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PROBLEMS OF  CLAMPING FIXTURES COMPLIANCE DURING THE MACHINING OF THE WORKPIECE ON THE MULTI-AXIAL MILLING MACHINE TOOL
B. Novkinić1, V. Kočović2, M. Jeremić3, D. Miljanić4
Summary: During the machining of complex shape workpieces with asymmetrical surfaces, the accuracy of measures is often conditioned by the compliance of fixture for positioning and clamping the workpiece. This paper deals with the real problem of clamping fixtures compliance during the machining of complex geometry workpiece on the multi-axial milling machine tool. Accuracy measures and quality of processed surfaces depend, to a large extent, on  the  compliance of fixture for positioning and clamping the workpiece and the stiffness of the machine tool system. In this paper, the methodology of analysis of fixtures from the aspect of compliance and results of measurement and calculation of displacement and vibrations of the workpiece during the machining  process, is going to be presented. On the basis of analysis and measurement results, zones, elements and fixture sub-assemblies of relatively large compliance are determined. In order to reduce compliance, that is, increase of the stiffness of fixtures and raising the level of  stability processes, the proposal of measures that tool reconstruction should include, is presented.
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1.  INTRODUCTION

The compliance of connections between elements for clamping and workpiece, during the cutting force action, has a great impact on the quality of processing. 
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The analysis of numerous papers in the field of fixtures that are available in the literature and in practice, it can be concluded that there is a constant need to develop new ways of positioning and clamping because in industrial practice the tendency towards an increase in the processing of workpieces of complex geometry on modern machining systems with high technological capabilities is expressed. Theoretical and experimental investigations of the compliance of the contact surfaces between the fixtures and  workpieces in dynamic conditions, taking into account the rigidity and damping coefficient are analyzed Todorovic and others [4]. The theoretical model of behaviour of the contact surfaces between the fixtures and  workpieces in dynamic conditions, as well as the relative movement of the clamping elements is determined by using Langranž's differential equation of motion. In the papers [1,5,6], the authors have investigated the actions of clamping of workpieces as well as issues of basing and clamping of workpieces with complex geometry in limited cutting circumstances. Liao and Hu [3] have developed and introduced a methodology that aims to detect the compliance and stiffness of the contact pairs of modular fixture elements - workpiece, based on the method of finite elements and experimental researches. Their model also theoretically describes the vibrations of  real workpiece of large dimensions and complex geometry (cylinder car engine) during machining. According to the results of numerical analysis, the authors of the paper have reached the conclusion that the influence of dynamic effects of processing significantly affects the geometric tolerances of the workpiece and as a consequence have a shape error of the workpiece. Asante [6] investigated the effects of compliance of fixture and conditions of the processing (cutting modes) on the stability of the workpiece. In a simple consideration, he formulated the matrix of fixture stiffness, which represents the minimum displacements of points of contact of the workpiece with fixture elements, as well as large displacements of the workpiece under the influence of cutting forces. Chaar and collaborators [2] described a methodology for modeling geometric evasions under the influence of positioning elements. Movements arose under the influence of clamping force and cutting force is determined by the finite elements method. According to the results of numerical analysis, the authors of the paper have reached the conclusion that the influence of dynamic effects of processing significantly affects the geometric tolerances of the workpiece and as a consequence have a shape error of the workpiece. A number of methods with the aim of solution to the designing problem  and optimizing elements and construction equipment, have been developed. In former researches, the key problem is how to reach the optimal construction of fixtures from technological and economic aspects. The aim is to ensure the optimum configuration of fixtures that will minimize the elastic deformation of the workpiece and the contact deformations on the points of contact of the workpiece and fixture elements during the entire work of processing. In this paper, the problem of fixture compliance  intended for processing of carrier tank for the truck of Scania brand will be considered. The methodology of analysis of fixture from the point of compliance and the results of measurements and calculations of movements and vibrations of the workpiece during the machining process will be analysed in this paper. Based on the accomplished analysis and measurement results, the areas, elements and subcircuits of fixtures of relatively large compliance were determined. To minimize compliance, i.e. increasing the rigidity of  fixtures  exposed, the proposal of reconstruction measures has been submitted.

