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The accuracy of machine tools is limited by many factors, such 
as geometric and thermal errors. Current error reduction 
approaches include e.g. volumetric compensation. However, 
if a machine tool has only linear axes, angular errors cannot 
be compensated since there is no controllable axis that could 
change the tool or workpiece inclination. Therefore, an 
actively controlled hydrostatic guideway was developed to 
compensate for angular and other geometric errors. This 
paper aims to experimentally verify the hybrid use of constant 
resistance and the pilot stage of an industrial proportional 
pressure relief valve for regulation of oil flow through 
hydrostatic pockets and control of these pockets as well as 
active compensation of machine tool geometric errors. The 
error reduction of the tested linear axis is presented. 
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INTRODUCTION  
One of the main manufacturer requirements is the accuracy 
of finished parts. Accuracy depends largely on the ability of 
machine tools to precisely position the cutting tool. Precise 
positioning is limited by geometric, thermal and cutting-force 
induced errors [Ramesh, 2000]. Geometric errors are caused 
by the inaccuracy of the machine parts and the assembly 
process. Thermo-mechanical machine tool deformation is the 
result of thermal loading by the normal spindle and axes’ 
operation, heat from the cutting process, etc. [Bryan, 1990]. 
Expansion and distortion due to temperature changes lead to 
geometric errors. Positioning errors δx(x), δy(y) and δz(z) and 
straightness errors δy(x), δz(x), δx(y), δy(y), δz(y), δx(z), δy(z) 
and δz(z) can be compensated by the positioning of linear axes 
X, Y and Z. [Lee, 1998; Zhang, 2011]. However, in cases where 
a machine tool (MT) has only linear axes, the angular errors 
εx(x), εy(y) and εz(z) and the squareness errors Sxy, Syz and Sxz 
cannot generally be compensated [Schwenke, 2008]. Fig. 1 
visualises the effect of angular error on a machined surface. 
Although the position of the tool centre point is 
compensated, the physical orientation of the tool remains 
unchanged because of the absence of an actuator that could 
alter the angle. This paper offers an approach to angular error 
compensation by means of actively controlled hydrostatic 
(HS) guideways. 

Along with hydrodynamic and plain sliding guideways, 
hydrostatic guideways are essential sliding connectors for the 
moving parts of a machine tool. HS guideways utilize a thin 
layer of externally pressurized oil between moving surfaces. 
Generally, the design objective is to ensure constant thickness 

of the oil film (layer) between the guiding surfaces and HS 
pocket. On the contrary, the proposed system actively 
changes the thickness of the oil layer and thus tilts the 
machine parts in a controlled manner to compensate for 
angular errors. The thin layer of oil is referred to as a 
throttling gap height. The HS flow rate regulators can be 
divided into three gap height control groups. The first group 
contains passive components, e.g. flow dividers and hydraulic 
resistors such as capillaries and orifices. These regulators 
have limited control capabilities. Flow dividers have a high 
load carrying capacity and stiffness while the stiffness of 
hydraulic resistors is lower. Flow dividers are cost-intensive. 
In contrast, hydraulic resistors present a cost-effective 
solution [Slocum, 1992a; Weck, 1997]. 

 
Figure 1. Effect of compensation for a three-axis milling machine: 
(A) zero geometry machine errors, (B) uncompensated geometry 
errors, (C) compensated position of tool centre point (TCP), 
uncompensated angular error [Schwenke, 2008] 

Flow regulators from the second group use various 
mechanical feedback principles to maintain a constant 
throttling gap height. Progressive flow rate controllers are 
diaphragm valves with pressure feedback. When pressure in 
the HS pocket rises, flow through the controller increases. As 
a result, the throttling gap height tends to remain constant, 
and therefore the stiffness is superior to that of hydraulic 
resistors [Hyprostatik, 2022, 2021; Yang, 2014]. Self-
regulating systems [Slocum, 1992b] make use of feedback by 
preliminary throttling and bypass to the facing HS pocket. 
Therefore, at least two hydrostatic pockets are required for 
gap height control. The final bearing stiffness is higher than 
with hydraulic resistors [Zollern, 2022; HUANG, 2013]. 
The last group contains systems with active throttling gap 
height control. These systems keep a constant throttling gap 
height, or the throttling gap height is freely controlled in the 
designed range. Servostatic guideways [Zeleny, 1969] use one 
mechanical position feedback for multiple HS pockets, which 
causes difficulties when the structure is deformed, e.g. by 
workpiece weight, because the system attempts to act upon 
the incorrect position feedback of individual pockets. 
Nevertheless, stiffness is increased significantly [Zeleny, 
1973]. Actively controlled capillaries [Park, 2006] are 
piezoelectric valves with controllable hydraulic resistance. 
Feedback is electrical. Actively controlled capillaries are 
suitable for precise applications [Park & Lee, 1998]. Another 
approach is to control flow through the HS pocket by changing 
oil viscosity. In this approach, magnetorheological fluid is 
suitable since its viscosity depends on the intensity of 
magnetic flux. Thus, flow rate is controlled by magnetic field 
in the HS pocket and its proximity. The benefit is the very fast 
reaction [Hesselbach, 2003; Guldbakke, 2006; Abel-Keilhack, 
2004; Patzwald, 2001]. Finally, systems with an electronic 
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closed loop can control the flow rate through HS pockets by 
utilizing hydraulic valves [Nakao, 2015] or servovalves [Renn, 
2019]. 
HS guideway control was experimentally verified in [Lazak, 
2016]. The gap height was controlled by hydraulic resistance 
connected in parallel with a proportional pressure relief 
valve. The cited paper shows the tilting of the worktable and 
its positioning in a direction perpendicular to the guiding 
prisms. However, the worktable remained in one position of 
the axis stroke due to construction limitations. 
This paper presents further investigation of actively 
controlled HS guideways applied as a geometrical error 
compensation device. A new linear axis was designed and 
built. Then geometrical errors were measured and 
compensated. The error reduction is presented and the 
results are discussed with respect to the accuracy of state-of-
the-art machine tools. Published accuracy errors of mid-sized 
machined tools were used for this purpose. Straightness 
errors of linear axes range up to around 10 µm. Angular errors 
of linear axes range up to higher tens of 𝜇𝑚/𝑚 [Holub, 2015, 
2020; Kenno, 2020; Liang, 2020; Wei, 2019]. 
 
