as: 

 

                            ( )
wl wl

22

BO O P BC CPL = L + L +L                           (2.30) 

 

                                 
wl wl CP

2 2

CO O PL = L +L                            (2.31) 

 

                                    ( )
wl

CP

PO

L
tan

L
 =                                

(2.32) 

 

                                 ( )
wlPO

BP
2

L
tan θ +

L
 =                               (2.33) 

 

                            ( ) ( )2 2θ = arctan θ + arctan −                        (2.34) 
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The motion trajectory formula of point B is 

 

                           
( )

( )
 

AB

AB

L cos
6.73

L sin
5



=  



        

= 
 −



，
B

B

y

z
                 (2.35) 

 

The motion trajectory formula of point C is 

 

                          

( )

( )
 

DC

DC AD

L cos

L sin
3

L
6.7 5

=  
  

= −
 






−
 



 

，
C

C

y

z                (2.36) 

 

Figure 2.32 Geometric model of the four-bar linkage mechanism 

 

The trajectory formula of Ows' point is shown below. 

 

According to Figure 2.33, The vector equation of the mechanism can be written as: 
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                             ws ws
AB + BO = AO                                 (2.37) 

 

                            ws ws
AD + DC + CO = AO                            (2.38) 

 

                        ( ) ( )
ws wsAB BO 1 OL cos L cos +θ 

 
 −  =  y                  (2.39) 

 

                        ( ) ( )
ws wsAB BO 1 OL sin L sin +θ 

 
 −  =  z                   (2.40) 

 

Equation 2.41 is combined from equation 2.39 and 2.40.  

 

( ) ( ) ( ) ( )
ws ws ws ws ws

2 2 2 2 2 2 2

AB AB AB AO O BO OB OL cos 2L cos L sin 2L sin   
    

 −   + +  −   + =  y y z z L    

(2.41) 

 

                 ( ) ( )
ws wsDC CO OL cos L cos 

 
 −  = y                             (2.42) 

 

                  ( ) ( )
ws wsDC CO BC OL sin L sin L 

 
 −  =-  z                       (2.43) 

 

Equation 2.44 is combined from equation 2.42 and 2.43.  

 

( ) ( ) ( ) ( ) ( )
ws ws ws ws ws ws

2 2 2 2 2 2 2 2

DC DC DC BC BC DC DC BCO O O OCO OL cos 2L cos L sin L 2L L sin 2L sin 2L L    
     

 −   + +  + + −   −   +  =  y y z z z

(2.44) 

 

Combine formula 2.41 and formula 2.44 to get the trajectory of the point Ows'. 

( ) ( )( ) ( )( )

( )

ws ws ws

ws

ws ws

ws

2 2 2 2

AB AB AB AB B

2 2 2

C B BC BC DC

B

O O O

O

O O

C

O

2L cos 2L cos 4 L 2L z sin L

2

L L L 2L L sin

2L

  



  



 




 −  − −   + −


=




− − +  
=



z
y

z

(2.45) 
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Figure 2.33 Geometric model of the four-bar linkage mechanism 

 

The trajectory formula of Owl point is shown below. 

 

According to Figure 2.34, The vector equation of the mechanism can be written as: 

 

                                wl wl
AB + BO = AO                              (2.46) 

 

                              wl wl
AD + DC + CO = AO                          (2.47) 

 

                           ( ) ( )
wl wlAB BO 2 OL cos L cos +θ  −  = y                  (2.48) 
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                          ( ) ( )
wl wlAB BO 2 OL sin L sin +   −  = z                   (2.49) 

 

Equation 2.50 is combined from equation 3.25 and 3.26.  

 

( ) ( ) ( ) ( )
wl wl wl wl wl

2 2 2 2 2 2 2

AB AB AB ABO O O O BOL cos 2L cos L sin 2L sin L    −   + +  −   + =y y z z

(2.50) 

 

                          ( ) ( )
wl wlDC CO OL cos L cos  −  = y                      (2.51) 

 

                          ( ) ( )
wl wlDC CO BC OL sin L sin L  −  − = z                 (2.52) 

 

Equation 2.53 is combined from equation 2.51 and 2.52.  

