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A B S T R A C T   

Leakage is always a concern in the interface between the cylinder block and the head. Nowadays, sealing of this 
interface is almost exclusively achieved by multi-layer steel head gaskets. However, it is not only the gasket’s 
quality that is responsible for perfect sealing. An equally important role is played by the surface topography of 
the mating surfaces. The top surface of the cylinder block and the bottom surface of the cylinder head are 
machined by face-milling and present periodic tool marks features. Based on the surface topography measured by 
high definition metrology, this paper presents a novel sealing analysis method to evaluate the sealing perfor-
mance of the critical topography region around the combustion chambers. The method consists of three modules: 
tool paths or channels reconstruction, sealing region segmentation based on channels’ directions, and sealing 
analysis on sealing regions with different channel directions. An engineering case demonstrates the sealing 
analysis procedures and verifies the effectiveness of the sealing analysis method. The analysis of 12 ring-shaped 
sealing regions found that channels’ directions do have a significant impact on surfaces’ sealing properties. 
Circumferential channels or paths are advantageous for surface sealing, while radial channels are prone to 
leakage.   

1. Introduction 

Leakage is always an important concern in the interface between the 
cylinder block and the head. Once leakage happens, it will cause engine 
power reduction, engine overheating, and even engine failures. Fig. 1 
shows a cylinder head with a leakage problem, the leakage area is 
contaminated by carbon deposition and blackening marks. The red cir-
cles in Fig. 1 outline some marks of the leakage and the sealing of this 
interface is a failure. 

The sealing of the interface between the cylinder block and the head 
is mainly influenced by the gasket, the mating surfaces’ topography and 
the bolt torque [1]. Increasing high ignition pressures and temperatures 
lead to high stresses for head gaskets. The multi-layer steel (MLS) gasket 
is developed to adapt to the trend of engine design and offers higher 
sealing potential [2,3]. A typical 3-layer MLS head gasket with a top 
layer, a stopper layer and a bottom layer is shown in Fig. 2. Beads around 
combustion chambers and oil/coolant passages increase the local seal-
ing pressure (macro sealing), whilst full-surface or partial elastomer 
coatings provide additional sealing tightness (micro sealing) [4,5]. 

Despite a carefully designed gasket, the leakage can still occur during 

practical operation due to numerous possible causes. In total, seven 
different types of media leakage could occur with MLS head gaskets, and 
they are outlined in Fig. 3. Among the seven types of leakage, the gas 
leakage between combustion chambers is most harmful and it is also a 
difficult leakage problem to overcome. Once the high-temperature 
combustion gas blows by the gasket surface, the gasket will be des-
tructed and lose its sealing capacity soon. Therefore, this paper mainly 
focuses on the sealing regions around combustion chambers. 

The sealing performance of the interface between the cylinder block 
and the head not only relies on the gasket’s quality but also depends on 
the surface qualities of the cylinder head and engine block. The quality 
of the surface finish of the two mating surfaces is a decisive factor for 
sealing results [6]. However, the surface topography of the mating 
surfaces is affected by many processes factors and consists of multiscale 
machining errors. To ensure the sealing pressures around combustion 
chambers are higher than the highest ignition pressure, the torque of the 
bolt is several times of theoretical values in engineering practice. 
However, too much bolt torque not only increases the sealing pressures 
but also enlarges the distortion of cylinder bores and reduces the elastic 
recovery capacity of gaskets. It is desired to lower the torque of the bolts 
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without reducing sealing performance. 
In general, the better the surface finish, the lower the torque required 

to achieve sealing. However, the relationship between surface topog-
raphy and its sealing capacity is unclear. Understanding the sealing 
properties of surface topographies is of great importance for gasket 
optimum design and reducing the required torque of bolts. Many efforts 
have been taken to clarify the sealing capacity of rough surface 
topographies. 

Persson et al. proposed a critical junction theory to estimate the leak 
rate of static seals based on fractal geometry and percolation theory 
[7–9]. Bottiglione et al. extended the critical junction theory by 
considering multiple leakage channels to explain the leakage in flat seals 
[10,11]. Effective-medium theory of leak rates was developed further by 
Persson et al. to explain the leakage mechanism of rubber seals and this 
theory is in good agreement with experimental data [12]. Pérez-Ràfols 