2  ACTIVE HYDROSTATIC GUIDEWAYS 
The objective of developing actively controlled HS guideways 
was to achieve a micro meter and micro radian range 
controlled movement of e.g. the worktable of a mid-sized 
vertical milling centre without adding any compliant (flexible) 
parts into the machine – tool – workpiece kinematic chain. 
These microscopic movements are intended to serve as a 
correction of geometric errors and thermal deformations 
which manifest as angular errors that cannot be compensated 
on three-axis machine tools and therefore impair the working 
accuracy of the machine. The worktable movement is 
achieved by active control of individual hydrostatic pockets’ 
throttling gap heights in each corner in the vertical direction. 
Although a hydrostatic linear axis can generally have any 
number of HS pockets in the vertical direction, in this chapter 
where we describe the working principle, we will assume only 
four pockets, one in each corner of the working table. The 
active hydrostatic guideway consists of three main sections: 
the hydrostatic guideway, hydraulic system and control 
system. 

 
Figure 2. Hydrostatic pocket 

2.1 Hydrostatic guideways 
A hydrostatic guideway consists of HS pockets and guiding 
prisms. Fig. 2 shows one HS pocket. Pressurized oil flows from 
the regulator through an oil inlet to a pocket cavity. The oil 
fills the cavity and flows out over the land through a narrow 
gap. The throttling gap is a hydraulic resistance which 
provides a bearing pressure in the pocket cavity. The 
throttling gap height, certainly a distinctive dimension 

(usually tens of µm), is dependent on the HS pocket 
dimensions, oil viscosity, load, and flow through the HS 
pocket.  
The HS pocket dimensions can be changed only during the 
design phase and thus can be considered constant. Load and 
oil viscosity are disturbance variables. Therefore, gap height 
is a non-constant function of flow through the HS pocket.  
Generally, the flow rate regulators for HS guideways are 
designed to keep the throttling gap height constant. This goal 
is met with varying success depending on the regulator type 
[Stach, 2013]. With an actively controlled HS guideway, the 
goal is to control the gap height. 
2.2 Hydraulic system 
Fig. 3 shows the hydraulic circuit that enables control of the 
throttling gap height. A proportional pressure relief valve 𝑃𝑉 
is connected in parallel to capillary 𝐶1. When the valve is fully 
closed, the oil flows only through the capillary and the 
throttling gap height is given by the capillary resistance. This 
default state ensures that the HS guideway will always work 
and moving surfaces will not come into contact and damage 
each other. By the proportional opening of the valve 𝑃𝑉, the 
oil flow to the HS pocket is increased and the gap height (ℎ𝑎) 
rises.  
The parallel connection of the capillary is crucial because it 
has a stabilizing effect on flow rate. A more suitable option 
than the pressure relief valve would be a 2-way proportional 
flow control valve, which has superior precise flow control 
and has the advantage of knowledge of the pressure-flow 
characteristic. The disadvantage of the flow control valve is its 
higher price. 
For each controlled HS pocket, one valve is needed. 
Therefore, at least four valves are required for a linear 
machine tool axis if we assume pockets only in the corners of 
e.g. a worktable. These actively controlled HS pockets may be 
used for positioning the worktable perpendicularly to the 
guiding surfaces (prisms). 