 

( ) ( ) ( ) ( ) ( )
wl wl wl wl wl wlO O O

22 2 2 2 2 2 2

DC DC DC BC BC DC DC BC O CO OL cos 2L cos L sin L 2L L sin 2L sin 2L L     −   + +  + + −   −   +  =y y z z z

(2.53) 

 

Combine formula 2.50 and formula 2.53 to get the trajectory of the point Owl. 

 

( ) ( )( ) ( )( )

( )

wl wl wl

wl

wl wl

wl

2 2 2 2

AB AB AB AB B

2 2 2

C B BC BC DC

O O O

O

O O

O

BC

2L cos 2L cos 4 L 2L sin L

2

L L L 2L L sin

2L

  




 −  − −   + −


=




− − +  
=



z z
y

z

 (2.54) 
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Figure 2.34 Geometric model of the four-bar linkage mechanism 

 

 

2.11 Verification of the trajectory formula 

 

The measurement results of the sanding belt wheel trajectory is basically the same 

as the calculation result of the sanding belt wheel trajectory. So it can be proved that the 

formula is correct. 

Due to the random error, the measurement result has a slightly deviation at the 

position of H1=3100. 
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Figure 2.35 Trajectory diagram of the sanding belt wheel 

 

 

2.12 Measuring the angle α under different H1 parameters 

 

When H1 takes different values, the angle α between the input linkage and the 

horizontal plane is shown in table 2.7. 
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Table 2.5 The relationship between H1 parameter and α 

 

 

 

 

Figure 2.36 The relationship between H1 parameter and α 
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2.13 Calculating the position of the sanding belt wheel  

 

The position of the sanding belt wheel under different H1 parameters can be 

calculated by using the geometric model. The details are provided in the following table. 

 

Table 2.6 The coordinate value of Ows' and Owl calculated in MATLAB 

 

 

 

Table 2.7 The coordinate value of Ows' and Owl calculated in MATLAB 
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Table 2.8 The coordinate value of Ows' and Owl calculated in MATLAB 

 

 

 

According to the coordinate values in Tables 3.6, 3.7, and 3.8, the position of the 

sanding belt wheel under different H1 parameters can be calculated. 
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Chapter 3 The Machine Tool Kinematic Model 
 

 

3.1 The kinematic chain of the grinding machine tool in this thesis 

 

The kinematics structure of a five-axis machine tool is an essential factor for 

developing the postprocessor. The schematic diagram of the kinematic chain of the 

grinding machine tool is introduced in Figure 3.1. On the one hand, the workpiece 

coordinate system coincides with the A-axis coordinate system, and the A-axis coordinate 

system transforms to the X-axis coordinate system by rotating around the A-axis. The X-

axis coordinate system transforms to the M coordinate system by translation along the X-

axis direction.  

 

On the other hand, the cutter location coordinate system transforms to the {ws} 

coordinate system by translation, and the {ws} coordinate system transforms to the C-axis 

coordinate system by translation. The C-axis coordinate system transforms into B-axis 

coordinate system by translating and rotating around the C-axis. Besides, the B-axis 

coordinate system transforms to the Z-axis coordinate system by translating and revolving 

around the B-axis. The Z-axis coordinate system transforms to Y-axis coordinate system 

by translation along the Z-axis direction. Then, the Y-axis coordinate system transforms to 

M coordinate system by translation along the Y-axis direction.  

 

Therefore, the above two sub kinematics chain are connected through the M 

coordinate system, and the main kinematics chain of the grinding machine tool is 

established. 
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Figure 3.1 The kinematic chain of the grinding machine tool 

 

 

3.2 The establishment of the kinematic chain without considering the 

movement of the sanding belt wheel 

 

The coordinate system {m} is the machine origin coordinate system and the {ws} 

coordinate system is established at the center point of the upper hole of the support frame. 