et al. presented a model to study the leakage through metal-to-metal 
seals accounting for both the surface waviness (spiral grooves) and 
roughness [13]. Lorenz and Persson found that the leak rate of seals 
depends sensitively on the skewness in the surface height probability 
distribution through critical-junction theory analysis and experimental 
data verification [14]. Ledoux et al. researched the impact of modal 
contents of surface defects on flat seal efficiency and found that the 
common roughness specification is not a relevant one to ensure sealing 
performance [15]. Hao et al. investigated the effect of surface topog-
raphy parameters (including surface roughness, circumferential wavi-
ness and radial taper) on the liquid film sealing performance, and found 
that waviness is the most significant influencing factor [16]. Liu et al. 
investigated the effect of the topography of face-milled surfaces on ad-
hesive sealing performance and found that the surface roughness could 
enhance the contact area between adhesive and joint machined surfaces, 
and also adhesive strength [17]. Zhang et al. proposed an approach to 
calculate leak channels and leak rates based on measured surface 
topography and finite element method [18]. Malburg considered the 
adaptability of gaskets and proposed to simulate the contact distribution 
by morphological closings on waviness profiles [19]. Later, such thought 
was extended to three-dimensional cases by Shao et al. and a leakage 
monitoring method based on measured surface topography was pro-
posed [20,21]. 

Most researches about leakage mechanism are built on an assump-
tion of isotropic surface topography. However, engineering surfaces 
produced by different machining methods present different character-
istics. Face-turning and face-milling are two general manufacturing 
technologies to produce smooth surfaces with anisotropic surface 
topography. And the most important anisotropy of the surface topog-
raphy is produced by the cutting tool trajectories, which are rarely 
emphasized in current literature. Deltombe et al. compared two kinds of 
surface finishing of rods used for sealing and found that a repeated 
pattern perpendicular to the leaking direction could enhance sealing 

Fig. 1. A cylinder head with the leakage problem.  

Fig. 2. A typical 3-layer MLS head gasket.  

Fig. 3. Seven types of media leakage on head gaskets.  
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performance [22]. Yang et al. investigated the relationship between the 
percolation threshold (equals to one minus critical contact area per-
centage) and the rough surface anisotropy and found that surface 
anisotropy has a significant impact on the percolation threshold [23]. 
Liao et al. proposed a leakage model of metallic static seals based on the 
micromorphology of face-turned surfaces [24]. The experiment data and 
leakage model both found that the magnitude of the radial leakage is 
much greater than that of the circumferential leakage rate when the 
contact pressure is small. And with the increase of contact pressure, the 
leakage will transit from radial leak to circumferential leak. 
Robbe-Valloire and Prat analyzed the sealing properties of face-turned 
surfaces’ topography based on the waviness-motif method [25]. The 
cutting tool trajectories play a significant role in leakage estimation 
since radial leakage is quite different from circumferential leakage. The 
same analysis logic is also appropriate for face-milled surfaces. The top 
surface of cylinder blocks and bottom surface of cylinder heads are two 
key sealing surfaces produced by face-milling and face severe leakage 
risks. The motivation of this paper is to present a model for sealing 
analysis of face-milled surfaces and research the impact of tool paths’ 
directions on sealing properties. 

The precondition of sealing analysis of face-milled surfaces is to 
obtain the topography of the full surfaces. In recent years, a non-contact 
measurement instrument named high definition metrology (HDM) is 
developed to fulfill the demand of measuring large plane surfaces with 
full resolution. Based on the principle of laser holographic interference, 
HDM could generate millions of data points for an engineering surface. 
The HDM equipment and an engine head measured by HDM are shown 
in Fig. 4. Based on this novel measurement platform, several studies 
about the three-dimensional surface topography have been developed 
including surface error evaluation [26,27], surface segmentation [28] 
and leakage path exploration [21,29]. A comprehensive study on surface 
quality control and application using high definition metrology is 
included in a recently published book [30]. 

With the newly developed measurement platform, the main contri-
bution of this paper is to propose a sealing analysis framework for face- 
milled surfaces’ topography considering the cutting tool trajectories. 
The topography around the combustion chamber is sampled first ac-
cording to the gasket bead width. The tool paths or channels are 
reconstructed by a newly developed surface segmentation methodology 
[28]. The critical region around the combustion chamber is divided into 
two kinds of sub-regions based on channels’ directions, and each 
sub-region is analyzed by a contact simulation and sealing analysis 
method. The contact area percentage threshold (CAPT, the minimum 
contact area required to stop leakage) is found by a binary searching 
algorithm. 

The remainder of this paper is organized as follows. The detailed 
sealing analysis workflow is presented in Section 2. In Section 3, a case 
study demonstrates the sealing analysis procedures and draws some 
practical engineering conclusions. Section 4 summarizes this study and 
discusses the future research directions. 

2. Methodology 

An overview of the sealing analysis method is shown in Fig. 5. It 
mainly consists of the following three modules. 