 
Figure 3: Hydraulic circuit for gap height control with capillary 
bypassing proportional valve 

It is apparent that controlling multiple hydrostatic pockets 
with flow control valves may be significantly more expensive 
than application of a pressure relief valve. A new linear axis 
was designed to test actively controlled HS guideways for the 
purpose of geometrical error compensation. A suitable 
pressure relief valve was SR1P2-A2. On the contrary, 
a suitable flow control valve would be DUR1,6L06PK11. 
The test linear axis consists of a bed with guiding surfaces 
(prisms) and a worktable that is equipped with four HS blocks. 
Fig. 4 illustrates the HS guideway scheme and hydraulic 
connection. A HS block (also known as a Hydrostatic guide 
shoe by HYPROSTATIK Schönfeld GmbH when equipped with 
PM flow regulators) is a precision machined part containing 
three HS pockets. The first HS pocket (the main HS pocket) 
provides the load-carrying capacity for the table. With a real 
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machine tool (MT), this pocket would mainly carry the weight 
of the workpiece. The second (lateral) HS pocket bears forces 
acting in the horizontal direction, for example inertial forces 
during acceleration of the perpendicular axis of a real MT. The 
third HS pocket provides preloading of the main HS pocket in 
order to increase the stiffness of the guideway. 
With the state-of-the-art MT hydrostatic linear axis, the gap 
heights (flow rate through the HS pocket) would be regulated, 
for example, by a combination of PM regulators and capillary 
as depicted in Fig. 4 (green box). In this case, the gap height 
characteristics are given by the design parameters of the PM 
regulator Q0 and Kr. The gap height cannot be controlled; its 
characteristics have been predetermined to be a nonlinear 
function of the load.  
In the case of active regulation, the PM regulator of the main 
HS pocket is replaced by a proportional valve and capillary as 
shown in Fig. 4 (blue box). Capillary 𝐶1 ensures minimum gap 
height. The proportional opening of the valve 𝑃𝑉 causes an 
increase in oil flow rate and therefore an increase in gap 
height. In order to provide vertical clearance (play) of the 
table for the compensation to work, the HS guideway must 
work with higher throttling gap heights to provide sufficient 
space for the HS block to move. The greater throttling gap 
height results in higher oil flow (which can be counteracted 
by higher oil viscosity), and lower stiffness than what could be 
achieved with PM regulators. 

 
Figure 4. Closed HS guideway of test linear axis 

2.3 Control system 
Fig. 5 shows the feedback control schematics of an active HS 
guideway supplemented by a coordinate system in Fig. 6. The 
initial gap height ℎ, which would be measured in the middle 
of the table, is set to the middle of the vertical height 
regulation range. Thus, the maximum tilt can be reached. 

 
Figure 5. Control schematic for four HS pockets 

When compensations are enabled, 𝜑𝑥  and  𝜑𝑦, the corrective 

tilts of the worktable about the 𝑋 and 𝑌 axes are tabular 
functions of worktable position 𝑋. The gap height setpoints at 
the corner HS blocks (ℎ1 𝑡𝑜 ℎ4) are calculated by the 
transformation block to satisfy the required 𝜑𝑥 and 𝜑𝑦. The 

actual gap height (ℎ𝑎1) is measured with an eddy current 
sensor (Fig. 4). A regulation error 𝑒1  is calculated by 𝑒1 =
ℎ1 − ℎ𝑎1. The regulation error is an input for the PI regulator 

of each active pocket. A voltage output of PI regulator is fed 
to a PWM amplifier (U/I) that powers the proportional valve 
(PV) coil. As a result, flow rate through the proportional valve 
is changed and eventually the gap heights of the hydrostatic 
pockets (HP) ℎ𝑎1 𝑡𝑜 ℎ𝑎4 are reached. 

 
Figure 6. Coordinate system of the test linear axis 

One of the key components of the regulation system is the 
gap height sensor. The gap height sensor is the position 
sensor that measures the relative distance between the HS 
block and guiding surface (prism), as can be seen in Fig. 4. 
Since the working environment is filled with hydraulic oil at 
alternating temperatures, only an eddy current sensor is able 
to operate at an acceptable precision of approximately 0.01 
mm in the temperature range 10 – 30°C.  
 
3. MEASURING SETUP 
This chapter describes the measuring setup used for 
verification of the control range of the throttling gap height 
and therefore the worktable tilt range. Furthermore, the 
chapter describes the setup for measurement of geometrical 
errors of the tested linear axis. 

3.1  Test bench 
The test bench is based on the x-axis of a mid-sized vertical 
machining centre and therefore, results obtained from the 
experiment are directly applicable to machine tools. The 
dimensions that are critical for actively controlled HS 
guideways will be listed in this paragraph. The position of the 
HS blocks and maximum gap height affect the worktable tilt 
range. For a constant maximum gap height, the higher the 
distance between the HS blocks, the lower the tilt range. 
The test bench consists of a worktable with HS blocks and a 
bed with guiding surfaces (Fig. 7). The worktable width and 
length are 700 𝑚𝑚 and 600 𝑚𝑚 respectively. There are four 
HS blocks in all, one in each corner of the worktable. The HS 
block width, length and height are 100 𝑚𝑚, 130 𝑚𝑚 and 
50 𝑚𝑚 respectively. The distance between the HS blocks and 
position of the sensors is clear from Fig. 8. The stroke of the 
original machine tool axis was decreased to 600 𝑚𝑚 for cost 
reduction. The other critical dimensions remained 
unchanged. 

