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Abstract 
This paper presents the development of a clamping system, including force controlled jaws, a method for position and orientation 
control in the XY, XZ and YZ planes, based on a visual pattern identification and a numerical compensation of the workpiece position, 
integrated into the machine tool control unit. Reproducible correction of workpiece position and orientation were investigated, 
evaluated, and combined to form the new adaptive workpiece clamping system to ensure accurate positioning and clamping 
repeatability. The developed system is made of an air (pneumatic) chuck with 3 clamping jaws, used for holding the workpiece with 
a defined clamping force, controlled by air pressure. A tilting device combined with a rotating table for inclination adjustment of the 
XY plane, controlled by the vision identification device, is used to measure and correct the position and orientation of the workpiece. 
A developed algorithm for X and Y motion of the machine tool axes as a function of the visually identified values  enables repositioning 
of the workpiece after re-clamping. The clamping forces are measured by strain gauges. The design of the associated jaws is based 
on FEM analysis to ensure small elastic deformations, allowing for accurate clamping forces. The visual identification of the workpiece 
position and movement algorithm were tested with the pneumatic chuck on a high precision CNC machine tool. The developed 
system provided in X and Y direction a repeatability of pattern positioning within 1.1 µm, which is three times better compared to 
the initial chuck reclamping repeatability. 
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1. Introduction 
 
   This paper presents a newly developed clamping system using 
a pneumatic chuck with three force controlled gripping jaws to 
control workpiece  deformation, combined with a visual pattern 
identification device to ensure high positioning repeatability in 
re-clamping. 

1.1. State of the art 
The purpose and features of workpiece clamping devices lies 

in providing adequate holding, preventing shifting or movement, 
avoiding workpiece deformation, and also ensuring accurate 
positioning when re-clamping. The amount of clamping force 
needed to hold the workpiece is determined by the cutting 
forces. In addition, the clamping force shall be appropriate to 
avoid workpiece deformation, thus guaranteeing component 
accuracy. Clamping chucks, normally used for cylindrical 
components, operate through mechanical, hydraulic, or 
pneumatic power. Most of the hydraulic and pneumatic chucks 
are self-centering devices.  Pneumatic   chucks are  normally 
used for small, low-strength and  flexible components and for 
micromachining [1]. Workpiece holding devices with sensing 
technologies and actuation systems are described, for example, 
in [2]. Hybrid micro-machining devices are implemented in order 
to achieve better performance [3].  

Monitoring and controlling  the clamping forces can influence 
errors of workpiece positioning and production outcome [4,5]. 
A method to monitor the gripping forces is presented in [6], 
using the pressure differences of an automatic chuck as a 
function of friction forces with a wedge mechanism. Other 

investigations combine force measurements using an integrated 
sensor in the spindle with workpiece quality and performance; 
however, the workpiece clamping force is not used as a separate 
parameter [7].     

Force control of three finger adaptive robot gripper, using PID 
control, is a simple and reliable system to provide an active 
compliance control through direct force control [8]. 
Piezoelectric actuators connected to a DOF parallel mechanism 
enabled motion in the x-y directions and a rotation around the z 
axis when manipulating a triangular stage [9]. The authors of this 
paper developed a high-precision clamping system for micro-
machining with three independent linear piezoelectric 
actuators, integrated in three separated force-controlled jaws, 
ensuring accurate positioning and force controlled clamping. 
The visual device for pattern recognition is used to identify 
workpiece position on milling machines.  The high-precision 
clamping system is designed for very low loads, not compatible 
with standard chucks, and  without using the control of CNC 
machine tool. 

The limitations of position repeatability for workpiece re-
clamping in manufacturing process chains is caused by 
workpiece geometrical tolerances, elastic deformation and 
accuracy of the clamping elements, machining conditions and 
accuracy of the machine tool [10].  

