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History and actuality of the research 

Cardiovascular morbidity and mortality has increased in Europe during the last dec-

ades. In Hungary the usage of stents began in the early 1990s. Currently, a total of sixteen 

cardiac catheterization centers work in twelve cities. 

At the Department of Materials Science and Engineering of the Budapest University of 

Technology and Economics, Faculty of Mechanical Engineering stent and stent-system relat-

ed research is carried out since 1997. A number of scientific student works, thesis, thesis 

work and PhD thesis included analysis of the stents geometric construction, manufacturing, 

surface treatment and coatings, as well as X-ray visibility and their relationship with the hu-

man body. 

Closely related literature to the experiments in my thesis is described below: 

 angioplasty devices, that the stent makes part; 

 the types of stents and metallic raw materials. The stents are grouped based on their 

coating and function. According to operative function, stents are divided into two main 

groups, such as balloon- and self-expandable. Most commonly used metallic raw mate-

rials of the stents are austenitic stainless steel, Co-Cr, Pt-Ir, Ni-Ti alloys [1-3]; 

 stents laser manufacturing technology. The pulsed Nd: YAG solid lasers are adapted to 

cutting and welding of stents. Depending on the preformed shape, usually tube or 

wire, stents are most often manufactured by laser beam cutting or welding. The quali-

ty of the laser beam cuts formed during the process was evaluated by the roughness of 

the cut surface, in some cases on the basis of microscopic images [4-6]; 

 stents chemical etching. After laser beam cuts chemical etching is often used to re-

move burrs. Austenitic stainless steel raw materials are chemicaly etched often by HCl 

and / or HNO3 containing etching. Chemical etching of Ni-Ti alloy is cleaned of burrs by 

HNO3 and / or HF containing etchants [5-7]; 

 types of markers, raw materials, production technology. Initially, the markers were 

prepared by braiding, crimping and compression molding, then appeared the fixation 

by laser microwelding. Multimetal, laser remelted stents may be found in patents. The 

markers produced by extrusion, may in some cases present microfissures of their con-

tainers. 

 markers fixed by laser beam microwelding may present corrosion in case of some ma-

terial matching. One of the raw material components insures increasing the X-ray ab-

sorption in stents made by laser beam melting. Their advantage is that it is not neces-

sary to form separate marker containing units on the stents [8-12]; 

 test methods of X-ray visibility. The literature describes a technique that is suitable for 

numerical determination of the X-ray visibility of the stent, which method makes the 

base of my research work [13-15]. 
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Literature related findings 

Based on the results of literature, I found that the stents made of tube are prepared by 

laser beam cutting while burr is formed, the removal of which is essential for the applicabil-

ity. There are several methods suitable for removing the burr and minimize the size. Inner 

tube washing flow or laser beam cutting under a liquid surface during laser beam cutting 

lead to the removal of an important quantity of burr.  

With these techniques and the correct choice of technological impact factors, respect-

ing the physical limits of the machine, the quantity of burr can be reduced. To quantify the 

quality of the cutting the literature lists the cutting surface roughness and the burr height 

measured from the cutting plane. Some authors ranked burr based on the shape and macro- 

and microscopic images measured geometry. 

After learning the literature the development of a method was performed to measure 

and compare the size relationship of the burr and raw material to numerically evaluate the 

cutting quality. The method is suitable for the laser cuts qualification and ranking, which 

based on the resulting burr size. 

Literature summary of stents and their markers made us conclude that even today sig-

nificant quantities of stents are produced with markers. The markers recording techniques 

have undergone significant changes with the development of laser beam technologies. 

Today, Ta, Pt, and Au markers are used. In some matching of the material (Ni-Ti raw 

material and Pt marker) pitting corrosion or galvanic corrosion has occurred. The gold-

coated stents and stents with gold marker have significantly increased renarrowing of the 

vesses. Producing metal matrix stents is an outstanding technological solution amongst the 

individual manufacturing technologies. The metal matrix production technology was exclu-

sively presented in patents. Concerning their investigations, currently no test results can be 

found. 