 
Figure 7. CAD model of the test bench 

The HS guideway of the test bench is a closed type since it 
contains keepers for preloading. The keeper limits the 
maximum vertical displacement of the worktable (see Fig. 4 
and Fig. 7.). Assuming that the worktable lies on the guiding 
surfaces ha = 0, clearance between the HS block (its 

HS blocks 

Guiding 
surfaces 

Keeper 

Drainage 
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preloading pocket) and the keeper limits the maximum 
displacement of the worktable. The designed clearance of the 
tested HS guideway was 100 µm. The initial oil film thickness 
was designed for ha = 45 µm. The initial oil film thickness is 
given by the resistance of capillaries C1 and C2 (Fig. 4), HS 
block dimensions and the clearance. 

 
Figure 8. Bottom view of worktable 

The test bench dimensions and geometrical errors were 
measured by a coordinate measuring machine and are 
summarized in Fig. 9. The height of the HS blocks was 50 𝑚𝑚 
with a deviation of less than 2  𝜇𝑚. The clearance of the 
guideway was higher than the theoretical value of 100 𝜇𝑚. 
The clearance was approximately 114 𝜇𝑚 and 109 𝜇𝑚 which 
was an acceptable deviation. The flatness error of both 
guiding surfaces for the main HS pockets was 6 𝜇𝑚. There is 
also a parallelism error between the keeper and the bed 
which causes a change in clearance as the 𝑋 coordinate 
changes. Furthermore, the straightness of guiding surfaces 
for the main HS pockets was measured after the bed was 
adjusted on the foundations. XM-60 was used for this 
measurement. The measured straightness was 1.5 𝜇𝑚 and 
2 𝜇𝑚 and it had a U-shape. The flatness error of the surface 
where the HS blocks are connected to the worktable was 
5 𝜇𝑚. The listed errors are within the tolerance but the errors 
contribute to the overall error of the linear axis.  

 
Figure 9: Measured test bench dimensions and geometric errors 

The hydraulic supply provides hydraulic oil to the HS blocks 
through four independent hoses and pipes (Fig. 8). The supply 
pressure was 50 ± 1 𝑏𝑎𝑟 and the oil temperature was 24 ±
0.4 °𝐶. The oil viscosity class was ISO VG 68. 

3.2  Measurement of vertical displacement 
When the HS guideway is not pressurized, the worktable lies 
on the guiding surface of the prisms. Then, when oil pressure 
rises, the worktable moves upward in the direction 

perpendicular to the axis stroke. This vertical displacement ℎ 
was measured by an external contact position sensor in the 
middle of the worktable, as shown in Fig. 10. A contact 
position sensor T102F from PETER HIRT GmbH was used. The 
sensor linearity error is 0.25% in the range ±1𝑚𝑚 at 
a temperature of 20 °𝐶 and repeatability is 0.01 𝜇𝑚. The 
vertical displacement was measured in the middle of the 
worktable. 

 
Figure 10. Schematic of measurement of worktable vertical 
displacement 

Besides the vertical displacement ℎ, displacements 
ℎ𝑎1 𝑡𝑜 ℎ𝑎4 measured by internal sensors in each HS block in 
the worktable corners were measured by the active 
hydrostatic guideway control system. A sensor EPRO 
PR6422/000, accompanied by a signal converter CON041, was 
used. Their range is 1 𝑚𝑚 and the maximum linearity error is 
below ±1.5%. The temperature error is less than 2%/100 𝐾. 

3.3 Measurement of worktable tilt 
The worktable tilt was measured by an electronic level 
Minilevel NT/11 from Wyler AG. For the measured range, 
±150 𝜇𝑚/𝑚 is the maximum error of the measurement 
±1.5 𝜇𝑚/𝑚. The tilt about the X and Y axes, denoted as 
𝜑𝑥 𝑎𝑛𝑑 𝜑𝑦, was measured as depicted in Fig. 11. 

 
Figure 11. Tilt measurement by electronic level 

3.4 Measurement of geometrical errors 
Geometrical errors were measured by a Renishaw XM-60 
laser measurement system (Fig. 13). The XM-60 enables 
simultaneous measurement of errors in six degrees of 
freedom along the linear axis. In our case, straightness errors 
δy(x), δz(x) and angular errors εx(x), εy(x), εz(x) were measured. 
The errors are depicted in Fig. 12. 

 
Figure 12. Twenty-one geometric errors of a three-axis machine (Li, 
2020) 
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Since changes in air pressure, temperature and relative 
humidity can affect measurement accuracy, the XC-80 
compensator was used for compensation of environmental 
changes. Accuracy XM-60 parameters are summarized in 
Table 1. 