Module 1: The medium-scale component of face-milled surfaces’ 
topography consists of periodic tool marks produced by tool trajectories. 

Fig. 4. Measurement by HDM  

Fig. 5. Framework of the sealing analysis of face-milled surfaces.  
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The deep grooves of each tool path could be considered as potential 
leakage channels. To reconstruct the tool paths or channels, a recently 
developed surface segmentation method proposed by Yin et al. [28] is 
adopted to detect the potential leakage channels. 

Module 2: Potential leakage channels could be classified into radial 
channels and circumferential channels according to their angle separa-
tions from their radial directions. An angle separation threshold value is 

found to distinguish circumferential channels from radial channels. 
Based on different orientations of channels, a region segmentation 
method is proposed to divide the critical sealing topography into four 
distinct sub-regions. 

Module 3: For each sub sealing region, a three-dimensional 
morphological closing operation is adopted to simulate the contact 
distribution and evolution on the interface between cylinder gaskets and 
face-milled surfaces. Different from the traditional ball or flat struc-
turing elements, a novel ellipsoid structuring element is proposed to 
speed up the closing operations and reduce the end effect of morpho-
logical operations. To study the influence of channel directions on 
topography sealing properties, a contact area percentage threshold 
(CAPT) searching algorithm is proposed. It could find the minimum 
contact area required to stop leakage for sealing regions with different 
channel directions. 

2.1. Tool paths reconstruction 

Face-milled surfaces present distinct periodic tool marks, as shown in 
Fig. 6. In this paper, the local peaks of milled surface topography are 
called tool marks (the dotted lines in Fig. 6 present the concept of tool 
marks). And the local grooves are considered as potential leakage 

Fig. 6. Surface appearance of the face-milled workpiece.  

Fig. 7. The workflow to reconstruct tool paths.  

Fig. 8. Example of scale-limited surfaces selection by periodic degree.  
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channels. Due to multiple processing errors, tool marks and grooves are 
contaminated by other machining errors and far from ideal shapes. To 
clarify the relationship between face-milled surface topography and its 
sealing performance, the first step is to reconstruct the tool paths from 
measured surface topography. Local grooves and tool marks are a pair of 
opposite concepts. For a reversed face-milled surface topography, the 

tool marks changed into local grooves and local grooves become tool 
marks. So, the first step only focuses on tool marks reconstruction, and 
the local grooves could be reconstructed in the same manner using the 
reversed topography. A recently proposed face-milled surface topog-
raphy segmentation methodology in the previous research [28] is 
adopted to reconstruct the tool marks and local grooves. A flowchart of 
the approach is shown in Fig. 7, and the detailed procedures are 
reviewed as follows: 

Step1: Since tool marks are mixed with other machining errors, the 
milled surface topography must be filtered to get the scale-limited sur-
face (filtered surface component with certain cutoff wavelengths) that 
shows the tool marks most clearly. Because the tool marks are generated 
by periodic rotational motion, the scale-limited surface mainly consists 
of tool marks must present high periodic features. Therefore, a new 
concept called “periodic degree” is proposed to select the scale-limited 
surface with the highest periodic degree. Periodic degree (PD, see 
equation (1)) is defined as the ratio of the secondary peak height (Hsp) to 
the highest peak height (Hhp) on the areal auto-covariance function 
(AACV, see equation (2)) map. To avoid noisy fake peaks, the “peak” is 
defined as any point that rises above forty-eight nearest neighbors on the 
AACV map. 

PD=
Hsp

Hhp
(1)  

Fig. 9. Workflow and an example of broken tool marks identification and repairing.  

Fig. 10. An angle thresholding method to classify potential leakage channels.  
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Fig. 11. Orientation estimation with ellipsoid fitting.  

Fig. 12. Illustration of the radial angles and the angular separations.  

Fig. 13. The tool profile and the corresponding simulated tool trajectories.  
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AACV(j′ , i′ ) =
1

nx × ny

∑nx− i′

i=1

∑ny− j′

j=1
z(j, i)z(j+ j′ , i+ i′ ), 0 ≤ j

′

≤ ny − 1, 0 ≤ i′

≤ nx − 1
(2) 

A simulated surface (shown in Fig. 8(a)) containing form error, pe-
riodic noises and random noises is decomposed by biorthogonal wave-
lets in a recursive form of Ai = Ai+1 + Di+1 (define Di = DH

i + DV
i + DD

i and 
A0 is the original surface). The scale-limited surfaces D1~D5 are shown 
in Fig. 8(b) ~ (f), and the corresponding AACV plots are shown in Fig. 8 
(g) ~ (k) respectively. By periodic degree calculation, the scale-limited 
surface D4 is selected for tool marks extraction as expected. 

