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Abstract.  
 
Modern operating conditions and upcoming lead-free material regulations challenge the 
tribological performance of axial piston pumps, particularly at low speeds where 
hydrodynamic support is weak. While meso-structures on slipper surfaces have shown 
practical success, a fundamental understanding of their working principles is lacking. This 
paper presents a systematic analysis of how specific geometric parameters of step and 
parabolic structures influence the hydrostatic and hydrodynamic performance of the slipper-
swashplate interface. Simplified analytical models based on the Reynolds equation are used 
to evaluate the impact on hydrostatic balance and hydrodynamic tilting moments. The 
findings are qualitatively compared with results from a comprehensive Caspar FSTI 
simulation. Results show that a smaller gap height at the inner radius reduces the hydrostatic 
balance but generates a stabilizing tilting moment in the direction of movement. A reduced 
gap at the outer side of the sealing land by contrast, increases the hydrostatic balance but at 
the cost of a destabilizing negative tilting moment.	The analytical trends are confirmed by 
the dynamic simulations, providing a foundational understanding for designing structured 
surfaces to improve pump reliability and efficiency.	
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1. INTRODUCTION 
New operating ranges motivated by electrification, start-stop applications or speed-variable 
drives challenge traditional hydraulic machines with respect to mixed friction conditions, 
low swash plate angles and partial load operation. At these critical conditions, the pumps are 
exposed to reduced hydrodynamic pressure in the lubricating gaps, leading to increased 
friction losses, wear, and a higher likelihood of failures. Traditionally, to ensure good run-
in behavior and satisfactory dry-running performance under mixed friction, a combination 
of leaded bronze or brass and steel materials has been used. However, future EU regulations 
will prohibit the use of lead-containing materials. In light of these upcoming restrictions, it 
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becomes imperative to find new solutions to withstand the harsh operating conditions 
without the use of lead-containing metals.  

The main difficulty centers the lubrication gaps of the pump’s rotating group. Illustration 3 
and 4 in Figure 1.1 explain the principal correlation between surface geometry and power 
losses for the slipper / swash plate interface. There are two forces, that mainly determine the 
gap height between slipper and swashplate. The piston force 𝐹𝐹!" from the pressure in the 
displacement chamber and the opposed lift force 𝐹𝐹#$ due to the pressure distribution of the 
fluid film lubrication in the gap. A trade-off arises due to the conflicting requirements on the 
gap height to allow good bearing properties while reducing leakage at the same time. 
Figure 1.1-4 shows the optimization problem between leakage and friction depending on the 
gap height. The larger the gap, the higher the leakage, with a simultaneous decrease in 
friction losses. As the curves have different optima depending on the operating point and 
design, there is an optimum slipper design for each operating point. 

This optimization challenge is addressed by the design of meso-structures. Meso-structures 
are surface designs that exhibit small changes in height (in the µm range) over larger 
distances (in the mm range). The principal mechanism of surface structuring on power losses 
is illustrated in Figure 1.1, using results of chapter 4. Meso-structures allow to change the 
pressure field in the gap in a targeted way and thus to build up additional hydrodynamics, 
depicted exemplary for a step structure in Figure 1.1-1 and Figure 1.1-2. This again changes 
the balance of forces and moments (Figure 1.1-3), which ultimately determines the gap 
height and slipper’s micro motion and associated power losses (Figure 1.1-4).  

 
Figure 1.1. Principal mechanism of surface structuring on power losses 

Our earlier publications have demonstrated the practical success of these structured surfaces. 
Several structures on the slipper sealing land have been investigated and optimized using 
the pump simulation software Caspar FSTI in [1]. The two most promising designs from 
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simulation were manufactured and validated on a dedicated pump test-rig, showing almost 
no wear [2] and an increase in efficiency for low speeds, low pressures as well as partial 
load conditions [3]. They were further investigated on the tribometer in [4] and [5] being 
exposed to extreme thermal conditions and different pressure pulsations. 

While these results confirm the significant potential of meso-structures, a fundamental 
understanding of how specific geometric parameters influence the underlying hydrostatic 
and hydrodynamic mechanisms is still lacking. The objective of this work is to draw a 
systematic analysis to bridge this knowledge gap, which will not only enable more efficient 
design of new slipper geometries but also describes the effect of wear-induced surface 
changes. The findings are expected to be transferrable to other bearings within axial piston 
pumps and also to a broader class of plain bearings. 

Chapter 3 establishes the theoretical foundation for pressure build-up in lubricating gaps, 
based on the Reynolds equation, and introduces the two selected surface structures for 
analysis. In chapter 4, the influence of key geometric parameters on both the hydrostatic 
balance and the hydrodynamic tilting moments are investigated in detail for each design. 
The findings for the first structure are also compared with results from a comprehensive 
simulation to contextualize the analytical approach in chapter 5. The paper concludes with 
a summary of the key findings and their implications for the design and optimization of 
tribological interfaces in axial piston pumps. 