 Position Angle 

(yaw/pitch) 

Straight-

ness 

Angle 

(roll) 

Accuracy ±0.5ppm ±0,001𝐴
± (0,5
+ 0.11𝑀)𝜇𝑟𝑎𝑑 

±0,01𝐵
± 1𝜇𝑚 

±0,01𝐴 

±6,3 𝜇rad 

Resolution 1nm 0,03 𝜇rad  0,25 𝜇𝑚 0,12 𝜇rad 

Range 0 to 4 m ±500 𝜇rad ±250 𝜇𝑚  
radius 

±500𝜇rad 

A-indicated value, M-measured distance in m, B-indicated straightness 
value  

Table 1. Laser measurement system (XM-60) accuracy parameters 
The tested linear axis is depicted in Fig. 13 and Fig. 14. The 
laser launch unit was connected to the bed and the receiver 
was moving with the worktable.  

 
Figure 13. Linear axis error measurement by XM-60, position of axis 
X = 0 

 
Figure 14. Linear axis error measurement by XM-60, position of axis 
X = 550 

 
3 COMPENSATION SYSTEM PERFORMANCE 

3.1 Accuracy of vertical positioning 
When the HS guideway is not pressurized, the worktable table 
lies on the guiding surface of the prisms. Then, when oil 
pressure rises, the worktable moves upward in the direction 
perpendicular to the axis stroke. This vertical displacement 
was measured.  

3.1.1 Vertical positioning at constant X position 
The worktable was moved to position 𝑋 =  250 𝑚𝑚 
(approximately to the middle of the X axis). The vertical 
displacement rose from 60 𝜇𝑚 to 120 𝜇𝑚 and then dropped 
back down. The vertical displacement was set by increments 
of 5 𝜇𝑚. The set gap height of 120 𝜇𝑚 is higher than the 
measured clearance of 109 𝜇𝑚. The higher gap height is 
possible due to the elastic deformation of the keeper and the 
bed. The regulation system had enough time to reach the set 
position so the measurement was quasi-static. The set and 
measured vertical displacements are shown in Fig. 15. 

The maximal difference between the set and the measured 
absolute displacement was 2.3 𝜇𝑚. A small hysteresis of 
approximately 1 𝜇𝑚 is apparent from the measured data. The 
positioning range in the vertical direction is 60 𝜇𝑚, which 
means the throttling gap height ranges from 60 𝑡𝑜 120 𝜇𝑚. 
Assuming the vertical displacement is an MT axis, the mean 
bi-directional positioning deviation in the whole range of 
vertical movement evaluated according to ISO 230-2 yields 
�̅� = 2.7 𝜇𝑚.  

 
Figure 15. Set and measured vertical displacements 

3.1.1 Straightness error for various vertical displacements 
over the axis stroke 
The vertical displacement of the worktable was set to 60 𝜇𝑚. 
Then δz(x) (vertical straightness error of the worktable 
movement along the axis stroke) was measured using the 
Renishaw XM-60 device. The worktable moved in 50 𝑚𝑚 
increments. The same measurement was performed for 
several different vertical displacements (60; 80; 100; 110; 120 
µm). For comparison, the measurement was performed also 
for passive regulation by capillary 𝐶1 (see capillary in Fig. 4) 
when the proportional valves were fully closed. The 
measurement results are displayed in Fig. 16. 

 
Figure 16. Vertical straightness of tested linear axis for various 
vertical displacements 

The measured maximum vertical straightness error δz(x) of 
the tested linear axis was 5 𝜇𝑚. The difference in straightness 
for various vertical displacements was small. The difference is 
close to the measurement error of the XM-60. The vertical 
straightness error of the actively controlled HS guideway is 
comparable to the vertical straightness of the regular HS 
guideway regulated by the capillary. The straightness was 
measured without any compensation that could improve the 
straightness. 
Fig. 17 shows the gap heights measured by the regulation 
system. The plotted data are again quasi-static. The set gap 
heights were reached for all gap heights except for 120 𝜇𝑚. 
In the case of 120 𝜇𝑚, the pump is not able to provide 
enough oil flow at the required pressure level, which marks 

Launch unit Receiver 

XC-80 

X 

Z 

Y 

 X=550 mm 
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the end of the regulation range. However, overall straightness 
does not deteriorate. Nevertheless, the vertical straightness 
was measured without any load. It can be assumed that if a 
full load is applied, the gap heights would not be reached in 
the case of 120 𝜇𝑚 vertical displacement. The gap heights are 
also plotted for regulation by capillaries (fully closed PV 
valves).  

 
Figure 17. Measured gap height 

Fig. 18. shows pressure measured in the main HS pockets. The 
pressure changes with the X coordinate. 

