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Abstract. Due to the advantages over conventional polishing strategies, polishing with non-Newtonian fluids  

are state of the art in precision shape correction of precision optical glass surfaces. The viscosity of such fluids  

is not constant since it changes as a function of shear rate and time. An example is during the shape correction 

by polishing with pitch or ice, where pitch flows slowly under its own weight and acts like a solid body during 

short periods of stress as its viscosity increases. The effect can be measured in the polishing gap with a 

viscometer. If there is a change in force or a process variation of the polishing pressure in the polishing gap, 

the viscosity also changes. Conversely, the viscosity value could be used to determine the process variation 

of the polishing force, at least quantitatively. It is to be expected that the distance of the sensor to the polishing 

gap (effective zone of the polishing force) and the associated change in the viscosity value has a decisive 

influence on the accuracy of the measurement resolution. First polishing results will be presented and a bowl 

feed polishing like approach will be presented 

Due to the Covid-19 virus and the associated container 

congestion in Yantian, the construction could not be fully 

realised at the time of submission. The authors apologise 

for this. Nevertheless, the theoretical idea is so extensive 

that the theory and expectations are presented below. 

1 Introduction  

The material removal (MRR) in the polish depends 

primarily on the normal force (FN) and the relative speed 

(νrel), in addition to a number of other process parameters. 

Preston showed this in his deterministic polishing process 

and summarised the other process parameters in the 

Preston-coefficient (cP). Preston defines material removal 

as follows: 

                                  𝑀𝑅𝑅 =  𝑐𝑃 ∗
𝐹𝑁

𝐴
∗ 𝑣𝑟𝑒𝑙  (1) 

This model is accepted in polishing and has been extended 

by various authors [1]. 

Currently, the force of the polishing tool can only be 

measured with a lot of effort:  

• If the position of the polishing head is not 

additionally measured, it is not possible to 

calculate back to the origin of the force. 

• If the polishing tool is not congruent on the 

sensor (Δ), lateral tensile and compressive 

forces (Fx) are mapped onto the Fz (= Fx res Sensor) 

data. Which makes it impossible to determine 

the exact Fz values. This is shown schematically 

in Figure 1. 

 
Figure 1: Schematic representation of the effects of 

the lateral forces on the sensor data 

• Sensors directly at the polishing gap have the 

challenge that the cable is more likely to break 

due to the movement of the polishing tool and 

the associated alternating stress on the cable. 

This particularly affects force sensors directly 

above the polishing tool. 

• The sensor values have drift, which has a visible 

influence on the measurement data when 

measured over several hours. According to the 

manufacturer, the drift can always be calculated, 

but in practice there are considerable 

measurement uncertainties. 

These difficulties concern in particular polishing tools 

with an axis of rotation parallel to the normal force axis 
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(eg: eccentric tool). The installation of a force sensor is 

not a challenge with a polishing wheel. On the other hand, 

there is the measurement uncertainty due to vibrations and 

the generation of direction-dependent structures by the 

polishing wheel. In addition, the force sensor is far away 

(~0.1 m, 4 inch) from the polishing gap.  

 

One possibility of indirect force measurement is 

measurement above viscosity. In this case, the viscosity 

of the polishing fluid is measured during the test, which 

also changes when the force changes. The interesting 

thing about this is that only the normal force can be 

measured at a  constant relative speed. 

Viscosity is the coefficient of internal friction [2]. The 

internal friction (FR) of a fluid that is to be moved parallel 

to a flat surface requires force and is equal to the amount 

of the frictional force. The internal friction force is 

defined as a function of the contact area (A), the relative 

velocity between the boundary surfaces (ʋ), the distance 

between the boundary surfaces (d) and the dynamic 

viscosity of the fluid (η). The dynamic viscosity is the 

toughness respectively the coefficient of internal friction. 

This can be applied analogously to the polishing gap, the 

area between the polishing tool and the glass workpiece 

(see Figure 1). 

 

Figure 2: Schematic Polishing gap 

                                  𝐹𝑅 =  𝜂 ∗ 𝐴
Δʋ

Δd
  (2) 

The coefficient of friction (µ) can be used to relate the 

viscosity to the normal force: 

                     𝐹𝑁 =  𝜇 ∗ 𝐹𝑅 =  𝜇 ∗ 𝜂 ∗ 𝐴
Δʋ

Δd
  (3) 

The following relationship results via the shear rate (ẏ) 

and the shear stress (τ):  

                                      𝜏 =  𝜂 ∗ ẏ  (4) 

Formula  2 shows that the viscosity could also be 

measured indirectly via the polishing gap height instead 

of measuring by a specific sensor. HABERLAND et al have 

already presented a suitable setup for measuring the 

polishing gap height [3]. This setup has the advantage 

over the setup presented later that the viscosity can be 

measured in-situ in the polishing gap. 

