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Abstract. The application of cavitation water jet technology to modify medical implant surfaces
facilitates the formation of distinctive microporous structures, thereby enhancing the contact area
between the implant and alveolar bone, and improving osseointegration. Therefore, the
microstructure characteristics of the modified implant are one of the important evaluation
indicators of the modification effect. This paper proposes a processing method for the
identification and statistical analysis of surface micro-morphology images. The method
incorporates techniques such as image enhancement, image segmentation, morphological image
processing methods, and pixel matrix operations, enabling automated quantification of pit counts,
the relative positions of the pits, and other topographic characteristics of the material surface.
Simultaneously, the microstructure of each pit is spatially fitted and reconstructed to standardize
measurement benchmarks for pit diameter and depth characteristics. This facilitates in-depth
multi-dimensional analysis of material surface characteristic information and provides
foundational support for further exploration of cavitation jet modification technology. In the study,
the modification effect of processing time on the surface morphology of titanium metal was used
as an application case. A surface morphology feature information database was established under
different processing times, and statistical analysis was conducted on proportion, structural
distribution, and other characteristics in the focus areas. The results show that the diameter and
proportion distribution of the pits produced by cavitation jet modification tend to be stable when
the jet pressure and standoff distance remain constant, while the depth of the pit increases with the
increasing processing time.

Keywords: characteristic statistics, microstructure, morphology recognition, cavitation water jet,
surface modification.

1. Introduction

Titanium, known for its exceptional biocompatibility, is widely used in dental implantology.
The surface morphology of titanium directly affects the activity of biological cells and the initial
stability of implants [1, 2].

Currently, in clinical practice, the commonly used methods for modifying implant surfaces are
sandblasting and acid etching, which may leave harmful particles on the surface, posing a potential
biological safety hazard [3]. Our research group proposes a new cavitation water jet technology,
for surface modification of titanium metal, which offers the benefits of being environmentally
friendly, non-hazardous, and hygienic [4]. Utilizing the micro-jets and shock waves [5] generated
during bubble collapse, rich three-dimensional microstructures can be formed on the implant
surface, thereby improving osseointegration. Comprehensive investigations have been undertaken
both domestically and internationally regarding the morphological characteristics of metallic
materials following surface modification. Takakuwa [6] estimated the depth of the modification
layer induced by cavitation on the surface of 316L stainless steel and found that the thickness of

JOURNAL OF MEASUREMENTS IN ENGINEERING. MARCH 2025, VOLUME 13, ISSUE 1 59


https://crossmark.crossref.org/dialog/?doi=10.21595/jme.2024.24248&domain=pdf&date_stamp=2024-11-29

IDENTIFICATION AND CHARACTERISTIC STATISTICS OF SURFACE MICROSTRUCTURE OF TITANIUM METAL BASED ON CAVITATION WATER JET.
LIANXU ZHANG, WENQI MA, HONGYI SUN, WENHAO DAI

the sample had a significant impact on the depth estimation. Yao [7] explored the effect of process
parameters on the surface integrity of titanium alloy, comparing the surface height difference
before and after treatment, and found that plastic deformation increased with jet pressure. Bai [8]
extracted the surface plastic deformation of the aluminum alloy after ultrasonic cavitation shot
peening to assess the effect of processing time. Images showed that pits were concentrated in the
annular and central areas, and as the processing time increased from 60 s to 120 s, the depth
increased from 20 pm to 160 pm, with a significant impact. Gu [9] used confocal microscopy to
observe the surface morphology of HT200 samples after laser cavitation impact and explored the
effects of laser energy and defocus on surface morphology. The results indicate that in the absence
of copper coverage, the optimal roughness is achieved with a laser energy of 200 mj and a defocus
of 1 mm. Zhang [10] studied the combined process of laser peening and cavitation for aluminum
alloy and extracted the surface morphology after modification by a confocal microscope. It was
found that the shot peening depth increased with the increase of laser energy. Kumagai [11] used
laser confocal microscopy to quantitatively analyze the stainless steel surface after cavitation shot
peening, shot peening, and laser peening, and extracted the height profile of the specimen in the
horizontal direction. The curves proved that the height profiles generated by different shot peening
techniques had a certain periodicity, but the sampling curves were overall rough, and the structural
feature analysis was lacking.