The origin of the {wlc,0} coordinate system is the contact point between the sanding belt 

wheel and the workpiece. The drbx is the distance between the origin of the B-axis 

coordinate system and the machine reference point in the X-direction, and the drbz is the 

distance between the origin of the B-axis coordinate system and the machine reference 

point in the Z-direction. drcx is the distance from the origin of the C-axis coordinate system 
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to the machine reference point in the X-direction, and drcy is the distance from the origin of 

the C-axis coordinate system to the machine reference point in the Y-direction. 

 

m

wlc,0T  is the transformation from coordinate system {wlc,0} to coordinate system 

{m}. 
m

wT  is the transformation from coordinate system {w} to coordinate system {m}. 

Thus, the kinematics chain can be written as: 

 

                          
m m y z b c ws

wlc,0 y z b c ws wlc,0T T T T T T T=                (3.1) 

 

                                
m m x a

w x a wT T T T=                             (3.2) 

 

The overall kinematics chain can be obtained by combining formulas 3.1 and 3.2. 

 

                              ( )
1

w m m

wlc,0 w wlc,0T T T
−

=                            (3.3) 

 

3.3 The establishment of the kinematic chain considering the 

movement of the sanding belt wheel 

 

At present, IBS company uses the above method which only considers the H1=3475 

to generate NC machining programs. IBS does not assume that the difference in H1 value 

causes the position movement of the sanding belt wheel. As a result, the contact point 

between the sanding belt wheel and the workpiece is not the theoretical point. So, it is vital 

to establish a machine tool kinematics chain that considers the movement of the sanding 

belt wheel to generate corresponding NC machining programs for different H1 values. 
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The {ws} coordinate system is established at the center point of the upper hole of 

the support frame. The origin of the {wlc} coordinate system is the contact point between 

the sanding belt wheel and the workpiece. 

 

As shown in Figure 3.2, When H1=3475, the position of the sanding belt wheel is 

the initial position and the sanding belt wheel moving coordinate system {ws'} coincides 

with the initial coordinate system {ws}. When the sanding belt wheel makes a plane rigid 

body movement, The initial coordinate system {ws} can be transformed to the moving 

coordinate system {ws'}. 

 

                      
m m y z b c ws ws

wlc y z b c ws ws wlcT T T T T T T T


=                     (3.4) 

 

                               
m m x a

w x a wT T T T=                               (3.5) 

 

Combine formula 3.4 and formula 3.5. 

 

                                 ( )
1

w m m

wlc w wlcT T T
−

=                            (3.6) 

 

As shown in Figure 3.2, since the four-bar linkage mechanism is a parallelogram 

mechanism, the sanding belt wheel will only translate in the Y-Z plane, not rotate in the Y-Z plane. 

The transformation matrix from {ws’} to the initial coordinate system {ws} is shown below. 

 

                           yWS

WS'

z

1 0 0 0

0 1 0 d
T =

0 0 1 d

0 0 0 1

 
 
 
 
 
 

                               (3.7) 
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Figure 3.2 The kinematic chain of the grinding machine tool 

 

As shown in Figure 3.3, when H=3475 B=0 C=0, the upper center hole Ows of the 

support frame is the reference point. The sanding belt wheel is driven down by inputting a 

certain H1 parameter, and the upper center hole of the support frame is the origin of the 

coordinate system {ws'}. As a result, the {ws'} coordinate system is called moving 

coordinate system, and its X-Y-Z axis is parallel to the X-Y-Z axis of the {ws} coordinate 

system. 

 

When α takes different values, the coordinate 
WS WS

F F

O Oy z
 
  of point wsO   in 

the coordinate system {F} can be calculated. For example, the position of initial point Ows 

in the {F} coordinate system is (171.24, -647.37). 