Step2: A local thresholding method is applied to the selected scale- 
limited surface to separate tool marks from the background. Local 
threshold has the advantage of adapting surface fluctuations since it is 
determined only by the properties of a small neighborhood of a point. 

Let σxy and mxy denote the standard deviation and mean value of the 
heights of adjacent points centered at (x, y). The local threshold is 
defined as equation (3), where a and b are nonnegative constants. 

Txy = aσxy + bmxy (3) 

Step 3: Due to irregularities of real surfaces, tool marks may be un-
connected after thresholding. The size of the breakage gaps is usually 
smaller than the distance of adjacent tool marks, the inter-region dis-
tance (IRD) matrix could be used to identify broken tool marks. The 
element IRD (i, j) represents the minimum distance between the region 
labeled i and j, and it is defined as equation (4). The maximum of min 
(IRD) (minimum column by column) is approximately the distance be-
tween adjacent tool marks. The adaptive distance threshold DT could be 
set to a proportion of max(min(IRD)) according to engineering experi-
ences, as equation (5) expresses. 

IRD(i, j)=min
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

xi
p − xj

q

)2
+
(

yi
p − yj

q

)2
√

(
p= 1, 2,⋯,Ni, q= 1, 2,⋯,Nj, i∕= j

)

(4)  

DT =C × max(min(IRD)) (5) 

The identified broken tool marks could be repaired by the repairing 

Fig. 14. A sampled ring-shaped topography and the potential leakage channels.  

Fig. 15. Angular separations of the potential leakage channels with 
radial directions. 

Fig. 16. The principle of sealing region segmentation.  
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algorithm (for details, see Ref. [28]). The workflow to identify and 
repair broken tool marks is illustrated in Fig. 9(a), and an example of the 
identification and repairing processes is shown in Fig. 9(b) ~ (g). 

2.2. Sealing region segmentation 

The deep grooves along with tool paths are potential leakage chan-
nels. Radial channels face severe leakage risks, while circumferential 
channels could prevent leakage with little contact area. To reveal this 
intrinsic different effect brought by the different orientations of chan-
nels, an angle-based classification algorithm is proposed to distinguish 
such two kinds of channels. The procedures are outlined in Fig. 10 and 
described as follows: 

Step1: The shape of potential leakage channels is close to a straight 
line. And the orientation of channels could be estimated by the angle 
between the x-axis and the major axis of the ellipse that has the same 
second-moments as the channel region. The orientation value is deter-
mined by the acute angle, ranging from − 90 to 90◦. Fig. 11 illustrates an 
example of the orientation of the channel. The left side of the figure 
shows a channel region and its corresponding fitting ellipse. The right 
side shows the same ellipse with the solid blue lines representing the 
axes, and the orientation is the angle α between the horizontal black 

dotted line and the major axis. Note that α is a negative value in Fig. 11. 
Step2: The radial direction angle of channels is represented by the 

angle of the line connecting the center point of the bore and the centroid 
(average value of coordinates in that region) of the channel regions. 
Suppose the centroid of a channel is (x, y) and the center point of the 
bore is (xc, yc), then the radial angle βof the channel could be calculated 
as equation (6). Fig. 12(a) shows the radial angle with the x-axis. Note 
that β is also an acute angle ranging from − 90 to 90◦. 

β= arctan
y − yc

xc − x
(6) 

Step 3: The angular separation γ between the radial line and the 
channel orientation reflects the deviation of the channel’s direction to 
the radial direction. To avoid negative angle values or obtuse angle 
values, the angular separations are computed by equation (7). Fig. 12(b) 
shows the concept of angular separations. 

γ =
{
|α − β| if ​ |α − β| ≤ 90 ​
180 − |α − β| if |α − β| > 90 (7) 

Step 4: The circumferential channels’ orientations are nearly 
perpendicular to the radial directions. So an angular separation 
threshold θT could be used to distinguish the radial channels from the 
circumferential channels, as indicated by equation (8). 
{

channel ​ i ∈ radial ​ channels if γi < θT
channel ​ i ∈ circumferential ​ channels if γi ≥ θT

(8) 

To demonstrate the channels classification algorithm more clearly, a 

Fig. 17. The sealing region segmentation result of the simulated surface.  

Fig. 18. The idea of replacing circle elements with ellipse elements.  