2. LITERATURE 
The performance of the slipper-swashplate interface has been a subject of extensive 
research, with a particular focus on the influence of the slipper's surface geometry on the 
lubricating film. Early analytical investigations by Hooke established that a convex slipper 
profile is crucial for ensuring stable fluid film lubrication [6]. This finding was later 
reinforced by Borghi et al., who used simulations to show that an initially flat slipper is 
inherently unstable and will eventually wear into a convex shape to achieve stable operation 
[7]. However, the ideal profile is not straightforward. Manring, for instance, found that while 
a linear concave profile could increase load-carrying capacity, it came at the cost of higher 
leakage and power loss. His work further revealed that profile deformations have a greater 
impact on flow rate than on load-carrying capacity, highlighting the complex trade-offs 
inherent in slipper design [8]. 

More recent studies employing Elastohydrodynamic (EHD) models have provided deeper 
insights into the role of deformation. Hashemi et al. developed a "tribo-slipper-pump" test 
rig and showed through both measurement and simulation that a slightly concave slipper can 
deform elastically under high pressure to form a convex shape, thereby improving its 
hydrodynamic characteristics [9]. This underscores the importance of considering material 
deformation in any realistic analysis. Beyond general surface profiles, specific geometric 
structures have been proposed to actively manipulate the pressure field. A notable example 
of using a micro-step is found in the patent US 5,983,781 by Ivantysyn, from 1999 [10]. It 
is relevant to note that this patent has since expired, placing the described invention in the 
public domain. The patent describes a shallow recess at the inner diameter of the sealing 
land, which is designed to create a self-adjusting load-bearing capacity that changes with the 
gap height [10]. While the patent focuses on this specific self-adjusting mechanism, the 
present work undertakes a broader, systematic analysis of such step structures. It investigates 
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the fundamental effects of varying key parameters, including step height and position, on 
the hydrostatic and hydrodynamic performance. This allows for a more comprehensive 
understanding of the design trade-offs, building on the concepts introduced in earlier work. 
Another promising approach involves sinusoidal or wave-like structures. Baker and 
Ivantysyn investigated sinusoidal meso-structures on the sealing land of a valve plate, using 
simulation to optimize the wave's frequency, amplitude, and phase [11], [12]. The most 
promising design was manufactured and tested, demonstrating an increase in the total pump 
efficiency of up to 10 % at low displacement and pressure [11]. While this technology was 
patented in the United States in 2009, it was not extended elsewhere, making the application 
and further development freely available in other markets, including Europe [13]. The 
success of this wave profile on the valve plate provides a strong motivation for investigating 
a similar radial wave structure on the slipper surface, as is done in the previous studies. 

Other approaches include surface texturing. Ye et al. used an EHD model to identify an 
optimal dimple area density and depth-to-diameter ratio to maximize load-carrying capacity 
[14]. Similarly, Wang et al. simulated micro-textures with varying dimple shapes and depths, 
also finding improvements in load-carrying capabilities and friction losses, though these 
results were not experimentally validated [15]. 

A significant contribution to surface optimization on the slipper sealing land was made by 
Darbani et al., who proposed an optimized convex shape derived from typical wear profiles 
[16]. Their work aimed to minimize total energy loss across various operating conditions, 
reporting a theoretical efficiency improvement of around 51%, mainly decreasing friction 
losses at high speeds [16]. However, the study has limitations: the results were not 
experimentally validated, and crucial geometric data such as the slipper balance factor were 
whether provided nor changed, making the findings difficult to transfer or compare directly. 
Despite these gaps, the promising results from this optimization approach motivate the 
inclusion of a similar convex profile in the present analysis. More recently, Mo et al. also 
analyzed the influence of different convex wear profiles on lubrication performance, though 
the analysis was limited to a single operating point and did not include an optimization 
perspective [17]. 

A key challenge in analyzing these complex interactions is to distinguish the contributions 
of hydrostatic and hydrodynamic effects. A recent methodological advancement by Ernst 
and Vacca demonstrated a technique for separating the hydrostatic and hydrodynamic force 
components from the simulated pressure distribution [18]. Their findings revealed that while 
the load is primarily carried hydrostatically, the hydrodynamic component can account for 
over 20 % of the total lift under certain conditions, playing a critical role in balancing the 
system [18]. This approach of separately analyzing hydrostatic and hydrodynamic effects is 
adopted in the present work to provide a fundamental understanding of how specific 
geometric parameters influence each mechanism. 