 
Figure 18. Pressures measured in main HS pockets 

4.2 Tilt accuracy 
The tilt accuracy was measured in the middle of the axis 
stroke and over the whole axis stroke. 

4.2.1 Tilt accuracy in the middle of axis stroke 
The worktable was moved to position 𝑋 =  300 𝑚𝑚 and 
vertical displacement was set to 85 𝜇𝑚. Then the worktable 
was tilted about the 𝑋 axis from 𝜙𝑥 = 0 to 𝜙𝑥 = 150 𝜇𝑚/𝑚 
and then to 𝜙𝑥 = −150 𝜇𝑚/𝑚 and finally back to 𝜙𝑥 = 0 in 
increments of 10 𝜇𝑚/𝑚. We may assume the angle 𝜙𝑥  as 
a correction of angular error εx(x) and respectively 𝜙𝑦 as 

a correction of εy(x). The tilt was measured by the electronic 
level. The comparison of the set and measured tilt is shown in 
Fig. 19. The maximum difference between the set and 
measured values is 2 𝜇𝑚/𝑚.  
Analogously, a test was performed with the table tilting about 
the 𝑌 axis. The range was from 𝜙𝑦 = −150 𝜇𝑚/𝑚 to 𝜙𝑦 =

150 𝜇𝑚/𝑚. The maximum difference between the set and 
measured values is 4 𝜇𝑚/𝑚. There is a higher hysteresis in 
the second case.  
The tilt error is partially caused by the accuracy of position 
sensors that measure the oil layer thickness. The distance 
between the position sensors in the 𝑋 direction is less than 
half of the distance between the position sensors in the 𝑌 
direction (see Fig. 8). Therefore, the error in the measured 
gap height effects the tilt about the Y axis more than the tilt 
about the 𝑋 axis. The tilt error about the 𝑌 axis is 
approximately double the tilt error about the 𝑋 axis.  

 
Figure 19. Comparison of set and measured worktable tilt  

The tilt range ±150 𝜇𝑚/𝑚 is the same in both cases. The 
measurements were performed without any load. 

 
Figure 20. Comparison of set and measured worktable tilt  

4.2.2 Tilt range over axis stroke 
In this experiment, the worktable was moving from 𝑋 =
0 𝑚𝑚 to 𝑋 = 550 𝑚𝑚 in 50 mm increments while holding 
a set tilt angle of 𝜙𝑥  𝑜𝑟 𝜙𝑦 .  Each of the actively controlled 

hydrostatic pockets was kept at a constant set value during 
the measurements, resulting in a specified worktable tilt 
angle. In this experiment, these tilt angles 𝜙𝑥  𝑎𝑛𝑑 𝜙𝑦 are 

perceived as a corrective movement of the compensation 
system. Therefore, the tilt angles are not denoted as errors 
although angular errors of the X axis were in fact measured 
with the Renishaw XM-60. The results of the 𝜙𝑥  measurement 
are presented in Fig. 21. The measured data for 𝜙𝑥 =
50 𝜇𝑚/𝑚 were corrupted.  

 
Figure 21. Tilt about X axis 
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The results of the 𝜙𝑦 measurement are presented in Fig. 22. 

The results above show that the active hydrostatics system is 
capable of reaching 𝜙𝑥  𝑎𝑛𝑑 𝜙𝑦 in the range of ±150 𝜇𝑚/𝑚. 

This range is, however, specific to the tested structure as it is 
dependent on the distance between the HS pockets and their 
vertical range. The average error of 𝜙𝑥  𝑎𝑛𝑑 𝜙𝑦 across the 

whole axis length is −6.8 𝜇𝑚/𝑚 and 16 𝜇𝑚/𝑚 respectively. 
The error also includes errors of the mechanical structure, 
which exhibits geometrical and dimensional errors due to 
manufacturing accuracy and thermal deformations. Especially 
in the case of 𝜙𝑦, there is a pattern that repeats for each tilt 

as can be observed from the results in the range from 𝑋 =
250 to 𝑋 = 550 𝑚𝑚. The measurement was quasi-static 
without any load. Thus, the tilt error is not caused by quick 
changes. The vertical straightness error was almost the same 
for all measured tilts of the worktable. 

 
Figure 22. Tilt about Y axis 

 
5. COMPENSATED AXIS 
The following chapter describes the compensation tests of 
the X axis geometrical errors εx(x), εy(x) and δz(x).  

5.1 Angular error compensation 
In order to test the ability of the active hydrostatic guideway 
to compensate angular errors, information about the error 
magnitude first has to be established. A measurement of an 
error could be used as feedback but in our case a look-up 
table with corrective tilts 𝜙𝑥  𝑎𝑛𝑑 𝜙𝑦 has been prepared as an 

inverse value of the measured angular errors εx(x), εy(x).  

 
Figure 23. Comparison of tilt error for uncompensated and 
compensated axis 

The errors were measured with 50 mm increments across the 
whole axis. The vertical straightness error δz(x) was not 
compensated. A comparison of compensated and 
uncompensated angular errors of the X axis are plotted in Fig. 
23 and Fig. 24.  
The angular error εx(x), was decreased by up to 57% and the 
εy(x), was decreased by up to 82.5 %. Fig. 25 shows the 
resulting vertical straightness error δz(x) for the linear axis 

with compensated angular errors εx(x), εy(x). The vertical 
straightness was not negatively affected by compensation of 
angular errors. 