Fig. 19. Parameters of the oblate ellipsoid elements.  
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simulated face-milled tool trajectory is tested. The point cloud of the 
face-milled surface is simulated according to equation (9). H(R) sketches 
the profile of the tool along the radial direction. A point cloud of face- 
milled tool trajectories is simulated according to the tool profile 
shown in Fig. 13(a) with milling parameter w = 136 rad/s, feed spacing 
= 8mm/r, and the point cloud is shown in Fig. 13(b). 
⎧
⎨

⎩

x = R sin wt + ft
y = R cos wt
z = H(R)

(9) 

The ring-shaped region around the combustion chamber is a critical 
topography for sealing. A ring-shaped region is sampled from the 
simulated topography with an inner radius of 40 mm and an outer radius 
of 50 mm. Fig. 14(a) shows the topography of the sampled region, the 
periodic tool marks and grooves are dominant. Suppose the grooves with 
heights lower than 0.1 mm are potential leakage channels, with a simple 
global thresholding method, the potential leakage channels could be 
found. With a region labeling algorithm, the potential leakage channels 
are labeled and shown in Fig. 14(b). Following the proposed angle-based 
channels classification algorithm, the angular separations between 
channels’ orientations and their radial directions could be calculated 
and shown in Fig. 15. From Fig. 15, it is clear that the angular separation 

of circumferential channels is close to 90◦, while the angular separation 
of radial channels is less than 70◦. So the angle threshold θT could be set 
to be 80◦, an appropriate value to distinguish circumferential channels 
from radial channels. The physical meaning of such a classification is 
that radial channels will connect the combustion chamber with outer 
spaces and they face high leakage risks, while the circumferential 
channels only connect outer spaces and won’t cause gas leakage from 
combustion chambers. 

Based on the analysis above, radial channels face significantly 
different leakage risks from circumferential channels. It is essential to 
divide the ring-shaped sealing region into different parts according to 
the channels’ directions to study their leakage characteristics. For an 
isotropic surface topography, the leakage direction is along the radial 
direction. So radial lines connecting the chamber center with endpoints 
of the two longest circumferential channels are adopted as segmentation 
lines. The principle of radial segmentation is outlined in Fig. 16. The 
segmentation result of the sampled ring-shaped region from simulated 
topography in Section 2.2 is shown in Fig. 17. Channels in sub-regions 
R1 and R4 are circumferential, while channels in sub-regions R2 and 
R3 are radial. 

Fig. 20. Morphological closings using different sizes of ellipses.  

Fig. 21. The principle of detecting leakage by the area of connectivity classes.  

Y. Yin et al.                                                                                                                                                                                                                                      



Precision Engineering 73 (2022) 23–39

32

Fig. 22. An algorithm to decide whether the considered region leaks or not.  

Fig. 23. The contact area percentage threshold searching algorithm.  
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2.3. Contact simulation and sealing analysis 

Following sealing region segmentation is the sealing analysis by 
contact simulations. The MLS gaskets with coatings have complex 
compression-rebound characteristics. It is hard to calculate the contact 
behavior in this interface precisely. Malburg [19] provided another idea 
to simulate the contact behavior of conformable interfaces by imple-
menting morphological closings on waviness profiles. And the extended 
three-dimensional virtual gasket method was detailed by Shao et al. 
[20]. However, the traditional circle structuring element used in profile 
filtering is very large (radius 5000 mm in Ref. [19]) and will face severe 
end effects and high computation costs. For measured surface topog-
raphy, the horizontal range is usually much larger than the height range. 
The circle element has the same length in both directions and much 

Fig. 24. The critical contact distribution of sub-regions on the simu-
lated surface. 

Table 1 
CAPT values of the four sub-regions on the simulated surface.  

Region R1 R2 R3 R4 

CAPT 0.12 0.91 0.91 0.07  

Fig. 25. The cylinder block and its topography measurement results.  

Fig. 26. A close view of the first ring-shaped sealing region.  
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redundancy exists in the height direction, as Fig. 18(a) shows. To solve 
this problem, an ellipse structuring element is proposed to accelerate the 
morphological operations and reduce the end effects. From Fig. 18(a), it 
is clear that a much smaller ellipse element could replace the large circle 
to do the same contact simulations without introducing redundant 
points. The ellipse parameters are shown in Fig. 18(b). By default, R 
represents the half-length of the major axis, while H is the half-length of 
the minor axis. Such thought could be extended to three-dimensional 
cases easily. And the ball element is substituted by an oblate ellipsoid 
element. And the ellipsoid parameters are shown in Fig. 19. 