3. THEORETICAL BACKGROUND AND METHODOLOGY 
3.1. Pressure build-up in small lubricating gaps 

The pressure distribution within the lubrication gaps of axial piston pumps determines the 
forces and moments acting on the components and can be described by the Reynolds 
equation, first derived from the Navier Stokes momentum and continuity equations by 
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Osborne Reynolds in 1886 [19]. Considering a very small fluid gap height in the range of 
micrometer together with a large gap length in the range of millimeter, as it is the case for 
the lubricating gaps in axial piston pumps, several assumptions can be made, that simplify 
the complex Navier Stokes equation. These include assuming constant pressure over the 
fluid film thickness 𝜕𝜕𝜕𝜕/𝑑𝑑𝑑𝑑 = 0, neglecting inertial and body forces as they are very small 
compared to the viscous and pressure forces, and considering the lubricant to be a Newtonian 
fluid, where shear stress is proportional to the shear rate. For the analytical approach in this 
work, the fluid is further assumed to be incompressible and of constant viscosity. Under 
these assumptions, the generalized Reynolds equation is given by [18] 

∂
∂𝑥𝑥 +
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The equation consists of several terms that represent different physical effects. The 
Poiseuille term describes the flow rates due to pressure gradients and is used to calculate the 
hydrostatic pressure field in the gap. The Couette term describes the hydrodynamic pressure 
build up due to the relative sliding motion of the surfaces. This hydrodynamic effect is 
primarily generated by a "physical wedge," where a converging geometry in the direction of 
motion creates positive pressure [20]. The squeeze term accounts for the cushioning effect 
when surfaces move towards or away from each other, generating pressure in response to a 
changing film thickness. The local expansion term describes the impact of mechanical or 
thermal deformations on the fluid film thickness. This paper focuses on the hydrostatic 
(Poiseuille) and hydrodynamic (Couette) effects to understand the fundamental influence of 
surface geometry. 

A key metric for evaluating the hydrostatic design is the balance factor, calculated by 
dividing the hydrostatic lift force by the opposing piston force. A balance of 100 % indicates 
that the forces are in equilibrium. In industrial practice, slippers are often designed with a 
balance around 90 % to allow for additional hydrodynamic lift at higher speeds. However, 
this under-balance can lead to high friction and wear during start-up and at low speeds when 
hydrodynamic effects are weak. Conversely, a balance factor near or above 100 % can 
ensure separation but may lead to increased leakage losses. 

The primary mechanism for generating hydrodynamic pressure is the wedge effect, which 
can be created by a tilted surface or a geometric feature like a step, as illustrated in 
Figure 3.1. The magnitude of hydrodynamic pressure generated is dependent on the ratio 
between the minimum gap height and the height of the geometric feature (i.e., step or 
inclination height). For the specific case of a parallel-step bearing, an optimal configuration 
that maximizes hydrodynamic lift was first derived by Lord Rayleigh [21]. As presented in 
detail in [20], this optimum is defined by the following dimensionless parameters for the 
step height ratio, 𝐻𝐻(, and the step position ratio, 𝑛𝑛): 

𝐻𝐻( =
*!
)"
= 1.155, 𝑛𝑛) = 0.7182. (3.2) 
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Figure 3.1.Comparison of pressure profiles of fixed inclined bearing (a) and parallel-step 

bearing (b) 

3.2. Selected surface structures  

The left plot in Figure 3.2 illustrates the slipper geometry, with the most important 
parameters the pocket diameter dinG, the sealing land outer diameter doutG and the gap height 
h. To further investigate the influence of surface structures on the hydrostatic and 
hydrodynamic pressure build-up, two representative surface designs (see Figure 3.2) from 
literature were selected for detailed analysis: 
• Design a): A step structure several micrometers in height, resulting in a reduced gap at 

the inner land of the slipper surface. This concept is derived from classical step slider 
bearing designs and, compared to the other structures, offers significant advantages in 
terms of manufacturing simplicity. 

• Design b): A parabolic surface profile, which mimics the typical run-in wear pattern of 
the slipper surface. This profile arises due to thermal and pressure-induced deformation, 
leading to abrasion at the inner radius, and tilting-induced wear at the outer radius. 
Darbani optimized this design using the CASPAR simulation environment [16]. 
However, no manufacturing or experimental validation has been reported to date. 
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These surface structures were chosen to represent a spectrum of complexity and 
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wear compensation. In the following, their impact on the pressure build-up in the lubricating 
gap will be systematically analyzed and compared. 

3.3. Methodology 

In the following, the influence of the design parameters on the hydrostatic and hydrodynamic 
lift force is investigated. In order to take into account the later dimensions of the test pump 
at this point and at the same time remaining company-neutral, the outer diameter doutG of the 
slipper is set to 29.6 mm, which is an average value of industrial slipper outer diameters with 
a 21 mm piston. To directly see the influence of the surface structure, the inner radius is 
calculated such that a balance of 100 % is achieved. A gap height of h=20 µm during high 
pressure stroke is set to calculate the hydrostatic and hydrodynamic pressure build-up. To 
quantify the hydrostatic forces and hydrodynamic moments based on the principles of the 
Reynolds equation, simplified analytical methods are employed. Bergada detailly derives 
the calculation of the lift force of a multi-land slipper design in [22]. His approach is 
transferable to micro-structured sealing lands, as it discretizes the radial gap height h(r), 
using the following formula to calculate the lift force 𝐹𝐹#$: 

𝐹𝐹#$ = 𝑝𝑝in ⋅ 𝜋𝜋 ⋅ K
∑  +,-
+,.

.
*#
$ ⋅

/#%&
' 0/#

'

1

∑  +,-
+,.