1.2. Challenges, aims and functions  
 The main challenge of the performed investigation lies in 

developing a non-rotating clamping system  for high quality 
production of microparts or precision componentes on CNC 
milling machine tools,  ensuring machining, measuring, or 
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accurate additional processing on other machines. The 
investigation is carried out on a pneumatic and highly accurate 
clamping chuck, equipped with force-controlled jaws, using a 
newly developed algorithm for position and orientation control 
in the XY, XZ and YZ planes. The algorithm implements data from 
a high precision pattern identification device and numerical 
compensation of the workpiece position integrated in the 
machine tool control units. The development is aimed to provide 
a clamping position actuation of 0.6 µm in X, Y and 2 arcsec angle 
repeatability of the tilting/inclination in the XY plane with 
positioning repeatability at target position of < 1 µm. The 
investigation was carried out on a pneumatic chuck with three 
jaws and controlled air pressure with a defined clamping force 
range to ensure workpiece holding. In addition, a newly 
developed tilting device, combined with a rotating table, 
enables inclination adjustment of the XY plane, controlled by the 
vision pattern identification device (see chapter 3.3). The 
measured position repeatability during testing workpiece re-
clamping with the pneumatic chuck without the position and 
force control system device was 2.7 µm, caused by the contact 
between jaws and workpiece, which is much lower than the 
required value of < 1 µm. 

The developed algorithm for the X and Y machine tool axes 
motion uses the visual position identification measurements to 
control repositioning of the workpiece after re-clamping. An 
additional challenge comprises controlling the clamping forces 
within a required range to eliminate elastic deformations, but at 
the same time allowing for accurate and secure clamping. In 
numerous cases the workpiece, for example, thin-walled tubes, 
have to be held with small and accurate clamping forces to avoid 
deformation. However, the forces should be high enough to 
avoid, or limit, movement or deflection during machining. Based 
on prior investigations and cutting data, the newly developed 
clamping system is designed for a clamping force range of >20 N 
and up to 300 N, which covers micro up  to medium machining 
conditions.  

2. The new clamping system with controlled forces and 

position using a visual recognition device 

2.1 Method, components and functions  
Figure 1 shows a block diagram depicting the components and 

functions of the  clamping system with the pneumatic chuck and 
a pressure control valve. A  workpiece with three HV (Vickers 
hardness) identation marks on the surface for position 
identation is XY-scanned by a visual device, focussing on the 
optics in the Z-axis for the best fit of the digital pattern (see 
chapter 3.3).  Providing accurate position repeatability during 
clamping and re-clamping of workpieces,  for example, after 
being removed and brought back to continue processing.  

 
 
Figure 1. Block diagram of the clamping system with pneumatic chuck, 
force controlled jaws, a visual position recognition setup and controlled 
repositioning, using a high precision servo controlled CNC machine 

A numerical compensation of X,Y,Z position generates CNC-code 
for the machine axes and inclination unit so that the workpiece 
pattern aligns with the optical axis. Each of the three jaws of  the 
pneumatic chuck is equipped with a strain gauge for force 
measurements. The measured force values are collected and 
analysed by a data acquisition software checking whether they 
are within the required range. In case of differences between 
the measured and pre-defined values, a pressure regulator is 
activated. A 5/2 electrically operated valve can change the air 
flow direction for clamping or releasing the workpiece. This two 
direction valve can be used for external clamping of bars and 
internal clamping of tubes, or hollow components. The vision 
pattern identification device can measure the actual workpiece 
position within <1 µm accuracy. The data is transmitted to a 
computer and analysed by the developed algorithm and 
software, resulting in activation of the x, y and z displacement of 
the CNC machine table and the inclination and angular position 
of the workpiece. The numerical compensation of X,Y,Z position 
generates the CNC-code for the machine axes and A,B,C for the 
inclination unit so that the workpiece pattern aligns with the 
optical axis. 

2.2 Pneumatic chuck and force controlled jaws 
The developed system is based on a high precision stationary 

pneumatic chuck by PML-PAL with three jaws and a self-
contained work holding fixture as shown in Figure 2a [11]. The 
piston acts on the wedge, resulting in the jaws moving on the 
slanted surfaces in the radial direction (Figure 2b). The 
maximum stroke of the piston is 3 mm, providing approx. 1 mm 
movement in the radial direction. The chuck provides 
automated self-centering of the workpiece with the same 
clamping forces on all three jaws. The pneumatic cylinder, with 
pressure control between 0.7 bar up to 4 bar actuates the self-
centering clamping function. The maximum pressure for the 64 
mm diameter chuck corresponds to approx. 300 N of clamping 
force on each jaw. The air pressure can be controlled within <0.1 
bar, which is reflected in the accuracy of the clamping force.  
Workpiece loading and unloading is simple, using the air inlet 
and outlet pressure control supplied through the side of the 
chuck body. The chuck and the components are produced with 
very  high accuracy providing true position and repeatability of 
5 µm and can be mounted on the machine table or on a pallet.  