2. THEORETICAL CONSIDERATIONS

From a large number of mechanical elements, a high stiffness value, i.e. a small value compliance is required. Fixtures in this regard represent very specific construction. The structure of fixtures makes a larger number of elements where the connections of elements are of resolve or non- resolve type. Each connection of elements has a corresponding compliance, where the level of compliance depends on a great  number of factors related to external loads (force and cutting moments) and the characteristics of the elements. In equipment, in many cases, especially in cases of processing of complex shapes, forces and cutting moments are being balanced through frictional force arising in the place of the contact   of the workpiece with the positioning and clamping elements.
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Fig. 1  Movement of the workpiece

The stiffness of the workpiece depends not only on the elements for basing and clamping, but it is in a function of movement of  all parts of the fixture. Moving of the workpiece depends on the compliance: fixture carrier, body of fixture of basing and clamping elements. If we consider the movement of the pieces only in the direction of the axis x, as shown in Figure 1., displacement vector ξ represents the sum of all displacement vectors of the shifting the system in the direction of axis x. From Figure 1. we can see that the elements for basing and clamping in direct contact with the workpiece so they will mostly affect the stability of processing. The stiffness of the workpiece is very important in terms of:

· obtaining the processed object within acceptable tolerance limits. Smaller  rigidity causes a larger deviation in size of piece from set values.

· cutting conditions of workpiece processing. Increased stiffness of the system causes a "severe" cutting conditions that lead to reducing in workpiece processing time. Shorter processing time of workpiece that fulfill the prescriptive requirements, will provide a larger number of processed items per unit of time so that the utilisation of  machines will be higher as well as the economic profit of the company.
Processing of workpiece  is proceeding  which is affected by  variable cutting force. In dynamic conditions of cutting there are changes of  the value of force with which the tool affects  the workpiece. For multi-axis machining centers where processing is performed on multiple workpiece surfaces in different planes, the forces tending to move workpiece  are not only acting in one direction and course, as shown in Figure 1, but are arranged in different planes and defined by distinguished directions and courses. The sum of all forces acting on the processing object and tend to  move it from its equilibrium position, will cause a shift. Displacement vector of the workpiece will be equal to the sum of all moving vectors along the x, y, z axis. The biggest shift that can theoretically occur in the processing of  workpiece is the movement caused by  the fixtures ξs. The compliance  which may be  the consequence of elements for basing ξb is less than ξs. It can be noted in Figure 1 where it can be seen that the workpiece is in direct contact with the elements for clamping and basing so they will have the greatest impact on the rigidity, that is,  compliance of the  workpiece. The object compliance ξt and base ξp of fixture respectively will have the least impact on the movement  of the workpiece, as shown in  Figure 2.
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Fig. 2  Real movement of the workpiece
Any movement between the elements in contact with fixture has an impact on the total displacement of the workpiece and the error that occurs in the processing. For these reasons, it is important to minimize the largest displacements in the first place, i. e.  displacements occurred in the "most sensitive" parts of the assembly.
3. MOVEMENT AND VIBRATION MEASUREMENT IN
    THE CHARACTERISTIC AREAS
The real problem of fixture compliance in the processing of complex geometry workpiece has been considered. The mentioned part is processed at multi-axis milling machine, whereby due to the cutting forces arise displacements that cause dimensionally deviation from the permissible tolerances. Because of the complex shape of the object in multi-axis machining and insufficiently reliable fixture solution, stability of measures and quality of processed surfaces could not be provided.  The workpiece, positioned and clamped in fixture is represented in  Figure 3.
In order to quantify the displacements that occur in the construction of fixture,  appropriate measurements in real productive conditions have been made using appropriate displacement sensors. The used measuring instruments and software:

· Eight-channel measuring amplification system QUANTUM (HBM MX840A PAKEASY – Eight-channel universal measuring system, 1 x high-speed CAN (ISO 11898, 128 signals, read-only), 24 bit resolution, sampling Number: max. 19.2 kHz, adjustable low-bandpass filter (Bessel, Butterworth) supported by measuring real-time software for data acquisition CATMAN 3.1 - 1 piece

· Walk encoder ± 1 mm (HBM W1ELA / 0 - inductive, sensitivity 80mV / V, accuracy class 0.2%, with a free core) - 2 pieces.
In all the experiments the measurement of displacement in real time, by frequency of 2400 Hz has been carried out. Real-time measurements are recorded in numerical form, in the format * .dat. After analysis and processing the recorded signals, the final diagrams are given in the form of image format * . jpg. 
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Fig. 3  Measurement of displacement when processing