The contact area distribution in the interface between gaskets and 
surfaces of cylinder blocks or heads varies with the preload of bolts and 
combustion processes. A fixed structuring element cannot simulate the 
dynamic contact distributions. It is essential to develop a dynamic 
contact simulation method using different sizes of ellipsoid structuring 
elements. To explore the contact characteristics of different structuring 
elements, a simulated profile (see equation (10)) is tested. Morpholog-
ical closings are performed on this profile with 8 different sizes of el-
lipses, and the closing profiles are shown with red lines in Fig. 20. The 

original profiles are shown with blue lines. From Fig. 20(a) ~ (d), it 
could be seen that with the fixed length of the major axis, the larger 
length of the minor axis, the deeper the closing profiles could touch into 
the valleys. From Fig. 20(e) ~ (h), it could be found that with the fixed 
length of the minor axis, the shorter of the major axis, the deeper the 
closing profiles could touch into the valleys. This conclusion is also 
applicable to three-dimensional morphological closings with ellipsoid 
elements. 

z= 0.01 × (sin(2πx / 2)+ 0.5 sin(2πx / 0.5)) (10) 

With the newly proposed ellipsoid elements, the contact distribution 
is determined by the waviness component (SW) with its morphological 
closing surface (SC). The contact surface Contact could be viewed as a 
binary image with its definition as equation (11). And the contact area 
percentage (CAP) is defined as equation (12). 

Contact=
{

0 SC(x, y) = SW(x, y) contact
1 SC(x, y) > SW(x, y) no ​ contact (11)  

CAP=
∑

S
[if ​ (SC(x, y)= SW(x, y)) 1 else 0]

/

S (12) 

Based on the contact surface definition, a connectivity-based leakage 
detection algorithm is proposed. The concept of surface connectivity 
could be reviewed in Ref. [21]. The 8-adjacency principle is adopted in 
this paper. If a leakage channel exists in the considered sealing region, 
the outer space will be connected with the combustion chamber area by 
this channel, as Fig. 21 shows. Then, the area of the biggest connectivity 
class will be greater than the summation of the outer space area and the 
combustion chamber area. The details of using such thought to decide 
whether leakage occurs or not are shown in Fig. 22 with pseudocodes. 

With the leakage-deciding algorithm, it is possible to perform the 
dynamic sealing analysis. The most important variable to determine 
whether a surface will leak or not is the contact area percentage (CAP, 
defined by equation (12)). Persson and Yang [7] pointed that when two 
elastic solids of infinite size with randomly rough surfaces were 
squeezed together, a non-contact channel would percolate when the 
relative contact area was of the order 0.4, following percolation theory. 
However, real engineering surfaces are finite-sized and its topography 
has evident textures formed by machine tools. It is interesting to 
research the minimum contact area percentage required to form effec-
tive sealing on a real engineering surface with a fixed measurement 
resolution. 

Different sizes of structuring elements could be viewed as different 
observation scales. By varying the sizes of structuring elements, the 
contact area distribution will change accordingly. A critical structuring 

Fig. 27. A binary image indicating the potential leak channels.  

Fig. 28. The angle separations distribution of channels and their threshold.  
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element could be found by the proposed searching algorithm (shown in 
Fig. 23), and the corresponding CAPT (contact area percentage 
threshold) is the thresholding value to separate leakage from non- 
leakage situations. 

Applying the CAPT searching algorithm to the simulated ring-shaped 
sealing region in Section 2.2, the critical contact distribution (least 
contact area to stop leakage) could be observed, as shown in Fig. 24. The 
black area indicates contact points, while the green area indicates non- 
contact points. 

From Fig. 24, it is found that little contact area is required to stop 
leakage for circumferential channel regions, while radial channel 

regions require much more contact area to form effective sealing. The 
CAPT values listed in Table 1 also support the conclusion above. 

3. Case study 

A cylinder block from an engine plant is studied to verify the effec-
tiveness of the proposed sealing analysis method. The picture of the top 
surface of the cylinder block is shown in Fig. 25(a). It has only three 
bores and some material around the bores is removed to reduce the 
weight of the block, leaving a natural ring-shaped sealing region around 
the combustion chambers. The top surface was measured by ShaPix3D® 

Fig. 29. Region segmentation on the measured topography and waviness.  

Fig. 30. The evolution processes of contact distribution of sub-regions R1 and R4.  
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1500 series (an HDM equipment as shown in Fig. 4), and the full view of 
the surface topography is shown in Fig. 25(b), with red circles outlining 
the locations of bolts holes. The lateral resolution and vertical resolution 
of Shapix3D are 80μm and 0.05μm respectively. The field of view is 
150mm× 150mm, and the maximum number of points per view is 4 

million. For a workpiece whose size exceeds the field of view, Shapix3D 
could stitch different point clouds from multiple views to generate the 
full view of the engineering surface. The three ring-shaped sealing re-
gions around the combustion chambers are the critical topography for 
the sealing of combustion chambers. And the two-dimensional view and 
three-dimensional view of the ring-shaped regions are shown in Fig. 25 
(c) and (d) respectively. The common sealing region between adjacent 
combustion chambers is called “web area”, as shown in Fig. 25(c) with 
red boxes. From left to right, the three bores are labeled with 1, 2 and 3 
respectively, as shown in Fig. 25(d). 