 

ws

ws'T  is the transformation from coordinate system {ws’} to coordinate system 

{ws}. Thus, the kinematics chain can be written as: 
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                               ( )
1

ws F F

ws ws wsT T T
−

 =                             (3.8) 

 

The equation is expanded as follows. 

 

                 

WS

WS

F1

O

ws F

ws O

1 0 y1 0 171.24

T 0 1 647.37 0 1 z

0 0 1 0 0 1





−



  
  

= −   
     

                (3.9) 

 

 

 

Figure 3.3 Geometric model of the four-bar linkage mechanism 

 

Since the size   , ' , ' , 'x s c y s c z s cd d d  has been given in Figure 3.4, the transformation 

matrix from the contact point coordinate system {wlc} to the moving coordinate system 

{ws'} is shown below.  
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x,s'c

y,s'cws

wlc

z,s'c

1 0 0 d

0 1 0 d
T =

0 0 1 -d

0 0 0 1

 
 
 
 
 
 

                           (3.10) 

 

 

 

Figure 3.4 The size of the support frame 

 

As shown in Figure 3.5, the transformation matrix from the contact point coordinate 

system {wlc} to the initial coordinate system {ws} is shown in formula 3.11. Thus, FyOws’ 

and FzOws’ in formula 3.11 can be obtained by formula 3.12.    

 

WS

WS

-1

x,s'c

F

O y,s'cws ws ws

wlc ws wlc F

O z,s'c

1 0 0 0 1 0 0 0 1 0 0 d

0 1 0 171.24 0 1 0 y 0 1 0 d
T = T T =

0 0 1 -647.37 0 0 1 z 0 0 1 -d

0 0 0 1 0 0 0 1 0 0 0 1









     
     
     
     
     
     

    (3.11) 

 

( ) ( )( ) ( )( )

( )

ws ws ws

ws

ws ws

ws

2 2 2 2

AB AB AB AB B

2 2 2

C B BC BCO

O

DC

B

O

O

O

C

O O2L cos 2L cos 4 L 2L z sin L

2

L L L 2L L sin

2L

  



  



 




 −  − −   + −


=




− − +  
=



F F

F

F

z
y

z

(3.12) 



61 

 

 

 

Figure 3.5 Kinematic chain of the support frame 

 

The transformation matrix from the contact point coordinate system {wlc} to the 

initial coordinate system {m} is shown below. 

 

                          
m m y z b c ws

wlc y z b c ws wlcT T T T T T T=                   (3.13) 

 

rbx rcx rbx

rcym

wlc

rbz

1 0 0 0 1 0 0 0 1 0 0 d cos(B) 0 sin(B) 0 1 0 0 d d

0 1 0 Y 0 1 0 0 0 1 0 d 0 1 0 0 0 1 0 0
T =

0 0 1 0 0 0 1 Z 0 0 1 d sin(B) 0 cos(B) 0 0 0 1 0

0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1

cos(C) sin(C) 0 0

−        
        
        
        − −
        
        

−

WS

WS

-1

rcx x,s'c
F

Orcy y,s'c

F

rbz O z,s'c

1 0 0 01 0 0 d 1 0 0 0 1 0 0 d

0 1 0 ysin(C) cos(C) 0 0 0 1 0 d 0 1 0 171.24 0 1 0 d

0 0 1 0 0 0 1 d 0 0 1 -647.37 0 0 1 z 0 0 1 -d

0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 10 0 0 1





 −       
        

−         
        
        
         

  (3.14) 

 

The transformation matrix from the workpiece coordinate system {w} to the initial 

coordinate system {m} is shown below. 