To acquire more comprehensive statistical characteristics of the image, Xu [12] used the
optimal entropy threshold method to process and visualize pit images on wire surfaces, accurately
characterizing individual pits and simultaneously quantifying their geometric and morphological
parameters. Soleimani [13] corrected uneven lighting in images and used features such as
quantified wear and micro-pitting as subjective evaluation criteria for severity. Yu [14]
characterized the metal pitting effect using binary image processing technology.

In summary, the current analysis of the material surface morphology primarily concentrates
on extracting extreme morphology values and geometric analysis of a single pit, which limits batch
analysis of the overall surface, making it difficult to obtain accurate statistical patterns, resulting
in insufficient comprehensiveness. Therefore, this paper proposes a method for surface
morphology identification based on morphological digital image processing, establishes a
management information database for pit morphology characteristics, and enables automatic
identification of micromorphological characteristics such as pit diameter, pit depth size, and
distribution forms. This approach facilitates comprehensive, batch, and efficient extraction of
material surface morphology characteristics while elucidating their variation patterns and
statistical characteristics.

2. Experiment and data acquisition

The experimental system is illustrated in Fig. 1, mainly comprised of a pump source system,
an actuation system, and a data acquisition platform. The pump source system allows for automatic
regulation of pressure from 0 to 50 MPa. The actuation system utilizes a three-degree-of-freedom
movable platform to drive the cavitation jet nozzle for impact, with programmable automatic
control over its motion trajectory. The cavitation nozzle, optimized independently by the research
group [15], is capable of focusing more cavitation energy. Situated in a submerged environment,
the entire nozzle enhances jet impact capability, thus improving cavitation jet impact efficiency.

Fig. 2 illustrates the surface shape of titanium metal after water jet cavitation modification.
The results indicate that the surface morphology of titanium metal modified by cavitation water
jets is mainly composed of pits formed by jet impact and cutter marks. Currently, extraction
methods are capable of capturing the overall trend of topographical variations in the sample area;
however, the quantitative extraction of modified features, such as pit count, spatial coordinates,
and structural dimensions, remains dependent on manual intervention. The existing analysis
method can only obtain roughness and extreme height information for local morphology, and
specific size extraction of pits is limited to single-direction measurements, as shown in A and B
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in Fig. 2(b), where the curve represents the profile along the pit extraction direction, and
characteristics such as diameter and depth require manual selection of different calibration points
on the profile. Therefore, the current geometric data pertaining to pits exhibits characteristics such
as randomness, limited reading efficiency, and poor reliability.

High-Pressure pump

Oil pump
| Pump Source System
g Ol tank

= Actuation System

Converter

(rir]

Motor

Controllers Movable platform \ High-pressurc lincs Data Acquisition Platform
(] D ----- =
(LTS Screw -
Submerged

environment Nozzle

I
I
i
i

s ?
I
i
I
i
L

Worktop 5 Bubble -
= Titanium el
instrument Results

19.1pm
172.7

14.7

11.8

59

2.9

S00um 00 10000 1487.1 0.0

a) Surface topography b) Information extraction
Fig. 2. Surface topography and information extraction

3. Identification of pit diameter
3.1. Identification method of pit diameter

Diameter is an important geometric parameter that characterizes the microstructure of pits.
This paper develops a pit diameter identification program based on image enhancement, image
segmentation, morphological image processing methods, and pixel matrix operations. It can
automatically process plenty of pit diameter information and perform statistical induction. The
identification procedure is shown in Fig. 3, mainly including image preprocessing and
post-processing procedures.