.
*#
$ ⋅ l n P

/(%&
/(

Q
− 𝑟𝑟.1S (3.3) 

This calculation accounts for the modified pressure profile caused by the structure. It is 
important to distinguish this from a conventional balance calculation based solely on the 
fixed pocket and sealing land diameters, which would not capture the influence of the meso-
structure. 
For the analysis of hydrodynamic effects, a simplified 1D analytical model, as implemented 
by Knoll is used [23]. This approach solves a one-dimensional form of the Reynolds 
equation (Equation (3.4), assuming the slipper sealing land is an infinitely wide bearing. 
This reduces the problem to the direction of motion (xG) and allows for rapid evaluation of 
the pressure profile p(x) generated by the Couette term. 
𝜕𝜕
𝜕𝜕𝑥𝑥2

<ℎ%
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥2

? = 6𝑢𝑢𝑢𝑢
𝜕𝜕ℎ
𝜕𝜕𝑥𝑥2

 (3.4) 

The resulting 1D pressure profile p(x) is then integrated across the sealing land width to 
calculate the hydrodynamic tilting moment My around the yG-axis, providing a direct 
measure of the structure's tendency to generate a stabilizing or destabilizing pitch: 

𝑀𝑀3 = ∫𝑝𝑝(𝑥𝑥) ∙ 𝑥𝑥	𝑑𝑑𝑑𝑑. (3.5) 

4. RESULTS  
This chapter presents the influence of key geometric parameters on the hydrostatic balance 
and the hydrodynamic tilting moments first for the step and second for the parabolic design. 
The findings for the step structure are further compared with results from a comprehensive 
simulation to contextualize the analytical approach. 
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4.1. a) Step structure 

4.1.1. Influence on hydrostatic pressure and balance 

The initial investigation focuses on the examination of the impact of the step design 
parameters, specifically the step height and position, on the hydrostatic. Figure 4.1 (left) 
shows, as a dashed black line, the typical logarithmic pressure drop across the sealing land 
for a flat, unstructured slipper with a balance of 100 % (pocket diameter of 14.4 mm) at a 
pocket pressure of 100 bar and a gap height of 20 µm (design a3). The colored lines 
represent three example pressure distributions for a step located in the middle of the sealing 
land, with varying step heights. Designs a1 and a2 feature a step with a reduced gap height 
at the inner radius, elevated by 6 µm and 3 µm, respectively. In contrast, design a4 has a 
3 µm-high step at the outer radius, reducing the gap height there. A smaller gap at the inner 
radius causes a more rapid pressure drop in the inner region, resulting in a lower lift force 
and thus a reduced balance. Conversely, a reduced gap at the outer radius (a4) leads to a 
slower pressure drop in that area, increasing the hydrostatic force and balance. The right-
hand plot in Figure 4.1 shows the resulting balance as a function of step height and step 
position, with the four designs a1–a4 indicated.  

 

 
Figure 4.1. Sealing land Pressure drop over sealing land for different surface structured 
designs (a1, a2, a4) in comparison to an unstructured slipper a3 (left) and balance for 

different step heights and step positions (right) 

Figure 4.2 left shows that the gap height for an unstructured flat slipper (design a3) has no 
impact on the balance, while it strongly changes the balance for the structured slippers (a1, 
a2 and a4) especially for smaller gap heights below 10 µm. It is particularly noticeable that 
the designs a1 and a2 with a smaller gap at the inner ring have less lift for smaller gap 
heights, dropping below 80 % for a 3 µm gap height. Design a4 on the other side exhibits a 
balance of over 140 % for a 3 µm gap height providing extra lift in case of critical mixed 
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4.1. a) Step structure 

4.1.1. Influence on hydrostatic pressure and balance 

The initial investigation focuses on the examination of the impact of the step design 
parameters, specifically the step height and position, on the hydrostatic. Figure 4.1 (left) 
shows, as a dashed black line, the typical logarithmic pressure drop across the sealing land 
for a flat, unstructured slipper with a balance of 100 % (pocket diameter of 14.4 mm) at a 
pocket pressure of 100 bar and a gap height of 20 µm (design a3). The colored lines 
represent three example pressure distributions for a step located in the middle of the sealing 
land, with varying step heights. Designs a1 and a2 feature a step with a reduced gap height 
at the inner radius, elevated by 6 µm and 3 µm, respectively. In contrast, design a4 has a 
3 µm-high step at the outer radius, reducing the gap height there. A smaller gap at the inner 
radius causes a more rapid pressure drop in the inner region, resulting in a lower lift force 
and thus a reduced balance. Conversely, a reduced gap at the outer radius (a4) leads to a 
slower pressure drop in that area, increasing the hydrostatic force and balance. The right-
hand plot in Figure 4.1 shows the resulting balance as a function of step height and step 
position, with the four designs a1–a4 indicated.  