 

Figure 2. Design and main components of the pneumatic chuck. (a) 
Chuck with various shaped jaws (b) Chuck cross-section  
 

The jaws comprise force sensors to control the clamping forces 
during their motion. Strain gauges, piezoelectric and foil type 
(FlexiForce) sensors were tested for measuring the applied 
forces. Jaws with various shapes and dimensions  were designed 
using FEA methods and tested to comply with the range of acting 
forces (Figure 3).   

 
Figure 3. Design of a typical jaw. (a) Dimensions of a jaw for clamping 
forces 20 N < F < 800 N (b) FEA of strain with  500 μ strain 



  

The maximum calculated and measured strain, for the shown 
area, amounts to approx.  500 μ strain in the critical section of 
the jaw (red area). Calibration tests with different jaw shapes 
and different loads  were carried out with the device shown in 
Figure 4a. Each jaw was calibrated separately. The tested force 
range corresponds with the defined working range and the 
calculated FEA values. A typical calibration curve is shown in 
Figure 4b for acting forces  ranging from 20 N to 800 N for the 
jaw shown in Figure 3. 

 
Figure 4. (a) Calibration device for jaws with strain sauge sensors for a 
force range of 20 N to 800 N (b) A typical force strain calibration curve 
 

2.3 Inclination device 
The inclination device (Figure 5) was designed to 

accommodate an NC-controlled servomotor, including an 
eccentric with ball bearing. The servomotor rotates the eccentric 
with an high resolution of 0.0009°/pulse so that the rollers on 
the eccentric ball bearings slide on the sliding plate, thus 
generating a movement. Lifting the sliding plate causes an 
elastic deformation in the selected area. This deformation is 
realized by the solid-state joint and enables angle adjustment of 
± 2°. 

 
Figure 5. Design and features of the inclination device 
 

The function of the inclination device was investigated on a 3D 
coordinate measurement machine tool. The measurement 
showed high repeatability of the rotation as a function of 
different angle positions. The envisaged angle deviation range of 
± 2° was reached  with a 3.95° inclination by the system in 
combination with high stiffness (depending on selected solid 
state joint) and repeatability of less than 1 µm for the 79 mm 
mounting plate diameter and masses up to 4 kg. 

3. Implementation and testing of the clamping system 

3.1 Design and components of the clamping system 
Figure 6 shows the main components of the developed and 

investigated clamping system. The workpiece is clamped in the 
high precision pneumatic chuck with three jaws (see chapter 
2.2), combined with the specially designed inclination device 
(see chapter 2.3). The new clamping system comprises the 
workpiece holding chuck with the three force controlled  
clamping jaws and the visual device for actual workpiece 
position identification on the CNC machine tool. The measured 
values were compared to the required positions and used for 
repositioning the workpiece in the machine space by 
displacement of the X,Y,Z coordinates and rotations of the A,B,C 
directions. Displacements were controlled by incremental and 
accurate movements of the machine tool axes. Moreover, 

corrections of inclination angles can be performed by the new 
tilting device and a rotation table capable of  adjusting the  
inclination angle of the X-Y plane within ± 2° degrees in axis A, B 
with a resolution of 0.002 µm in XY and 0.05 µm in Z and a 
resulting overall repeatability of 0.1µm.  

The device is mounted on a rotating table which is fixed on the 
CNC machine tool table. The clamping forces of the pneumatic 
chuck are shown with the inlet and outlet connection  to control 
the pressure and air flow direction. The vision setup for 
workpiece position identification  uses a CCD camera technology 
[2]. 