Firstly, the original microscopic morphology image is imported into the developed
identification system. Subsequently, the image contrast is adjusted, and several processes,
including illumination equalization and image segmentation, are performed to transform the
morphological image features into digital matrix information.

Secondly, the maximum inter-class variance method is used to process the digital information
containing morphological features. The image is binarized to enhance the precision of edge
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detection by applying suitable thresholds. If the margins of the binarized pit exhibit clarity and
definite limits, subsequent post-processing procedures are executed. Conversely, if the borders
display blurriness, it becomes necessary to reassess the threshold.

Finally, to avoid or reduce the pixel noise and other interference that usually accompany the
transmission and parsing process of images, post-processing operations are performed on the pre-
processed images. The pre-processed image undergoes morphological image opening and closing
processing using selected structural elements, and filtering functions are used to filter out
interference and noise. The elimination of defects and cutter marks resulting from sample wear
and processing is crucial. The recognition of target pits can only proceed once the cutter marks
and original defects have been eliminated completely without any additional impact on results.
Adjustments in filtering parameters may be required until all cutter marks and original defects no
longer affect accuracy before outputting final identification results and statistical results.
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As shown in Fig. 4, the results of automatic pit identification are presented, with numbers such
as 15, 22, and 24 representing the statistical labels assigned to the pits. Based on the pit label,
feature parameters such as the diameter and spatial position of the selected pit can be rapidly
obtained. Additionally, the system automatically calculates all characteristics of the discovered
pits on the surface of the metal, including the average diameter as depicted in Eq. (1):

Nump,

Zg2=1 anzl Di
D, = Ztim=1 % (1)
Zn;:l nj
where D,, is the average diameter, Num is the total number of valid pits, N is the total number of
sampled images, n, is the pit label serial number, and n, is the image serial number.

During the diameter recognition process, multiple sets of reference images are selected for
each group of samples to extract feature data. The system retrieves the borders of the pits using a
uniform algorithm, including scanning the digital image matrix row by row, as shown in Eq. (2).
If the detected region point is X, then its neighborhood 1 to 8 matrix points are checked. If p; . j4«
are all true for k € {0,1,2}, it is determined that the detection point is interior, and no edge marking
is done. Otherwise, it is marked as an edge:
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Enxm =1 i} Di+1.j X Di+1,j+2 E 2)
Di+2,j DPi+2,j+1  DPi+2,j+2
hn,l hn,m

where &, ., is the image digital matrix, hy 1, Ry, Ry, Ry 1s the non-neighborhood points, X
is the detected region point, and p;,x j+« is the neighboring point of the detected region, where
k €{0,1,2}.

Fig. 4. Pits automatically identify results
3.2. Pit diameter distribution and characteristic statistics

Cavitation jet processing time is an important process parameter that affects the effectiveness
of cavitation jet impact. The surface morphology of titanium metal varies greatly under different
processing times. Therefore, this paper takes titanium metal surface images under different
processing times (10 minutes, 20 minutes, 30 minutes) as identification and analysis cases to
illustrate the effect of identification and characteristic statistics.

Image size
ation region 5

500um

a) Surface after cavitation water jet impact b) Sampling area and implant size
Fig. 5. Modified samples and sampling area

As shown in Fig. 5, the overall shape of the sample and the sampling area after the cavitation
water jet impact. Fig. 5(a) shows that the surface of the sample after the cavitation water jet impact
consists of cavitation and non-cavitation regions, in which the cavitation region is a circular state,
the formation of pits is more dense; while the non-cavitation region of the pits is more sparse to
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the point that some regions have none the pits. In the identification statistics, the cavitation regions
labeled in Fig. 5(b) 1-5 were collected as sampling regions to evaluate the micro-morphological
characteristics of the modified material surface comprehensively.
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Fig. 7. Pit diameter characteristic statistics at different processing times

