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Introduction

Metallic coronary stents are medical devices that can
provide endovascular scaffolding to relieve vascular
obstructions. They exert a continuous radial pressure
on the diseased coronary artery, resulting in a com-
pression of atherosclerotic plaques, sealing of dissec-
tions, and expansion of the coronary vessel [1,2].
When used as an adjunct to conventional balloon
angioplasty, they improve vessel patency [3,4].
The surface roughness of stents is an important deter-
minant of their thrombogenicity and tissue reaction [5],

i.e., the nature of the metal surface is crucial to blood
compatibility [6]. A smooth surface can help prevent
the activation and aggregation of platelets, which is
recognized as one component of the thrombosis
process. Previous animal experiments [5,7-9] have
shown that surface treatment using electrochemical
polishing can improve the performance of stents. The
results of implantation of the polished stainless steel
coronary stents were compared with those of non-pol-
ished stents. The conclusion is that metallic surface
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Summary

Surface roughness is one of the properties that determines the performance of coronary stents. Therefore, in the
production and application of stents, surface polishing is of paramount importance. In the present study, electro-
chemical polishing was performed on 316L stainless steel slotted tube coronary stents made by laser cutting.
Additionally, both acid pickling and annealing, as the pretreatment of electrochemical polishing, were also con-
ducted. Material removal of the stents (both weight loss and strut width change) in the process of both pickling and
electrochemical polishing was investigated. Both qualitative and quantitative roughness measurements were made
to evaluate stent surface quality. Furthermore, material characterization of the stents was determined by means of
composition analysis, metallographic characterization, and hardness measurement. The removal of material dur-
ing both pickling and electrochemical polishing was within an acceptable range. Pickling caused a decrease in
roughness of the cutting zone. Annealing resulted in an increase in roughness of the stent surfaces. Electrochemical
polishing caused a smooth stent surface, which is comparable to commercially available stents. Moreover, the
annealing treatment caused the stents to change from a deformed microstructure to a homogeneous structure,
which is the major determining factor for the expandability of balloon stents.
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Acid Pickling
Pickling was performed on the cut stents by immersing
them in an acid solution (Table 1), consisting of HF,
HNO3, and H2O, at 40 °C for 40 min. A thermostat was
used to establish a constant temperature. After this
pickling treatment, the pickled stents were cleaned
ultrasonically using distilled water and then ethanol for
at least 15 min, and were then dried by air blowing.

Annealing
Annealing was conducted on the pickled stents in a
vacuum furnace (Leybold Heraeus PD 400, Germany).
As shown in Figure 1, the stents were initially heated
in a vacuum at a heating rate of 3 °C/min, from room
temperature to the annealing temperature of 1000 °C,
and were then kept at 1000 °C for 1 h. Finally, they
were cooled in a vacuum at room temperature. After
annealing, the annealed stents were cleaned by rinsing
them ultrasonically in distilled water and then ethanol
for at least 15 min, and dried by air blowing.

Electrochemical Polishing
Electrochemical polishing was conducted on the
annealed stents. The device used for electrochemical
polishing was a self-construction, as illustrated in
Figure 2. A 400 ml glass beaker was used as a cell. A
DC rectifier (Polipower, Struers, Denmark) was used
as a power supply (30 V maximum). The stents were

treatment with electrochemical polishing effectively
results in a decreased thrombogenicity. The most
important clinical problem after stent implantation is
still neointimal hyperplasia within the stent, which
results in a significant 16% – 30% narrowing of the
stent [2,3,10-12]. Further efforts to improve the clini-
cal results of coronary stents should focus on decreas-
ing this neointimal hyperplasia. Previous studies with
animal models [7,8] have shown that the mestallic sur-
face treatment using electrochemical polishing
decreased not only thrombogenicity but also neointi-
mal hyperplasia.
Electrochemical polishing is a process in which a metal-
lic surface is smoothed by polarizing it anodically in a
suitable electrolyte [13]. It is understood as two process-
es: anodic leveling and anodic brightening [14]. Anodic
leveling results from a difference in the dissolution rate
between the peaks and valleys on a rough metal surface,
depending on the current distribution or mass-transport
conditions. On the other hand, anodic brightening is
associated with suppressing the influence of the metal
microstructure on the dissolution rate. A smooth elec-
trochemically polished surface, which appears bright to
the naked eye, results from a combination of these two
factors [14]. Optimization of electrochemical polishing
of 316L stainless steel slotted tube coronary stents pro-
duced by laser cutting has been investigated [15]. The
focus of the present study is on the investigation of
material removal and the surface roughness of the 316L
stainless steel slotted tube coronary stents during elec-
trochemical polishing. The objective is to evaluate the
effect of electrochemical polishing on the 316L stainless
steel slotted tube coronary stents.