 
Figure 24. Comparison of tilt error for uncompensated and 
compensated axis 

 
Figure 25. Vertical straightness measured for compensated tilt 

5.2 Pseudo compensations 
The vertical straightness error of the tested linear axis 
δz(x) ≤ 5 µm is better than would be appropriate for initial 
tests (a larger error would be preferable). In order to test the 
vertical straightness compensation the assumption that the 
guiding surface should have an artificial shape was made.  

 
Figure 26. V-shape pseudo compensation 

Primitive “V” and “U” shapes were selected. Movement of the 
worktable around these primitive shapes on a flat guiding 
surface is further called pseudo compensation. The procedure 
was similar to angular error compensation. A look-up table 
with vertical displacement according to the required pseudo 
compensation was constructed. The previously measured 
straightness error δz(x) (Fig. 16) was not superimposed to the 
programmed vertical position of “V” and “U” shapes in the 
look-up table. The results of the pseudo compensation of the 
“V” and “U” shapes are plotted in charts in Fig. 26 and Fig. 27, 
where black crosses denote the set value and blue dots mark 
the measured value of δz(x) by a Renishaw XM-60 device. 
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Figure 27. U-shape pseudo compensation 

The measurement was quasi-static. The difference between 
the set and measured values follows the character of the 
previously measured straightness error δz(x) shown in Fig. 16. 
The maximal difference between the set and measured 
values is less than 5 𝜇𝑚. A smaller error could be achieved if 
the pseudo compensation table also included straightness 
error compensation. Here, only the pseudo-compensation 
table was used for clarity. 
 
6. DISCUSSION 
The objective of developing actively controlled HS guideways 
was to achieve a micro meter and micro radian range of 
controlled movements of e.g. a worktable of a mid-sized 
vertical milling centre without adding any compliant (flexible) 
parts into a machine-tool-workpiece chain. These microscopic 
movements are intended to serve to correct geometric errors 
and thermal deformations which manifest as angular errors 
that cannot be compensated on three-axis machine tools and 
therefore impair the working accuracy of the machine. 
Straightness measurement 
The table and bed assembly is statically indeterminate. Each 
HS block contains preloaded HS pockets (main and preloading 
pockets). Further, there is force interaction between four HS 
blocks. Guiding surfaces (prisms) are manufactured with final 
precision (flatness of 6 𝜇𝑚). Capillary regulators are also 
manufactured with errors and thus flow through capillary can 
vary. In this case, the tolerance for the flow rate was ± 10%. 
Moreover, the mechanical structure can thermally deform. 
This leads to elastic deformation of the mechanical structure. 
Therefore, the gap heights of the HS pockets for capillary 
regulation change with the 𝑋 coordinate in Fig. 17. 
Furthermore, pressure in the main HS pockets that are 
plotted in Fig. 18 also changes with the 𝑋 coordinate. The 
pressure varies significantly from pocket to pocket. The 
pressure curves have the same pattern. The pattern is clearly 
visible in the range from 300 𝑡𝑜 450 𝑚𝑚. For the higher gap 
height, the higher pressure must be in the main HS pocket. 
Higher pressure is needed to push back the preloading 
pocket.  

Tilt error 
The tilt error is partially caused by the accuracy of position 
sensors that measure the oil layer thickness. The higher the 
distance between the gap height sensors, the lower the error 
of the calculated angle. The distance between the position 
sensors in the 𝑋 direction is less than half of the distance 
between the position sensors in the 𝑌 direction (see Fig. 8). 
Therefore, the error in the measured gap height effects tilt 
about the Y axis more than tilt about the 𝑋 axis. The tilt error 
about the 𝑌 axis is approximately double the tilt error about 
the 𝑋 axis. 

Tilt error over axis stroke 
The tilt error about the 𝑌 axis is higher than the tilt error 
about the 𝑋 axis (both before and after compensation). 
Before compensation, the difference is 48 𝑢𝑚/𝑚 and 
17 𝑢𝑚/𝑚 for 𝑌 and 𝑋 respectively. The tilt error may be 
caused by the geometric inaccuracy of the basic guiding 
surfaces and error in parallelism of keepers. In further 
research, we should explore the influence of mechanical 
errors and production accuracy on the resulting parameters 
and tilt error of the 𝑋 and 𝑌 axes. From the pressure 
measured on each main HS pocket (see Fig. 18), it is evident 
that pressure in the HS pockets differs significantly and has 
a specific character in the range from 250 𝑚𝑚 to 550 𝑚𝑚.  