As shown in Fig. 6, the cavitation pits formed on the surface of titanium metal are generated
by the cumulative impact of frequent and dense cavitation, and the formed pits evolve into large
diameter pits through continuous accumulation of high pressure and microjet impact. The
statistical characteristics of the diameter distribution of cavitation pits under different processing
times are shown in Fig. 7. The analysis of the statistical results shows that under the condition of
constant cavitation jet pressure and standoff distance, the impact force of the cavitation jet on the
material surface is relatively stable. Therefore, the main distribution of pit diameters on the surface
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of titanium metal is relatively stable, with a cumulative proportion of over 70 % in the diameter
range of 0-75 um. When the processing time is 10 minutes, the number of pits formed is relatively
small (770); The proportion of diameters ranging from 15 to 30 um is 37.99 %; As the processing
time extended to 30 minutes, the cumulative number of collapsed bubbles in the same area
increased significantly, resulting in a rise in the number of pits to 1820 — more than double that
previously recorded. The maximum diameter occupies an interval of 15-30 pum, and the proportion
increases to 41.25 %, when the density of pits on the surface of the samples is higher, which is
more conducive to cell proliferation and differentiation.

Extract the range of pit diameter distribution with the highest proportion (15-30 um) for further
analysis, and obtain statistical characteristics, as shown in Fig. 7(d). The analysis results show that
the larger the diameter of the pit, the smaller its proportion. As shown in Fig. 6, large-sized pits
require continuous accumulation of bubble collapse impacts on the original pit structure. The
formation of cavitation pits with larger diameters is more challenging, resulting in a lower number
and proportion of such pits. Furthermore, due to the short processing time, the number of
accumulated collapsed bubbles is relatively limited, so the variation law of the pit structure formed
on the surface of titanium metal exhibits randomness; As processing time increases, so does the
number of accumulated collapsed bubbles at identical locations and their impact frequency,
leading to a more stable trend in surface structure formation. When the processing time is set as
10 minutes and 20 minutes, the proportion of pits with diameters ranging from 18-24 um fluctuates
greatly, reaching a maximum value of 7.46 %. However, when processing time extends to
30 minutes, this fluctuation decreases to approximately 3 %.

4. Identification of pit depth
4.1. Identification method of pit depth

Depth is another important geometric parameter that characterizes the microstructure of pits.
Therefore, it is necessary to systematically extract and analyze the depth of the pits formed on the
modified surface.

4.1.1. Cut-off depth

The overlap and coverage of different pits can introduce errors in in-depth identification. To
avoid calculation errors caused by overlap, the cut-off depth method is used to improve depth
identification accuracy. Constant cut-off depth (CCOD) and fractional cut-off depth (FCOD) are
two commonly used methods for determining the appropriate depth [16]. As shown in Fig. 8, the
influence of different cut-off methods on pit boundaries is illustrated. Fig. 8(a) depicts the pit
boundary without using the cut-off depth analysis method; Fig. 8(b) shows the pit boundary
obtained using a constant cut-off depth of 0.5 um. Fig. 8(c) and Fig. 8(d), respectively, display the
morphology of pit boundaries under 20 % and 50 % fractional truncation depth.

Through comparative analysis, it is evident that without employing the cut-off depth method,
the overlapping phenomenon of pits is pronounced, resulting in significant interference of depth
information extraction by the edges of other pits. However, when using a constant cut-off depth
of 0.5 um, the overlapping phenomenon of pits is somewhat mitigated, with noticeable separation
effects for small pit diameters, while the overlap of large-sized pits still persists, making it difficult
to determine an appropriate truncation depth threshold.