 

                             
m m x a

w x a wT T T T=                             (3.15) 
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m

w

1 0 0 X 1 0 0 0 1 0 0 0

0 1 0 0 0 cos( A) sin( A) 0 0 1 0 0
T

0 0 1 0 0 sin( A) cos( A) 0 0 0 1 0

0 0 0 1 0 0 0 1 0 0 0 1

−     
     

− − −
     =
     − −
     
     

     (3.16) 

 

Combining the matrices 
m

wlcT  and 
m

wT  the final machine tool kinematics chain 

is shown below. 

 

                              ( )
1

w m m

wlc w wlcT T T
−

=                            (3.17) 

 

1

w

wlc

rbx

r

1 0 0 X 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0

0 1 0 0 0 cos( A) sin( A) 0 0 1 0 0 0 1 0 Y 0 1 0 0
T

0 0 1 0 0 sin( A) cos( A) 0 0 0 1 0 0 0 1 0 0 0 1 Z

0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1

1 0 0 d

0 1 0 d

−

 −          
          

− − −          =
          − −
           

          

rcx rbx

cy

rbz

rcx

rcy

rbz

cos(B) 0 sin(B) 0 1 0 0 d d cos(C) sin(C) 0 0

0 1 0 0 0 1 0 0 sin(C) cos(C) 0 0

0 0 1 d sin(B) 0 cos(B) 0 0 0 1 0 0 0 1 0

0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1

1 0 0 d 1

0 1 0 d

0 0 1 d

0 0 0 1

− −       
       
       
       − −
       
       

− 
 

−
 
 
 
 

WS

WS

-1

x,s'c
F

O y,s'c

F

O z,s'c

1 0 0 00 0 0 1 0 0 d

0 1 0 y0 1 0 171.24 0 1 0 d

0 0 1 -647.37 0 0 1 z 0 0 1 -d

0 0 0 1 0 0 0 10 0 0 1





    
    
    
    
    
     

(3.18) 
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Chapter 4 Application of the Kinematics Model 
 

 

4.1 Application of the machine tool kinematics model 

 

In order to apply the machine tool kinematics model in practical machining and 

prevent interference of the machine tool spindles. An accurate 3D model of the grinder 

machine was established in CATIA. Then import the 3D model into VERICUT for 

processing simulation. 

 

 

Figure 4.1 CATIA 3D model 

 

 

Figure 4.2 VERICUT processing simulation 
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Figure 4.3 VERICUT processing simulation 

 

Using the post-processing program in this thesis to process the flat parts, and the 

grinding accuracy meets the technological requirements.  

 

Thus, this Machine tool kinematics model can be used in practical processing. 

 

 

Figure 4.4 Flat parts grinding 
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Figure 4.5 Flat parts grinding 

 

 

Figure 4.6 Flat parts grinding 

 

 

4.2 The principle of variable pressure grinding 

 

First, the sanding belt wheel is fully retracted and grind a trace on the flat part 

(Figure 4.7). Next, the sanding belt wheel is fully dropped, and the kinematics chain 

compensates for the deviation of the sanding belt wheel. Then grind a trace again and 

compare the depth of the two grinding traces (Figure 4.8). If the trace depth is the same, it 

means that the compensation is successful. 
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Figure 4.7 Principle of flat part grinding experiment 

 

 

 

 

Figure 4.8 Principle of flat part grinding experiment 
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4.3 The steps of the flat part grinding experiment 

 

Because the sanding belt wheel has a high accuracy of repeated positioning at the 

limit position, the upper and lower limit positions are used for the verification experiment. 

 

The trajectory of the center hole of the sanding belt wheel under different H1 

parameters has been measured (Figure 4.9). According to the experimental data, the Y-

direction offset of the sanding belt wheel from the upper limit position to the lower limit 

position is 1.12 mm, and the Z-direction offset of the sanding belt wheel from the upper 

limit position to the lower limit position is 51.075 mm. 

 

 

 

Figure 4.9 Trajectory diagram of the sanding belt wheel 
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First of all, the flat part is clamped to the fixture (Figure 4.10). 