 

 
Figure 4.1. Sealing land Pressure drop over sealing land for different surface structured 
designs (a1, a2, a4) in comparison to an unstructured slipper a3 (left) and balance for 

different step heights and step positions (right) 
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impact on the balance, while it strongly changes the balance for the structured slippers (a1, 
a2 and a4) especially for smaller gap heights below 10 µm. It is particularly noticeable that 
the designs a1 and a2 with a smaller gap at the inner ring have less lift for smaller gap 
heights, dropping below 80 % for a 3 µm gap height. Design a4 on the other side exhibits a 
balance of over 140 % for a 3 µm gap height providing extra lift in case of critical mixed 
friction conditions. All designs have a pocket radius of 7.2 mm. 
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Figure 4.2 right illustrates the balance for different pocket diameters ranging from 7-8 mm 
and gap heights from 3-30 µm for the structured design a1. While the pocket diameter has a 
linear impact on the balance value, the impact of the gap height on the balance value is 
significantly higher at lower gap heights. 

 
Figure 4.2. Influence of gap height on balance for different designs a1-a4 (left) and 

balance for different pocket diameter and gap height combinations for design a1 (right) 

4.1.2. Influence on hydrodynamic lift and tilting moment 
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The lower part of the figure presents a qualitative representation of the resulting 
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external pressure of 0 bar without any slipper tilt. The direction of movement u is defined to 
the right. The triangular hydrodynamic pressure build-up caused by the step corresponds to 
that of a parallel-step bearing, as shown in Figure 3.1.  

 
Figure 4.3. Radial cross-sectional profiles of designs a1, a2, and a4 (top) and 

corresponding qualitative hydrodynamic pressure distribution at 500 rpm (bottom) 
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A diverging gap in the direction of motion leads to a positive pressure build-up, whereas a 
converging gap results in a negative pressure. While negative pressures cannot occur in 
reality and are merely the result of a mathematical solution under the given boundary 
conditions, the simplified example nonetheless illustrates the effect induced by the step. In 
a physical system, a liquid cannot sustain significant tension, and the pressure will not drop 
below the fluid's cavitation pressure. A smaller gap at the inner radius (as for a1 and a2) 
causes an uneven hydrodynamic pressure distribution due to the wedge effect in the flow 
direction, resulting into a positive tilting moment, causing the slipper to pitch upward and 
align itself in a way that promotes further hydrodynamic pressure build-up. In contrast, a 
step in the opposite direction as for design a4 induces a negative tilting moment, which may 
cause the slipper to “sink” or lose its load-carrying capacity. 

Figure 4.4 illustrates the tilting moments generated by the step structure and calculated with 
a 20 µm gap height and a dynamic viscosity of 𝜂𝜂 = 0.0705 Pas. Positioning the step near 
the inner radius results in a positive tilting moment, which acts to pitch the slipper upward 
and enhance hydrodynamic support. In contrast, a step near the outer radius creates a 
negative, potentially destabilizing moment. This fundamental behavior aligns with the 
principles first established by Lord Rayleigh for ideal parallel-step bearings, which predict 
an optimal configuration for maximizing lift (refer to formula (3.2)) [20].  

  
Figure 4.4. Tilting moment generated by hydrodynamic pressure for various step heights 

and step positions on the sealing land 

The results in Figure 4.4 show that for the slipper geometry in this study, the maximum 
positive tilting moment is found for a step position of approximately 40 % of the sealing 
land width. This is in the same region as, though slightly outward from, the theoretical 
optimum of ~30 % predicted by Rayleigh's theory. Similarly, the optimal step height of 
around 10 µm (for a 20 µm gap) is in the same order of magnitude as the classical prediction, 
confirming the validity of the general principle. 

4.2. b) Parabolic structure 

4.2.1. Influence on hydrostatic pressure and balance 

The parabolic design is showing a typical wear profile of the slipper sealing land. Starting 
with the influence of the parabolic design parameters Ain, Aout and Amin on the hydrostatic 
behavior, Figure 4.5 (left) shows the pressure profiles across the sealing land. The reference 
design b3, without any structural modification, is shown as a dashed line. The colored curves 
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illustrate four modified designs: b1 and b2 feature a parabolic recess at the outer radius with 
depths of 10 µm and 5 µm respectively, that can for example be caused by slipper tilting. b4 
and b5 have a recess at the inner radius with the same depths and can be produced by convex 
deformation of the slipper surface. As already observed in the step design, material removal 
at the outer radius (b1, b2) causes a reduction in pressure compared to the unprofiled 
reference, whereas a recess at the inner radius (b4, b5) leads to an increase in pressure. This 
behavior corresponds to a decrease or increase in the hydrostatic balance of the slipper, as 
shown in the right plot of Figure 4.5. Here, the design space covers also quadratic designs 
with a recess at both, the outer and inner radius, with a curve minimum at Amin=50 %. 

 

 
Figure 4.5. Hydrostatic pressure drop over the sealing land for different parabolic designs 
b1-b5 (left) and hydrostatic balance map for different combinations of the parameters Ain 

and Aout, with different curve minimums Amin (right) 

Further balance maps with different curve minimums at 20, 50 and 80 % are presented in 
Figure 4.6. A shift of the curve minimum to the inner radius reduces the balance while a 
shift to the outer radius increases the balance, aligning with the trends of the step design. 