When using fractional cut-off depth, as the proportion of cut-off depth increases, the
overlapping phenomenon of identifying pits is completely eliminated. Large-diameter pit features
become prominent, while the main geometric characteristics of small-sized pits are retained. As
shown in Fig. 8(d), when the cut-off depth fraction reaches 50 %, the geometric morphology
characteristics of pits become clear, reducing estimation errors. Therefore, this study adopts a
truncation depth threshold of 50 % cut-off fraction to improve the accuracy of subsequent depth
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Fig. 8. Identification results of pits under different cut-off depths

4.1.2. Pit depth fitting method

After being processed with a cavitation jet, the surface of titanium metal has diverse pit
morphologies. According to the analysis of experimental results, these pit morphologies can be
categorized into four primary forms, as illustrated in Fig. 9. Due to the irregularity and complexity
of the pit geometry and the lack of a unified standard for the reference height, the pit depth
determined by different scholars can be any value of hy, h,, or hs in Fig. 9, so the judgment of
the pit depth is very ambiguous. In this paper, for the Gaussian characteristics commonly found
in experimental erosion pits [17], the geometric fitting method is used to fit the pits, and the
morphology is obtained as shown by the dotted line in Fig. 9, and the depth of the pits is uniformly
shown as h at this time.

The important geometric factors for pitting pits are depth and radius, respectively, and their
geometric expressions can be represented by the equation:

h(R) = CekR? 3)

where h is the pit depth, C is the pit depth eigenvalue, k is the pit width eigenvalue, and R is the
radius of the pit taking the value of the domain.

The analysis of cut-off depth reveals that the optimal accuracy for pit feature recognition is
achieved at a fractional cut-off depth of 50 %. This value corresponds to the pit depth, which can
be mathematically represented as:

% = CreThaRe’, @)
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Fig. 10. Cut-off plane brightness search diagram

From the boundary conditions:

; —-kqR? _
limC, e~ 2— h, 5
Jim Ce~fa%" = 0. ©6)

During the experiment, the initial plane position of the pit could not be accurately obtained,
i.e., the R — oo condition is the ideal case, as shown in Fig. 9. The image information can be seen
that Unit 8 type RGB image contains brightness information divided into 0-255 integer levels,
therefore, this thesis makes the following assumptions about the R — oo initial condition:

h
limC,e ¥R* = lim Ce "R ~ 7 (7)

R—00 R=Rmax

where R, is the geometric radius of the pit, h is the depth of the pit, M is the brightness
difference between the bottom surface of the pit and the plane where R,,,, is located, and M is a
positive integer.

After resolving the width feature of the pit, the radius feature at any depth of the pit can be
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solved by Eq. (3). Fig. 10 shows the plane brightness search algorithm at 50 % of the depth of the
pit, and R, is the radius size to be solved, using the exploration algorithm to homogenize the
brightness of the image near the range of R;,, and at the same time capture the brightness
information of the deepest part of the pit. During the algorithm searching process if R covers a
range beyond the boundary, the system will determine the pit as a residual pit due to the lack of
information, and the algorithm will not be analyzed anymore.

4.2. Pit depth distribution and characteristic statistics

Based on the depth identification method, this paper comprehensively measured a large
number of pits and extracted the distribution rules of pit depth on the surface of titanium metal at
different times, as shown in Fig. 11. At the same time, further statistics on pits with a proportion
of more than 10 %, as shown in Fig. 11(a-c), show that when the processing time is long,
accumulated air bubbles will continue to collapse on the surface of the formed pits. On the basis
of the original pit depth, secondary or multiple blasting impacts will be carried out, and the overall
pit depth on the surface will expand to varying degrees in the depth direction. In addition, with
time enhancement, the distribution of pits at different depth scales becomes more uniform. Under
a processing time of 10 minutes, pits around 0.5-1 um account for a higher proportion, all greater
than 15 %; When the processing time is 30 minutes, the depth distribution gradually expands from
1-2 pm to 2-3 pum. At this time, although the distribution proportion with a proportion of over
10 % is still around 1um, the cumulative proportion has sharply decreased from 71.43 % to
50.17 %, indicating that some shallow pits have already transformed into deep pits. As shown in
Fig. 11(d), both the maximum and average depths of pits increase by approximately 30 % with

each additional 10 minutes of processing time, further indicating that the formation of pits is the
cumulative result of multiple cavitation failures.
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Fig. 11. Pit depth characteristic statistics under different processing times
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5. Spatial pits surface topography fitting and information statistics