The sealing region around bore 1 is studied first. For a better in-
spection of the topography of this region, a close view of this ring-shaped 

Fig. 31. The evolution processes of contact distributions of sub-regions R2 and R3  

Table 2 
CAPT values of the four sealing sub-regions.  

Region R1 R2 R3 R4 

CAPT 0.55 0.67 0.73 0.56  

Fig. 32. Width reduced ring-shaped sealing regions.  
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topography is shown in Fig. 26. Tool paths could be seen from vision 
implicitly. Applying the tool paths reconstruction algorithm reviewed in 
Section 2.1 on the reversed topography of this region, a binary picture 
indicating the potential leak channels is obtained and shown in Fig. 27. 

To distinguish circumferential channels from radial channels, the 
angle separation from the radial direction of each channel is computed 
and shown in Fig. 28. The label numbers and radial direction line of each 
channel are plotted in Fig. 28(a). The angle threshold of 80◦ separates 
circumferential channels from radial channels clearly, as shown in 
Fig. 28(b). 

Using the region segmentation method proposed in Section 2.2, the 
segmentation results shown on measured surface topography and 
filtered waviness (areal spline filter with cut-off wavelengths of 0.8 mm 

and 2.5 mm) are plotted in Fig. 29(a) and (b) respectively. 
The dynamic sealing analysis is performed on the four waviness sub- 

regions with ellipsoid structuring element SE(R, H). In this case, R is 
fixed as 0.4 mm, while H is changed continuously to simulate the contact 
distribution and search for the CAPT value. The evolution processes 
(from leakage to non-leakage) of contact distribution of sub-regions R1 
and R4 (circumferential channels) are shown in Fig. 30. The white color 
indicates a non-contact area, while the black color indicates contact 
points. The last column shows the critical contact distribution, the least 
contact points required for non-leakage occurring. 

For radial channel regions R2 and R3, their contact distribution 
evolution processes from leakage to non-leakage are demonstrated in 
Fig. 31. The last row shows the critical contact distribution, all leakage 

Fig. 33. CAPT values vary with the width of the ring-shaped region.  

Fig. 34. 12 ring-shaped sealing regions.  
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paths are blocked by contact points. 
The CAPT value could be calculated from the critical contact distri-

bution, and the CAPT values of the four sub-regions are listed in Table 2. 
The average CAPT of circumferential channel regions is about 0.56, 
while the average CAPT of radial channel regions is about 0.70, higher 
than circumferential channel regions. Compared with the simulated case 
in Section 2.3, the CAPT value of circumferential channel regions is 
much higher in real engineering surfaces. Because of the irregularities of 
real surface topography, circumferential tool marks are broken and 
there are more microchannels to link the outer space with the inner 
space through circumferential channels. For radial channel regions, the 
CAPT values of real engineering surfaces are lower than the simulated 
surface, since the radial channels are more easily blocked on real engi-
neering surfaces due to tool wear and other machining errors. Compared 
with Persson’s theory [7], the critical contact area percentage of the 
face-milled surface is higher than the theoretical value (0.4). The reason 
behind this is the face-milled surface topography doesn’t match the 
hypothesis of fractal and isotropic surface micro-geometry in Persson’s 
theory. The texture directions or tool paths’ directions do have a sig-
nificant impact on the surface’s sealing properties. And generally, 
circumferential textures are advantageous for surface sealing, while 
radial textures are prone to leakage. The good news is that the sealing 
regions of circumferential channels are almost overlapped with the web 
area between adjacent combustion chambers, as indicated by Fig. 25(c). 
In other words, the web area could achieve effective sealing with less 
contact pressure than other regions of radial channels. This result also 
agrees with the distribution of bolts. Since bolts are usually distributed 
as Fig. 25(b) shows, the web areas are far away from bolts, the torque 
pressure assigned to the web areas is less than other regions. The 
circumferential channels in the web area are advantageous for forming 
effective sealing under relatively low contact pressure. 