 
Figure 4.6. Influence of quadratic curve minimum Amin on balance for different 

combinations of Ain and Aout 
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4.2.2. Influence on hydrodynamic lift and tilting moment 

In Figure 4.7 on the top, the radial cross-sectional profiles of the three designs b2, b6 and b4 
are drawn in more detail. Below, the corresponding qualitative hydrodynamic pressure 
distributions are calculated at 20 µm gap height, 500 rpm and no slipper tilt. Design b2 and 
b4 produce the same hydrodynamic pressure however mirrored such that wear at the outer 
radius results in a positive tilting moment, while wear at the inner radius produces a negative 
tilting moment. A recess at the inner and outer radius (b6) varies the hydrodynamic pressure 
according to the positive and negatives edges of the profile. In total, a slightly positive tilting 
moment result. 

 
Figure 4.7. Radial cross-sectional profiles of designs b2, b6 and b4 (top); corresponding 

qualitative hydrodynamic pressure distribution at 500 rpm (bottom) 

Figure 4.8 summarizes the tilting moments of a wide range of combinations of the parabolic 
design parameters Ain and Aout for three different values of Amin. The more at the inner radius, 
the curve minimum exists, the more the recess at the outer radius dominates resulting into a 
broader area of a positive tilting moment (compare the large red area in the left plot with the 
large blue area in the right plot). 

 
Figure 4.8. Tilting moment generated by hydrodynamic pressure for different quadratic 

curve minimums Amin over Ain and Aout 

-10 0 10

0

2

4

6

Pr
of

ile
 [µ

m
]

-10 0 10
Radius [mm]

-4

-2

0

2

4

Pr
es

su
re

 [b
ar

]

-10 0 10

0

2

4

6

-10 0 10
Radius [mm]

-4

-2

0

2

4

-10 0 10

0

2

4

6

-10 0 10
Radius [mm]

-4

-2

0

2

4

Design b2 Design b6 Design b4

u

Amin = 20%

0

50

100

0 5 10 15
Ain [µm]

0

5

10

15

A ou
t [µ

m
]

-200

-100

0

100

200

Ti
lti

ng
 m

om
en

t [
N

m
]

Amin = 50%

-100

-50

0

5010
0

0 5 10 15
Ain [µm]

0

5

10

15

A ou
t [µ

m
]

-200

-100

0

100

200

Ti
lti

ng
 m

om
en

t [
N

m
]

Amin = 80%

-10
0

-5
00

50

0 5 10 15
Ain [µm]

0

5

10

15

A ou
t [µ

m
]

-200

-100

0

100

200

Ti
lti

ng
 m

om
en

t [
N

m
]

Amin = 50%Amin = 20% Amin = 80%

b2

b4

b6

Nochmal neu 
gemacht mit 500rpm, 
100bar, 20µm - aber 
aus irgendeinem 
Grund kommt was 
anderes raus :(

Amin = 20%

0

50

0 5 10 15
Ain [µm]

0

5

10

15

A ou
t [µ

m
]

-200

-100

0

100

200

Ti
lti

ng
 m

om
en

t [
N

m
]

Amin = 50%

-50

0

50

0 5 10 15
Ain [µm]

0

5

10

15

A ou
t [µ

m
]

-200

-100

0

100

200

Ti
lti

ng
 m

om
en

t [
N

m
]

Amin = 80%

-5
0

0

0 5 10 15
Ain [µm]

0

5

10

15

A ou
t [µ

m
]

-200

-100

0

100

200

Ti
lti

ng
 m

om
en

t [
N

m
]

b2

b4

b6



 12 

4.2.2. Influence on hydrodynamic lift and tilting moment 

In Figure 4.7 on the top, the radial cross-sectional profiles of the three designs b2, b6 and b4 
are drawn in more detail. Below, the corresponding qualitative hydrodynamic pressure 
distributions are calculated at 20 µm gap height, 500 rpm and no slipper tilt. Design b2 and 
b4 produce the same hydrodynamic pressure however mirrored such that wear at the outer 
radius results in a positive tilting moment, while wear at the inner radius produces a negative 
tilting moment. A recess at the inner and outer radius (b6) varies the hydrodynamic pressure 
according to the positive and negatives edges of the profile. In total, a slightly positive tilting 
moment result. 

 
Figure 4.7. Radial cross-sectional profiles of designs b2, b6 and b4 (top); corresponding 

qualitative hydrodynamic pressure distribution at 500 rpm (bottom) 

Figure 4.8 summarizes the tilting moments of a wide range of combinations of the parabolic 
design parameters Ain and Aout for three different values of Amin. The more at the inner radius, 
the curve minimum exists, the more the recess at the outer radius dominates resulting into a 
broader area of a positive tilting moment (compare the large red area in the left plot with the 
large blue area in the right plot). 