The geometric shape of the pit space is closely related to the surface modification effect of
titanium metal. Although single characteristic parameters such as pit depth and pit diameter can
characterize the changes in pit morphology in the plane or depth direction, there is a lack of
comprehensive evaluation of the geometric shape of the pit space. Therefore, a pit feature
information management library was established using MATLAB to extract and reconstruct the
surface morphology information for each pit, and the morphology was modeled and fitted using
Gaussian functions. Fig. 12 shows the fitting results for an individual pit morphology,
demonstrating that the fitted spatial representation can optimally capture complex and varied
surface morphological information. At the same time, it provides the basis for multi-dimensional
observation and measurement of pit feature information.

On the basis of spatial fitting, further identification and statistics of the spatial distribution
pattern of morphology under different processing times were conducted. Only sampling region 1
shown in Fig. 5(b) was used to explore the microstructure distribution and refine the microscopic
features. This sampling area has the same structural scale as the implant surface used in clinical
applications. The pit morphology under different processing times is shown in Fig. 13. The
analysis shows that the surface microstructure of titanium metal is distributed in different ranges,
and the longer the processing time, the greater the range of surface microstructure distribution.
When the processing time is 10 minutes, the diameter of the pits is mainly distributed between 0
and 100 pm, and the depth is mainly distributed between 0 and 2 pum; When the processing time
was 30 minutes, the depth reached over 4 pm and the diameter had expanded to 200 pum.

By comparing and analyzing the statistical results of the variation of characteristics, it is found
that diameters (15-100 um) and depths (0.5-2 um) account for a larger proportion, representing
the surface morphology range that is the primary focus of feature statistics and analysis. Therefore,
the morphology range that satisfies these conditions is defined as the focus area, as shown in
Fig. 13. Within the area, the number of pits increased with the increase of processing time, but the
proportion (Focus on the number of pits / Cumulative number of pits) gradually stabilized.

The statistical results of characteristics of specific topography regions are shown in Fig. 13(d).
The analysis results show that the processing time has little effect on the variation of pit diameter
distribution, with proportions remaining similar. In contrast, the effect on the depth distribution of
pits is more obvious. The proportion of pits at each stage remains consistently around 30 %, under
30 min processing time, while for processing times of 10 minutes, pits within the range of 0.5 to
1 um exhibit a prominent proportion exceeding 70 %.
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Fig. 13. The change of pit morphology under different processing times

6. Conclusions

This article proposes an image recognition method that can accurately identify the surface
morphology characteristics of materials, as well as rapidly collect and automatically analyze the
spatial morphology characteristics and distribution patterns of pits. The specific conclusions are
outlined as follows:

1) The proposed image recognition method can automatically label the surface
micromorphology pits modified by cavitation water jet and perform statistical analysis on all pits
to obtain the total number, average diameter, and average depth of all pits. At the same time, it
can automatically locate and label each pit to obtain its features such as spatial relative position,
relative distance between pits, pit radius, and pit depth.

2) The proposed method for morphology recognition and feature statistics unifies the
evaluation criteria for pit diameter and depth of the measured pits, effectively minimizing human
interference and randomness.

3) The proposed morphology recognition and feature statistics method has established a
comprehensive feature information management database for pits, which can quickly screen pits
in key areas of concern and calculate their density; At the same time, the proportion distribution
of micromorphology within the region of interest can be refined, achieving multi-level analysis of
surface morphology feature information.

4) In the study, the statistical analysis of surface pit morphology characteristics under varying
cavitation water jet treatment times serves as a case application. The analysis results showed that
when the jet pressure and action distance remain constant, the distribution of pit diameters tends
to stabilize, and the diameter range with a cumulative proportion of over 70 % is located between
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0-75 um; As the processing time increases, shallow pits gradually transform into deep pits, and
the depth distribution gradually expands from 1-2 um to 2-3 um; For the key areas of concern with
similar diameter composition ratios, the depth has the most uniform proportion of about 30 %
under a processing time of 30 minutes.
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