The new possibilities for the development of stent markers appeared the development 

of a new laser beam utilising manufacturing technology, which can make a stent containing 

material X-ray absorption enhancer markers incorporated in its material. These have the 

advantage that they increase the stents proximal and distal rings of X-ray absorbing ability, 

thus helping acting doctors and determining the relative positions of the stents. 

Several techniques are used to fix the markers in which X-ray absorption enhancing 

markers are fixed to the stent struts or differently designed reservoirs. 

I developed a new type of stent with marker that has the advantage of placing the 

markers inside the stent strut. With this technique, galvanic corrosion phenomena occurring 

in the blood stream can be presumably avoided, and it is not necessary to prepare individual 

marker containing units -reservoirs. 

To quantify objectively X-ray-absorbing ability of stents with marker, I have found a 

test and evaluation method but its use has not been confirmed in case of stent strut im-

planted markers. It was important to develope a new test and evaluation method, which 

allows quantifing the amount of markers and the possible X-ray absorption-enhancing ex-

tent. 
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Aims  

Summary of the literature research made clear to me that my research objectives must 

have a scientific value that clarify the important problems of the involved disciplines. The 

research in the light of these tasks are planned as follows: 

1. Changing the vessel-contact surface area, impact assessment analysis of Ni-Ti-based 

peripherial stents made by laser beam cutting and followingy chemical etching in the rat 

carotid artery. Volume minimalisation of laser beam cutting burrs and determine the theo-

retical maximal size of burr. 

2. Determination of laser cutting generated quantity of burr in case of Ni-Ti raw mate-

rial. 

3. The introduction of ranking metrics for Ni-Ti raw material stents made by laser beam 

cutting to assess the quality of the cutting quality. 

4. Analysis of the stent and marker X-ray absorption capacity, and their objective and 

quantitative assessment made on the basis of images made in clinical and laboratory condi-

tions. 

5. Determination of a function to describe stents and markers quantitative relationship 

which make possible to estimate the stent X-ray absorbing capacity at the design stage.  

Description of the research 

The professional program of my research is divided into two major parts. Development 

results conducted on stents made of Ni-Ti alloy by laser cutting of the rat carotid artery are 

presented in the first analysis. In the second, the development of stents with markers al-

loyed int he stent struts are discussed. 

Preparation of Ni-Ti stents by laser beam cutting 

My goal when laser beam cutting stents made of Ni-Ti alloy is to minimize the expan-

sion of the heat effect area and the resulting burr. My experimental work determined an 

optimal impact factor range for Ni-Ti tube laser beam cutting, and chemical etching used to 

remove burr produced during cutting. Experiments were performed on Ni-Ti tube with an 

outside diameter of 1.24 mm and a wall thickness of 0.1 mm. 

The manufacturing process was arranged into two main parts. Pipe sections were 

made in the first and stents in the second. It was important to separate the laser beam cut-

ting of tube slices and stents. This decision was justified by the fact that I did not have opti-

mal impact factors for this size Ni-Ti tube laser beam cutting, so my intention was to estab-

lish these experimentally. Impact factors determined to pipe slice cutting were adapted to 

stents. 

Determination of laser beam cutting generated burr size  

In my research it was important that the quality of the cuts could be classified and ana-

lyzed. A new measurement method has been developed which is suitable for classification of 

laser cuts, and provide useful results for the practice, so as to facilitate the selection of op-

timal impact factor range. The classification was based on the amount of the resulting burr. 
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To determine the parameter of the real volume of burr formed during the laser beam 

cuts I worked out a new method of measurement. The verification was carried out on ran-

domly selected Ni-Ti tube slices, analyzing 1-1 cut surface. The evaluation of the samples was 

achieved on X-ray microscopic images. I describe the phases of the measurement method in 

the followings: 

 determination of the X-ray-absorbing capacity of the Ni-Ti alloy used in function of the 

material thickness on 8-bit gray-scale XRM recording, gray level calibration; 

 create X-ray microscopic images of tube slices containing different amounts of burr 

(test parameters used in calibration); 

 define the burr area with three methods (manual, automatic, gray-scale hystogram 

analysis) and choose the optimal method; 

 the definition of real burr volume parameters for each sample knowing the burr area 

and thickness. 

Rate the quality of laser beam cuts 
Knowing the theoretical and real burr volume I introduced a new figure of quality, 

which is suitable for assessing and ranking the quality of the laser beam cuts. 