 
Figure 4.8. Tilting moment generated by hydrodynamic pressure for different quadratic 

curve minimums Amin over Ain and Aout 

-10 0 10

0

2

4

6

Pr
of

ile
 [µ

m
]

-10 0 10
Radius [mm]

-4

-2

0

2

4

Pr
es

su
re

 [b
ar

]

-10 0 10

0

2

4

6

-10 0 10
Radius [mm]

-4

-2

0

2

4

-10 0 10

0

2

4

6

-10 0 10
Radius [mm]

-4

-2

0

2

4

Design b2 Design b6 Design b4

u

Amin = 20%

0

50

100

0 5 10 15
Ain [µm]

0

5

10

15

A ou
t [µ

m
]

-200

-100

0

100

200

Ti
lti

ng
 m

om
en

t [
N

m
]

Amin = 50%

-100

-50

0

5010
0

0 5 10 15
Ain [µm]

0

5

10

15

A ou
t [µ

m
]

-200

-100

0

100

200

Ti
lti

ng
 m

om
en

t [
N

m
]

Amin = 80%

-10
0

-5
00

50

0 5 10 15
Ain [µm]

0

5

10

15

A ou
t [µ

m
]

-200

-100

0

100

200

Ti
lti

ng
 m

om
en

t [
N

m
]

Amin = 50%Amin = 20% Amin = 80%

b2

b4

b6

Nochmal neu 
gemacht mit 500rpm, 
100bar, 20µm - aber 
aus irgendeinem 
Grund kommt was 
anderes raus :(

Amin = 20%

0

50

0 5 10 15
Ain [µm]

0

5

10

15

A ou
t [µ

m
]

-200

-100

0

100

200

Ti
lti

ng
 m

om
en

t [
N

m
]

Amin = 50%

-50

0

50

0 5 10 15
Ain [µm]

0

5

10

15

A ou
t [µ

m
]

-200

-100

0

100

200

Ti
lti

ng
 m

om
en

t [
N

m
]

Amin = 80%

-5
0

0

0 5 10 15
Ain [µm]

0

5

10

15

A ou
t [µ

m
]

-200

-100

0

100

200

Ti
lti

ng
 m

om
en

t [
N

m
]

b2

b4

b6

 13 

5. COMPARISON WITH SIMPLIFIED SIMULATION RESULTS 
To validate the fundamental trends observed in the simplified analytical model, a 
comparison is made with the comprehensive FSTI CASPAR simulation. This step is 
necessary to confirm that the basic physical effects predicted by the static, analytical 
approach hold true within a more complex simulation that seeks a system's force and 
moment equilibrium. However, a direct quantitative validation presents a methodological 
challenge. The analytical approach calculates forces for a predefined, fixed gap height, 
producing maps of force balances versus geometry. In contrast, the FSTI simulation is 
designed to find the system's equilibrium state. It iteratively adjusts the gap height and 
slipper tilt until the forces and moments precisely balance the external loads (e.g., the piston 
force). Consequently, the simulation's primary output is the final equilibrium gap height for 
a given operating point, not a map of forces at various non-equilibrium gap heights. 

5.1. Simulation setup and parameter selection 

To create a qualitative comparison despite this fundamental difference, several steps were 
taken. First, the FSTI simulation was simplified to more closely match the assumptions of 
the analytical model by deactivating squeeze effects and deformations. Second, a key 
challenge was identifying simulation parameters that yielded stable, converged results with 
physically meaningful gap heights for all designs. Many initial simulations failed to 
converge. Therefore, only a smaller selection of the step designs a1-a4 is chosen for the 
comparison. Runs with a smaller pocket radius (7.2 mm, as used in the analytical study) 
resulted in predicted gap heights that were too small, particularly for design a1. This 
approached a mixed-friction regime that the simulation cannot accurately depict. 
Consequently, a larger pocket radius of 8.2 mm was selected. At an operating condition of 
100 bar and 500 rpm, this configuration produced reasonable and comparable equilibrium 
gap heights.  

Figure 5.1 (left) illustrates the slipper coordinate system, in which the direction of movement 
is defined by xG and the velocity by u. The high- and low-pressure regions are marked in red 
and blue and the angle of rotation is defined by 𝜙𝜙, which ranges from 0 to 360°. 
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Figure 5.1 (right) presents the resulting mean gap heights for designs a1-a4 over one pump 
revolution, with shaded regions indicating the spread between minimum and maximum 
values. As predicted by the analytical balance calculations, design a1, which has the lowest 
hydrostatic balance, also exhibits the lowest minimum gap heights in the simulation. The 
maximum value of the curves during the low-pressure phase is due to the slipper hold-down 
mechanism, which limits the maximum gap height to 90 µm. The red dotted line indicates a 
rotation angle of 60°, at which point gap heights and pressure fields are evaluated further. 

The next two paragraphs analyze the influence of the meso-structures on the hydrostatic and 
hydrodynamic pressure build-up in isolation. As the outputs of the FSTI simulation comprise 
the results of the total Reynolds equation, it is necessary to separate the hydrostatic and 
hydrodynamic components of the pressure field from the final simulation outputs. To 
achieve this, a post-processing script was used [23], which implements the methodology for 
pressure component separation proposed by Ernst and Vacca [18]. This method first uses 
the results from the full fluid-structure interaction simulation (total pressure ptot and 
equilibrium gap height). It then resolves the Reynolds equation using only the hydrostatic 
(Poiseuille) term, treating the final gap height and fluid properties as known constants. The 
resulting pressure field is the pure hydrostatic component (ps), and the hydrodynamic 
component (pd) is subsequently found by subtraction: pd = ptot - ps [18]. 