Angular error compensation 
The angular errors were not fully compensated even though 
the test was carried out in laboratory conditions. This is 
because the effect of mechanical compliance of the table, 
bed, and guide system must be considered. This mechanical 
system is essentially statically indeterminate and still pre-
stressed. Facing HS pockets are pre-stressed (see pairs of 
facing HS pockets in Fig. 4). Further, there is force interaction 
between the four HS blocks in the corners of the worktable. 
Therefore, compensation introduces new inner forces which 
deform the entire system of linear axis. Two possible 
approaches are suggested to further improve compensation. 
First, repeat error measurement and create a new 
compensation table. This should iteratively lead to 
a reduction of error. Second, create a computational model 
of the deformable system and then determine a new 
compensation table. The computational model of the 
deformable structure should include the measured 
dimensional and geometrical errors of the bed and table as 
well as the nonlinear characteristics of the HS guideway. 
The vertical straightness error δz(x) was not negatively 
affected by compensation of angular errors. In this particular 
case, there was a slight improvement. However, it cannot be 
stated that the improvement is generally valid. Only angular 
error about the 𝑋 and 𝑌 axes was compensated. The 
improved vertical straightness is only a “side-effect”. 

Pseudo compensations 
Since the vertical straightness error of the tested linear axis 
𝛿𝑧(𝑥)  ≤  5 µ𝑚 was small, an assumption was made that the 
guiding surface has an artificial shape. Primitive “V” and “U” 
shapes were selected. The movement of the worktable 
around these primitive forms on the flat guiding surface was 
later referred to as the pseudo compensation. The path was 
provided in tabular form as a look-up table. The worktable 
followed the programmed path with a maximal error of less 
than 5 𝜇𝑚. The error corresponds to the measured 
straightness errors of the tested linear axis. The programmed 
path did not include correction of the straightness error for 
clarity. Further accuracy improvement should by possible by 
superposing the straightness error to the table with the 
programmed path. However, the straightness error is already 
comparable to state-of-the-art machine tools (up to approx. 
10 µ𝑚) [Holub., 2015, 2020; Kenno, 2020; Liang, 2020; Wei, 
2019]. 

Limitations 
The presented range of tilts ±150 𝜇𝑚 is specific for this 
particular case. The range depends on the linear axis design, 
particularly on the distance of the HS blocks and clearance of 
the HS guideway. However, the possibility of controlling the 
throttling gap height (oil film thickness) from 60 𝜇𝑚 to 
120 𝜇𝑚 is generally valid and may even be extended. The tilt 
and vertical displacement range of the worktable are valid 
when compensations are used separately. If compensations 
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are used simultaneously, then the range is decreased. Both 
vertical displacement compensation and tilt error 
compensation are performed by changing the throttling gap 
height that is limited. The range may be also reduced by the 
load. The measurements were quasi static because of the 
limitations of the measuring devices. In future research, 
dynamic tests with real machining are planned. 
 
7. CONCLUSION 
Machine tool accuracy is limited by many factors, such as 
geometry and thermal errors. Currently, errors are reduced, 
for example, by volumetric compensation. However, if the 
machine tool only has a linear axis, it is impossible to 
compensate for angular errors because there is no actuator 
that could tilt the tool or the workpiece. This paper has shown 
that it is possible to compensate geometrical linear axis errors 
by means of an actively controlled hydrostatic (HS) guideway 
that could be used in machine tools to improve precision. 
Compensation of vertical straightness 𝛿𝑧(𝑥) and tilt errors 
ε𝑥(𝑥), ε𝑦(𝑥) was presented. Technically, the oil film thickness 

was controlled by proportional pressure relief valves even 
though the valves were not originally intended to control 
flow. Thanks to this simple and inexpensive solution, it is 
possible to extend the function of HS pockets with the 
function of miniature actuators for compensation of angular 
errors in particular. 
The tilt error was not fully compensated even though the test 
was carried out in laboratory conditions. This is because the 
effect of mechanical compliance of the table, bed, and guide 
system must be considered. This system is essentially 
statically indeterminate and still pre-stressed. Therefore, 
compensation introduces new inner forces, which newly 
deform the entire system of linear axis. To further improve 
compensations, two possible approaches are suggested. First, 
iteratively repeat error measurement and create a 
compensation table. Second, create a computational model 
of the deformable system and then determine a new 
compensation table. 

 Tested compensation range without load 
o Vertical positioning from 60 𝑡𝑜 120 𝜇𝑚 
o Tilt about X axis from −150 𝑡𝑜 150 𝜇𝑚/𝑚   
o Tilt about Y axis from −150 𝑡𝑜 150 𝜇𝑚/𝑚   

 Error compensation 
o Angular error 𝜀𝑥(𝑥) was reduced from 17 𝜇𝑚/𝑚 to 

7 𝜇𝑚/𝑚 
o Angular error 𝜀𝑦(𝑥) was reduced from 48 𝜇𝑚/𝑚  to 

9 𝜇𝑚/𝑚 
at the cost of additional sensors, valves, control hardware and 
increased HS flow rates, which are induced by higher gap 
height. Higher oil flows naturally lead to higher energy costs 
for the hydraulic power unit. 
The resulting angular and vertical movement range 
corresponds to the magnitude of geometrical errors of mid- 
and even large-sized machine tools. This method of active 
hydrostatic guideway control could be used to compensate 
machine tool geometrical errors, especially otherwise 
uncompensable angular errors. 
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