 

Figure 6. The main components of the investigated clamping system 
mounted on a highly accurate CNC machine 

3.2 Experimental set-up controlling clamping forces  
Figure 7 illustrates the assembly of the force measurement 

setup using a pneumatic chuck with three jaws, each one 
equipped with three strain gauges. The chuck is connected to 
the air pressure supply, the pressure regulator and the valve 
with two directions for clamping and releasing and can be used 
for external and internal clamping. The strain signals are 
transformed from the strain gauges via amplifiers to a data 
acquisition unit (NI USB-6211) for evaluation.     

 
Figure 7. Layout for force measurements and force control of the 
pneumatic chuck 
 

The results showed that the air pressure is proportional to the 
clamping forces and can be used as an indicator for force values 
with a deviation of +/- 5%. The pneumatic chuck was tested with 
various jaws designed with FEA. The strain gauges, which were 
designed for 20N<F<300N, were tested with forces of up to 
800 N, which corresponds to 500-700 μ strain.  

3.3 Vision setup for position identificationn 
In order to identify the workpiece position three rhombic HV 

pattern were pressed on the surface  to enable very high 



  

accuracy of position and repeatability measurements (Figure 8a 
and 8b). A typical HV mark is shown in figure 8c. Based on the 
contour, the CenterPoint of the mark can be calculated. The 
pattern position of single HV mark in the reference point and the 
new position after reclamping is shown in figure 8d. The vision 
device for position identification (camera) is searching for the 3 
HV pattern center points of the reference points using the image 
contrast information in a confocal microscope. The workpiece is 
released, re-clamped and  a measurement of the new position 
takes place (figure 8d). 

 

Figure 8. Testing the position identification algorithm using 3 HV 
patterns with the CCD camera on a CNC machine 
 

The measurements of the first point after re-clamping in 
relation to the values of the same point, defined as the reference 
position are used to calculate the required movements (dx1, 
dy1). The second and third point are identified in the same way 
for a combined procedure of workpiece repositioning and  
reorientation. 

This two centre points of the pattern and the (dx1, dy1) values 
(figure 8d) are transferred to the coordinate corrective values in 
the x and y directions to activate the motion axes drives. Finally, 
the pattern centre point of the re-clamped position is moving 
the motion axes of the machine coordinate system. The complex 
position identification system is characterized by very high 
repeatability of less than 1µm for pattern identification.  

After identifying the marks and implementing the software 
based on the algorithm the required correction values for exact 
positioning of the work-piece are  calculated and transferred to 
the control unit, as shown in figure 9.  

 
Figure 9. The repositioning procedure using the measured and 
calculated values to generate the CNC code for coordinate 
transformation 
 

The basic procedure activated by the new clamping system, 
carried out on the CNC machine is shown in figure 9. The new 
position values (Xi, Yi, Zi) can be defined in a new workpiece 
coordinate system (WCS) and the reference position (X0, Y0, Z0) 
are defined with the basic coordinate system (BCS). The 
workpiece is moved from the WCS to the BCS, respecting the 

positioning and rotation (Inclination) movements  in order to 
define the pattern misalignment. The coordinate system 
transformation is done by the difference vector through CNC 
code G54. Basic tests in X,Y plane were carried out with the 
developed clamping systems and the measured repeatability of 
pattern positioning was 1.1 µm, compared to a re-clamping 
repeatability of 2.7 µm without the position correction function. 
The reached value of 1.1 µm is a significant improvement of the 
repeatability of the pneumatic chuck with 5µm. 

4. Conclusions and outlook  
The new developed clamping system, tested on a high precise 

CNC machine tool with repeatability of ± 0.1 µm, provided high 
accuracy and high repeatability. Comparing state of the art 
pneumatic and mechanical chucks, the new clamping system 
controls workpiece position, allignment and clamping function, 
using a visual device for pattern identification on the workpiece. 
The developed algorithm for the X and Y machine tool axes 
motion is using the visual position identification measurements 
to control repositioning of the workpiece after re-clamping. 
Position and inclination control of  the workpiece in the XY plane 
is demonstrated in the paper. The investigated pneumatic chuck 
with FEA designed and force-controlled jaws can be used with 
clamping forces between 20N and 300N. The developed system 
provided repeatability of the pattern position of 1.1 µm, 
compared to the initial chuck reclamping repeatabiltity of 2.7 
µm. The next steps will investigate position and repeatability of 
all axis of the clamping system on a CNC machine tool and the 
behaviour during milling operation.  
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