Figure 5.2 illustrates the results of the pressure separation for design a2 at 60° during the 
high-pressure phase. The gap height distribution (left) reveals the slipper's backward tilt, 
which directly influences the pressure fields. The hydrostatic component (middle) exhibits 
the expected radial symmetry, whereas the hydrodynamic component (right) reflects the 
wedge effect created by the tilt: regions of positive pressure (yellow) form where the gap 
converges, and sub-ambient pressure (blue) develops at the location of smallest gap height. 
It should be noted that the negative pressure values are a mathematical result of the 
separation methodology. In reality, the fluid cannot sustain such tensions and would cavitate; 
however, this does not affect the validity of the qualitative trends. The red dotted line in b) 
marks the path analyzed in Figure 5.3. 

 
Figure 5.2. Gap height (left), hydrostatic (middle) and hydrodynamic (right) pressure fields 

for design a2 at 60°; the red dotted line marks the path analyzed in Figure 5.3. 
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Figure 5.1 (right) presents the resulting mean gap heights for designs a1-a4 over one pump 
revolution, with shaded regions indicating the spread between minimum and maximum 
values. As predicted by the analytical balance calculations, design a1, which has the lowest 
hydrostatic balance, also exhibits the lowest minimum gap heights in the simulation. The 
maximum value of the curves during the low-pressure phase is due to the slipper hold-down 
mechanism, which limits the maximum gap height to 90 µm. The red dotted line indicates a 
rotation angle of 60°, at which point gap heights and pressure fields are evaluated further. 
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hydrodynamic components of the pressure field from the final simulation outputs. To 
achieve this, a post-processing script was used [23], which implements the methodology for 
pressure component separation proposed by Ernst and Vacca [18]. This method first uses 
the results from the full fluid-structure interaction simulation (total pressure ptot and 
equilibrium gap height). It then resolves the Reynolds equation using only the hydrostatic 
(Poiseuille) term, treating the final gap height and fluid properties as known constants. The 
resulting pressure field is the pure hydrostatic component (ps), and the hydrodynamic 
component (pd) is subsequently found by subtraction: pd = ptot - ps [18]. 

Figure 5.2 illustrates the results of the pressure separation for design a2 at 60° during the 
high-pressure phase. The gap height distribution (left) reveals the slipper's backward tilt, 
which directly influences the pressure fields. The hydrostatic component (middle) exhibits 
the expected radial symmetry, whereas the hydrodynamic component (right) reflects the 
wedge effect created by the tilt: regions of positive pressure (yellow) form where the gap 
converges, and sub-ambient pressure (blue) develops at the location of smallest gap height. 
It should be noted that the negative pressure values are a mathematical result of the 
separation methodology. In reality, the fluid cannot sustain such tensions and would cavitate; 
however, this does not affect the validity of the qualitative trends. The red dotted line in b) 
marks the path analyzed in Figure 5.3. 
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Those minor deviations may arise from the pressure component separation methodology 
[18]. 

 
Figure 5.3. Pressure drop over the leading sealing land for all designs a1-a4 at 60° pump 

revolution from simulation (left) and analytically calculated (right) 
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similar to the analytical results for a parallel-step bearing (refer to Figure 2.2), confirming 
that the step is the primary driver of this hydrodynamic effect. 

 
Figure 5.5. Hydrodynamic pressure field at 𝜙𝜙 = 30° for design a2 (left) and hydrodynamic 

pressure distribution through x-axis (right) 
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similar to the analytical results for a parallel-step bearing (refer to Figure 2.2), confirming 
that the step is the primary driver of this hydrodynamic effect. 

 
Figure 5.5. Hydrodynamic pressure field at 𝜙𝜙 = 30° for design a2 (left) and hydrodynamic 

pressure distribution through x-axis (right) 
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Beyond the fundamental design trade-offs, the analytical maps presented in this study also 
provide practical guidance for manufacturing. The contour lines indicate that certain 
parameters are more tolerant to manufacturing variations than others. For instance, the step 
position shows relatively flat gradients in the mid-range of the sealing land (approximately 
30–60%), meaning that moderate positional deviations have limited impact on the 
hydrostatic balance. In contrast, the step height exhibits steeper gradients and thus requires 
tighter manufacturing tolerances to achieve the target performance. This insight is 
particularly valuable for industrial implementation, as it allows manufacturers to focus 
precision efforts on the most sensitive parameters while relaxing tolerances where the design 
is inherently robust. 

The findings of this study, particularly the trade-off between hydrostatic balance and 
hydrodynamic tilting moment, and the non-linear sensitivity of meso-structures at small gap 
heights, are governed by thin-film lubrication physics and are therefore expected to be 
transferable to other tribological interfaces in displacement pumps. This includes the valve 
plate-cylinder block and piston-cylinder bore interfaces in axial piston pumps, as well as the 
axial thrust bearings in external gear pumps. 
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