The higher the quality factor is, the better the quality of the cut. I examined the two 

extremes, when the quality figure value is 0% or 100%. The value 0% means that the real 

volume of burrs generated during cutting corresponds to the theoretical volume of burrs. 

The 100% value expresses that no burr is generated, however, the measurement method is 

limited by the analysis of the burr int he plane of the tube’s wall.  

I found that in order to improve the measurement accuracy the test sample must be 

perpendicular to the test plane in each case. 

Chemical etching 
Removal of burrs generated during laser beam cutting of stents was performed by ul-

trasonic cleaning system. The composition and temperature of the etchant were determined 

using the literature data about etchants used to Ni-Ti raw. During chemical etching the com-

position of the etchant, temperature, and time of treatment can be changed. Experiments 

were carried out at a constant temperature for various periods of time. A total of 18 pieces 

stents were used. The etching process started with 60 s and the duration was increased  by 

30 s in case of every sample. 

The etching was considered to be successful when I was able to remove all the burr 

generated during the cutting. Stereomicroscopic images were made before and after com-

pletion of the experiments. Upon closer examination of these, it is seen that an etching du-

ration less than 180 s is not sufficient, as tube parts formed by the laser beam did not fall out 

of the stent struts. 

Etching the stent more than 300 s caused such a damage that it could not be used af-

ter as bridges and struts thinned too much, dissapered in some cases. 

On the basis of optical microscopy studies I came to the conclusion that the stents 

should be etched for 240 s. This is the time of treatment necessary to fully remove the burr 

without such thinning, which would make it impossible for future use. 
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Stent strut integrated markers production technology 
In the second part of my research I made stent strut integrated markers. In my work I 

analysed as separate process the experiments carried out on plates and the stents. This was 

justified by my decision, that the research was carried out on plates using both Ta-wire and 

powder, while only Ta powder for the stents. The plate experiments served to justify the 

alloyed markers manufacturing technology. The results obtained so far were used when 

working out the markers complex manufacturing technology. Elements of the production 

technology of stent strut integrated markers is defined as follows, namely: 

 laser beam ablation, creating reservoirs; 

 chemical etching: removal of laser beam ablation generated burrs from the reservoir; 

 placing Ta powder in the reservoirs; 

 laser beam welding: closure of reservoirs; 

 stent laser beam cutting; 

 chemical etching removing the burrs from the cutting edges. 

 

Elements of the production technology of stent strut integrated markers are repre-

sented in Figure 1. 

 

 
Figure 1 Cross-section of the stent strut reservoir following the establishment of the 

reservoir; Placing the Ta powder, and status of the reservoir after welding 
 
X-ray examinations 

There’s no measurement methodology in the literature that would objectively qualify 

and quantify the markers X-ray visibility and stent integrated markers, while discribing X-ray 

visibility of markers of different sizes and geometries, irregular shape. New testing and eval-

uation method has been developed which is suitable for the analysis of stent integrated 

markers. 

Some elements of the measurement method has been introduced by the plate inte-

grated Ta markers investigations and subsequently applied in stents with stent strut inte-
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grated markers. The first element in the development of measurement methodology was X-

ray microscopic imaging of the empty background and separately of the raw materials. After 

completion of the recording a method for assessing the visual elements of X-ray visibility was 

worked out. I defined the so-called visibility window, where marker location, type, geometry 

and the fact that the X-ray visibility depends on both the environment and the background 

were considered. 

I introduced the local relative visibility index parameter for the relevant comparison of 

the markers and raw materials. I found that the recordings comparability needs the same 

conditions of transillumination. 

The methodology presented at the plate samples was identically used in X-ray investi-

gations in case of the stents having stent strut integrated markers. Following laser beam cut-

ting and chemical etching of the stents X-ray microscopic images were made to compare 

stents with and without marker. 

The results of the measurements led me to the conclusion that the Ta dust in the stent 

strut increases the X-ray absorbing capacity. 

Quantitative relationship between the stent and marker 
I determined the relationship between the augmentation of plate and stent strut inte-

grated markers X-ray absorption rate and the applied raw- and marker materials quantita-

tive relation. I have developed a new method of measurement, which objectively and nu-

merically specifies how much the amount of applied marker material increases the X-ray-

absorbing ability. 