On Figure 3 are shown the critical points at which displacement sensors are installed which will identify the intensity, direction and route  of movement of the workpiece. Through displacement sensors diagrams of moving of workpiece along the y axis at the indicated measuring points (Figure 3) are obtained. Using the sensor 1, a shift in the positive direction of the y axis is observed, while the sensor 2 detects a shift in the negative direction of the y axis, which can be seen from Figures 3. On the basis of the diagram shown in Figure 4, it can be concluded that the displacements of the workpiece are large (several ten parts of a millimeter), which just points to the fact that the underlying assumptions about potential sources of compliance between the elements for clamping and workpiece are fully reasonable. The above example is characteristic because it exactly shows the impact of construction of fixture on the movement of the workpiece during machining and errors in production  that are the consequence of moving the workpiece. The size of these shifts as well as the processing time after which  a rendering occurs (critical load) can be read from the diagram (Figure 4).
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Fig. 4  Diagrams of moving the workpiece along the y axis in the measuring points
The time interval from the start of processing to the moment of moving the workpiece is very important because it identifies critical trapping of  processing. To prevent displacement of the workpiece, i.e. achieve the demanding surface quality and satisfy dimensional accuracy, reduce processing parameters must be reduced, which leads  to nonprofitable production, or to increase the rigidity of the clamping fixture that will provide stable processing.
4. PROPOSAL OF REDESIGN OF EXISTING CLAMPING FIXTURE   

   CONSTRUCTION AND DISCUSSION PROPOSED MEASURES
Stable processing ensures accuracy of measures of workpiece, achieves the required surface quality,  opens the possibility of shortening the processing time and provide profitable company business. In contrast, a bad clamping, that is, an  unstable processing, leads to:

· dimensional errors of the workpiece,

· poorly treated surfaces,

· increased requirements and quality control causing economic losses of the company.

The processing of 42 surfaces is performed on the workpiece, at which they are  arranged in many planes in which the  cutting forces of variable intensity, routes and directions are reacting. The shape of the workpiece and processing in multi-axis  cause the constructor of fixture to ensure free access of tools to all processing areas, have led to unreliable clamping system. In this regard, the shape of the workpiece  requires a detailed analysis in the redesign of fixture. Proposal of redesigned  structure of the clamping fixture is shown in Figure 5. In the proces of redesign the authors were led by  the idea   to  significantly reduce the compliance of the clamping elements of fixture, caused by:

· bending of bolts through which the clamping of workpiece is clamped by the action of the friction force in the contact screws and the workpiece,

· threaded bond compliance (screw and clamp),

· possibility of  unscrewing due to vibrations,

· bending of clamping pad,

· bending and twisting of  hydro cylinder connecting rods,

· compliance of contacts of clamping elements (flexible clamping inserts and the workpieces),

· bending and hydro cylinder  bonds compliance with fixture carrier.

To this end, hydro cylinders are connected with the stable plate (1), which also represents the clamping plugs fastener carrier (2). Clamping plugs (2) are over the fine sliding bond moving in the board (1) and exert the clamping of the workpiece in points A and B. The springs are installed on the plugs (3), these springs  are used for the separation of plugs and workpiece when removing the workpiece from clamping fixture. The panel (1) is, in order to facilitate installation, slit on both sides and tightened by bolts to hydro cylinders (4). 
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             Fig. 5  Proposal of redesigned  of the clamping fixture
The complete clamping system is unchanged with the exception of the screws that are in the previous design (Figure 5) were mounted on the clamps. In this way, the displacements caused by elastic deformations of screws, clamps and hydro cylinders connecting rods, are  largely eliminated. Apart from that, due to the stiffening structure by plate (1) the displacements caused by  elastic deformations of the cylinder  are reduced (4). The compliance of the redesigned structure occurs mainly as a result of  inevitably present gap between the clamp (2) and plate (1). Since the clamps in the panel (1) move slidingly in the shell (5) which is pressed into the plate (1) and that the connection of clamp (2) and shell (5) within the gap of 4 µm, it can be concluded that the errors ocurred as a result of moving of clamping system  are going to be significantly lower.
5. CONCLUSION
 On the basis of material presented in the paper it can be concluded:
1. The compliance of the clamping fixture construction is a very complex matter. Problems of  clamping fixture compliance and processing stability (stability rate and surface quality)  particularly expressed when processing with a large number of tools on multi-axis machines.

2. The considering existing structure of the clamping fixture features a significant amounts of movement of the workpiece in areas 1 and 2 (Figure 5).

3. On the basis of  conducted analyzes and proposals for  reconstruction of clamping fixture solutions, a significant decrease in compliance and raising the level of processing stability in terms of  rates consistency and quality of processed surfaces, is expected.
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