 

   

Figure 4.10 Steps of verification test 

 

Secondly, in Figure 4.5, the sanding belt wheel contacts the flat part at a certain 

point by moving the pseudo headstock, and the sanding belt wheel has a certain 

compression deformation to ensure the grinding pressure. Then, the distance from the 

contact point to the upper and lower edges of the flat part (a, b) is measured, and the 

coordinate value of the sanding belt wheel (Y1, Z1) is recorded.      

 

 

Figure 4.11 Steps of verification test 
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As shown in Figure 4.6, the positions of the grinding start point (Y2, Z2) and the 

grinding endpoint (Y3, Z3) can be calculated as follows. Then grinding a trace (Figure 4.7). 

 

                              2 1Y =Y a cos(45 )+                                (4.1) 

 

                              2 1Z =Z a sin(45 )+                                 (4.2) 

 

                              3 1Y =Y b cos(45 )−                                (4.3) 

 

                              3 1Z =Z b sin(45 )−                                  (4.4) 

 

 

 

Figure 4.12 Calculation of starting point and ending point 
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Figure 4.13 Grinding a trace with the sanding belt wheel fully retract 

 
Finally, the sanding belt wheel is completely dropped (Figure 4.8), and the offset 

ΔY and ΔZ of the sanding belt wheel are calculated by the kinematics formula. The offset 

value is compensated to the new grinding start point (Y4, Z4) and new endpoint (Y5, Z5).  

If the thickness of the two-grinding trace is the same, it can prove that the sanding belt 

wheel model and the kinematic chain are correct. 

 

   

                                    4 2Y =Y + Y                                 (4.5) 

 

                                     4 2Z =Z Z+                                  (4.6) 

 

                                     5 3Y =Y + Y                                 (4.7) 

 

                                     5 3Z =Z Z+                                  (4.8) 
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Figure 4.14 Grinding a trace with the sanding belt wheel fully dropped 
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Chapter 5 Conclusion and Future Work 
 

5.1 Conclusion 

 

This research has addressed the technical challenges of building a high-precision 

model of sanding belt wheel based on contact force and geometric position in abrasive belt 

flexible grinding.  

 

In terms of the pressure drive system, a new four-bar mechanism pressure drive 

model was established. This model takes into account the characteristics of the drive 

cylinder and the movement of the sanding belt wheel. The model can calculate the offset 

of the sanding belt wheel under different H1 pressure values. The advantage of this model 

is that it can accurately calculate the coordinates of the sanding belt wheel under different 

machining pressure. 

 

Another outstanding achievement of this research is cracking the kinematics chain 

of non-universal machine tools. The structure of the machine tool is unique, and the IBS 

company’s software encrypts the original kinematics chain. By analyzing the mechanism 

of the machine tool, the kinematics chain was deciphered. 

 

Furthermore, a novel method of compensating the sanding belt wheel offset value 

into the kinematics chain is developed. For different workpieces and different grinding 

pressures, the post-processing program containing the kinematics chain can generate the 

corresponding NC code. The improved method gives better machining accuracy than the 

existing method for surface grinding.  
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5.2 Recommendations for future works 

 

Although the results and conclusions are logical and reasonable from theories in 

mechanics and machining, three details can be optimized. (1) Due to the time limit, 

although the final verification experiment was designed, it was not implemented. (2) 

Because the four-bar linkage drive system's structure information is measured by the laser 

method, its accuracy cannot reach the micron meter level. In subsequent experiments, a 

three-coordinate measuring machine can be used to measure the length of the four-bar 

mechanism to reduce measurement errors. Substituting accuracy measurement data into 

the model can further improve the precision of the model. (3) The elastic deformation of 

the rubber sanding belt wheel is not considered. The finite element method can be used to 

predict the deformation of the sanding belt wheel under different contact pressures. 

Combining the sanding belt wheel elastic deformation model with the model in this paper 

can improve machining accuracy. 
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