The width of the ring-shaped region R-r (R is the radius of the outer 
circle while r is the radius of the inner circle) also impacts the CAPT 

value of the sealing regions. The ring width R-r in Fig. 26 is 5.76 mm. 
Four widths reduced ring-shaped sealing regions’ waviness are shown in 
Fig. 32. The CAPT values computed with the same segmentation lines 
(still four sealing sub-regions R1~R4) on the ring-shaped sealing regions 
with different widths are plotted in Fig. 33. As the width of rings de-
creases, the CAPT value increases. This trend implies that for the nar-
rower ring-shaped sealing regions, there needs more percentage of 
contact area to form effective sealing. The extreme case is the line 
sealing, only 100% contact area percentage could stop leakage from 
occurring. For gasket design, the width of the beads around the com-
bustion chambers is a key design variable. From the analysis above, it is 
recommended that the design width of the bead should be wider enough 
to cover at least one complete circumferential channel. Such width could 
stop gas leakage between adjacent bores with a relatively low contact 
area percentage. 

To verify the influence of channels’ directions on CAPT values of 
sealing regions, 12 ring-shaped sealing regions were extracted from 3 
top surfaces of cylinder blocks and 1 bottom surface of a cylinder head. 
The topography of the four surfaces and the 12 ring-shaped sealing re-
gions (denoted as Ring1 to Ring12) are shown in Fig. 34. Repeat the 
analysis procedures above, each sealing region is divided into 2 
circumferential channel regions (R1 and R4) and 2 radial channel re-
gions (R2 and R3), and the corresponding CAPT values are calculated 
and listed in Table 3. The CAPT value of region Ri is denoted as CAPTi. 
Fig. 35 shows the bar graph of the CAPT values of the 12 ring-shaped 
regions. And it is clear that min(CAPT2, CAPT3) > max(CAPT1, 
CAPT4) holds for every ring-shaped sealing region. Averagely, the 
circumferential channel regions require 54% area contact to form 
effective sealing, while the radial channel regions require 72% area 
contact to stop leakage. This result strongly supports the conclusion that 
circumferential channels or paths are advantageous for surface sealing, 
while radial channels are prone to leakage. 

The analysis of all real surfaces was carried out with MATLAB 
R2020a on a desktop computer with 8 GB RAM and 3.60 GHz i7-7700 
CPU. The average running time of the analysis for a single ring-shaped 
sealing region is 44.67s. The proposed methodology is applicable for 
all engineering surfaces machined by face-milling with disc milling 
cutters. Especially, the contact simulation and sealing analysis method 
(Module 3) is applicable for all kinds of engineering surfaces sealed with 
conformable gaskets. 

4. Conclusion 

This paper proposed a sealing analysis method for face-milled sur-
faces. First, the tool paths are reconstructed by the newly proposed 
surface segmentation methodology. Then the ring-shaped sealing region 
is divided into four sub-regions according to their channels’ directions. 
An angle separation calculation method is proposed and a threshold 
value is found to distinguish circumferential channels from radial 
channels. An ellipsoid structuring element is proposed to simulate the 
contact behavior between rough surfaces and gaskets by morphological 
closings. A contact area percentage threshold (CAPT) searching algo-
rithm is proposed to find the minimum contact area percentage required 
to block leakage channels. 

By real case studies, it is found that channels’ directions do have a 
significant impact on surfaces’ sealing properties. Circumferential 
channels or paths are advantageous for surface sealing, while radial 
channels are prone to leakage. The width of the ring-shaped sealing 
region also has an impact on its CAPT value. The narrower the ring- 
shaped sealing region, the higher the contact area percentage it re-
quires to form effective sealing. The cylinder head gasket design opti-
mization based on the sealing analysis of surface topographies will be 
the next research topic. And in the future, more experimental work will 
be conducted to verify the predicted contact states and promote the 
sealing efficiency of MLS gaskets. 

Table 3 
CAPT values of 12 ring-shaped sealing regions.  

Sample CAPT1 CAPT2 CAPT3 CAPT4 

Ring 1 0.55 0.67 0.73 0.56 
Ring 2 0.54 0.59 0.68 0.58 
Ring 3 0.59 0.76 0.76 0.51 
Ring 4 0.52 0.67 0.72 0.47 
Ring 5 0.40 0.67 0.70 0.57 
Ring 6 0.52 0.67 0.71 0.47 
Ring 7 0.54 0.85 0.93 0.69 
Ring 8 0.58 0.76 0.84 0.58 
Ring 9 0.61 0.70 0.75 0.63 
Ring 10 0.62 0.69 0.71 0.54 
Ring 11 0.47 0.65 0.62 0.49 
Ring 12 0.47 0.69 0.71 0.51  

Fig. 35. CAPT values of each ring-shaped sealing region.  
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