The dynamic viscosity is strongly temperature-dependent 

(T), which is why the sensor used has a temperature 

sensor. B and C are empirical constants. However, a  lot of 

frictional heat is generated in the polishing gap, which 

cannot be fully considered in the following set-up. 

                                  𝜂 = 𝐵𝑒
𝐶

𝑇  (5) 

MULLANY ET AL investigated the effects of viscosity in the 

planarization of wafers [4]. The main focus was the force 

distribution in the polishing fluid. However, the sensor 

was not applied in reverse to indirectly measure the force.  

 

The planarization of wafers is very similar to the optical 

polishing of glasses. Opaline (Ce2O) is usually used as a 

polishing agent, which is mixed with distilled water. The 

water serves as a carrier medium for the polishing agent, 

transports the heat out of the polishing gap and 

participates in the chemical reaction by dissociating itself. 

The cerium does not dissolve in water and is present as 

solid particles. In terms of viscosity, the polishing 

suspension behaves like a Newtonian fluid and similar to 

water (see Figure 3).  

 
Figure 3: Shows the comparison of the viscosity of water and 

water with opalines (polishing slurries) 

 

To see the effect of the normal force F=f(η) better in the 

polishing gap and to increase its height, the viscosity of 

the polishing liquid will be increased. Figure 4 shows the 

thixotropic behaviour of a pectin-containing liquid (in this 

case: ketchup). Under increasing load (in this case the 

shear rate), the polishing slurry liquefies. A liquid with a 

higher viscosity or a rheopexy liquid could also have been 

used. All these viscosity measurements were made with 

the Haake RotoVisco laboratory instrument. 

Instead of using ketchup as in the previous paper [5], this 

time 100% pure apple pectin is used. Currently, an 

industrial viscosity sensor needs a working range of 

>10 mm because the measuring range has to move in the 

liquid. Currently, there is no polishing process that has 

such a polishing gap height, so measurements must be 

taken close to the polishing gap to avoid dead space. 

Usually, the polishing gap is less than 1 mm. 
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Figure 4: Viscosity measurement of a pectin-containing liquid 

 

2 Proceeding  

In the following, the experimental set-up and the planned 

realisation of the experiment are described.  

2.1. Set up  

Figure 5 shows a schematic of the experimental set-up. 

The robot polishing head has a rotary motor for the 

rotation speed of the polishing wheel and a direct drive for 

applying the force to the glass surface respectively to the 

polishing gap. It is polished in a polishing bath, i.e. the 

tool is below the polishing slurry surface. The SOFRASER 

MIVI sensor is used as the viscosity sensor [6]. Table 1 

shows the key data of the sensor. A flat Zerodur lens with 

a shape deviation of <1µm is used as the workpiece. To 

avoid dead space, the sensor is placed close to the 

polishing gap so that the polishing wheel rotates in this 

direction. This means that the polishing gap is not 

measured directly, but at least close to it. Preliminary tests 

with ketchup showed that the viscosity around the 

polishing wheel is affected by a force and not only in the 

immediate area. However, the rotation of the polishing 

wheel also causes a shearing effect on the process, so that 

the viscosity is also influenced. 

 

 

Figure 5: Schematic application of the set up 

 

 

Table 1. Viscosity sensor key data 

 Viscosity sensor 

Measuring range 100.000 mPas 

Viscosity precision ± 0,2 % 

Viscosity accuracy ± 0,5 % 

Operating temperature 0 … 200°C 

 

A load cell above the polishing wheel and a force 

measuring stage below the glass workpiece are used to 

check the force applied by the direct drive. Only the force 

is used as the setting parameter. Varying the output 

viscosity or the speed will not take place. The speed and 

some other parameters (including the power of the motor) 

are monitored and stored during the tests.  

3 Expected results 

The change in force changes the viscosity and normal 

force can be measured. Despite many influences 

(including vibrations, process divergences, ...) this is a 

promising approach. In theory, the decisive factor will be 

the resolution system of the setup.  

4 Summary and outlook 

In the preliminary study, a setup for measuring the normal 

force during the polishing process was presented. At 

present, no comprehensively satisfactory solutions for 

force measurement in the polishing process have been 

found using conventional methods. Therefore, this 

preliminary study offers a fresh, new, but also 

unconventional approach. 

Unfortunately, no tests could be carried out now, but they 

will be carried out as soon as possible. Currently, only the 

viscosity sensor is missing. 
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