I worked out the testing and evaluation method which is suitable for the determina-

tion of the amount of marker material. I have defined the real marker volume parameter 

that expresses the amount marker material in the stent struts. Knowing this, a new metrics 

can be defined that can be interpreted as the ratio of the real marker volume and the real 

stent volume. 

  



 7 

Theses - New scientific results 

Thesis 1 [1-8] 

I have developed a new test and evaluation method, which is suitable for detecting the 

quantity of burr produced during laser beam cutting of the Ni-Ti tube that can be used as raw 

material of stents. 

I defined the VTB (Theoretical Burr Volume (mm3)), the theoretical burr volume parameter, 

which is characterizes the maximal produced burr volume, which would be formed by transfor-

mation into burr of the total cutting volume without loss. 

 

Thesis 2 [1-2] [5-8] 

I have developed a new test and evaluation method, which is suitable for the quantitative 

determination of burr volume produced during laser beam cutting of Ni-Ti tube as raw material 

used for producing stents. As part of the method X-ray microscopic images were used to deter-

mine the volume of burr produced during laser beam cutting, expressed by the VEB (Effective 

Burr Volume (mm3)) effective burr volume parameter. 

 

Thesis 3 [1-2] [4-5] [7-8] 

I worked out that the figure of quality, which is applicable to assess the quality of the stent 

raw material Ni-Ti tube laser cut and ranking based on objective measurement results. The figure 

of quality is defined as the ratio of the effective (VEB) and theoretical (VTB) volume of burr: 

       
   

   
          

A value of 0% QLC expresses that the effective burr volume generated during the cutting is equal 

to the theoretical volume of burr (VEB = VTB). The 100% QLC value expresses that no burr was 

formed. 

 

Thesis 4 [9-12] 

I defined the local relative X-ray visibility index parameter of the markers making part of 

the stent system (Local Relative Visibility index, XRVLREL (%)), which is a new functional feature. 

This parameter objectively and numerically expresses the higher visibility of the marker contain-

ing X-ray image then that of the empty one without sample. This parameter permits characteris-

ing the markers on the surface of the stent and those integrated in the stent struts with images 

of same transilluminative conditions. 

 

Thesis 5 [9-12] 

I have developed a method for testing and evaluation, which is suitable for the determina-

tion of the amount of marker material. I defined the VEM (Effective Marker Volume (mm3)) effec-

tive marker volume parameter that expresses the amount of marker material int he stent struts. 

Knowing the VEM parameter the RM/TS parameter can be determined (Rate of Marker / Total Strut 

(%)), which interpreted as the ratio of the  effective marker volume (VEM) and the effective stent 

volume VES (Effective Stent Volume (mm3)): 

 

                     



 8 

Application of the results 

My research achievements are very important for the design and manufacturing engi-

neers of stents and implantation of stents, physicians performing stent implantation and 

users. A new method of assessing the cutting quality of laser beam cutting made Ni-Ti alloy 

stents and the understanding of the process burr removal contribute to future determina-

tion of manufacturing technological parameters. The elaboration of manufacturing technol-

ogy of markers integrated in the stent struts may lead to creation of new types of stents to 

help doctors work during and after the intervention. 

I worked out a comparative method in order to assess the quality of the laser beam 

cuts, which numerically classifies quantitative relationship of the raw material and the re-

sulting cut burr. These results are important contributions to the future of laser beam cuts 

quality ranking. 

The development of new markers integrated in stent struts is a step forward for fabri-

cants and physicians as well. The better positioning of stents and perception of their relative 

position are significantly helpedby these specific markers. 

My X-ray test results considerably contribute the planning and design of stent raw ma-

terials and markers. Closely related are the research results obtained by devices used in the 

laboratory and clinical practice conditions. 

My image analysing software-developments based on X-ray images help the pre-

planning of metal covered stent surface, positioning of the markers, raw materials and quan-

tity analysis.  

As a summary of my research findings I may say that my research corresponding to the 

needs of stent fabricants and physicians greatly contribute the design, manufacturing and 

use of future stents. 
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