Materials and Methods

Materials
The original material used in this study was 316L
stainless steel slotted tube coronary stents produced
from a stainless steel tube (surgical grade stainless
steel, ASTM F138) by laser cutting (Precision Cutting
Systems nv, Belgium), which had a length of about
15.0 mm and a diameter of 1.6 mm. The wall thickness
of the stents was 95.0 µm. Additionally, two commer-
cial coronary stents, a Cook stent and an ACS stent,
were used for the sake of comparison. The received
samples were cleaned using distilled water and then
ethanol in an ultrasonic agitation bath for at least 
15 min, and dried by air blowing.
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P
re

ss
ur

e 
(m

ba
r)

T
em

pe
ra

tu
re

 (
°C

)

No. of samples

V
ac

uu
m

Figure 1. Condition for annealing. See text for detailed
information.

Table 1. Composition of pickling solution.
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used as an anode, and the cathode was a 316L stainless
steel sheet (15 cm long, 4 cm wide, and 0.2 cm thick).
The polishing temperature was controlled with a ther-
mostat. The electrolyte is summarized in Table 2. It
consists of H3PO4 (85wt%, weight percentage), glyc-
erol, and H2O. The conditions for electrochemical pol-
ishing, which were determined by experiment, are pre-
sented in Table 3. After electrochemical polishing, the
polished stents were cleaned ultrasonically using dis-
tilled water and then ethanol for at least 15 min, and
were then dried by air blowing.

Measurements of Weights and Dimensions of Stents
Measurement of the weights of a cut stent, a pickled
stent, and an electrochemically polished (ECP) stent
was carried out with an electronic analytical balance

(Mettler AE 100, Switzerland). The widths of the stent
struts (as a cut stent, a pickled stent, and an ECP stent)
were measured using a micrometer (Filar Micrometer
Eyepiece, American Optical 426C, USA) in conjunc-
tion with a light optical microscope (Metalloplan,
Leitz, Germany). Five measuring sites of the stent
struts were arbitrarily chosen to conduct the width
measurement, and a mean value was calculated.
Weight loss and strut width reduction of the stents dur-
ing the pickling and electrochemical polishing process
were calculated as follows:

weight loss = (weightbefore – weightafter)/weightbefore

reduction = (widthbefore – widthafter)/widthbefore

Roughness Measurements of Stents
Roughness measurements were performed qualitative-
ly and quantitatively to the stents, consisting of the cut,
pickled, annealed, ECP, ACS, and Cook stents.
Evaluation of the surface morphologies (qualitative
roughness measurement) was performed by means of
scanning electron microscopy (SEM) (Philips 
515 SEM, The Netherlands). Pictures were taken with
the SEM. The quantitative roughness was measured by
means of profilometry (WYKO NT 3300 Profiling sys-
tem, Veeco, The Netherlands). The long cutoff wave-
length (sampling) and the short cutoff wavelength
were 25 µm and 0.2 µm, respectively. The evaluation
length was 125 µm (five sampling lengths). Approxi-
mately 150 measuring lines were used, and thus the
mean roughness values could be obtained.

Material Characterization of Stents
Composition analysis of the cut stent was performed
using energy dispersive spectrometry (EDS) in con-
junction with SEM (Philips 515 SEM, the
Netherlands). Metallographic characterization was
performed on the transversal section of the cut and
ECP stents. First, grinding was done with waterproof
abrasive paper (1200, 4000). Mechanical polishing
was then performed gradually with 3 µm and 1 µm dia-
mond pastes and finally with a slurry of 0.05 µm SiO2

suspension. After this mechanical polishing, the sam-
ples were rinsed ultrasonically using distilled water
and were then dried by air blowing. Etching was con-
ducted on the mechanically polished samples using an
etchant (Glyceregia) consisting of 10 ml HNO3 (65%),
30 ml HCl (36% – 38%), and 30 ml glycerol. Light
optical microscopy (LOM) (Polyvar met, Reichert-

Figure 2. Set-up for electrochemical polishing.

Table 2. Electrolyte for electrochemical polishing. wt% =
weight percentage.

Table 3. Condition for electrochemical polishing.
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and a considerably smooth surface was revealed
(Figure 3d). The surface quality was largely improved
compared to both the pickled stent and the annealed
stent. Figure 4 provides SEM pictures of the surface
morphologies of the two commercial stents, the Cook
stent (Cook Group, USA), and the ACS stent (Guidant,
USA). As can be seen, although the cutting zone
revealed relatively less smoothness, these two com-

Jung, Germany) was then performed to observe the
microstructures. Pictures were taken with the LOM.
Vickers hardness was measured with a Micro-Vickers
tester (Leitz) on the cross section of the cut and ECP
stents with a load of 50 g.

Results

Removal of Stent Material
Table 4 presents the weights, the mean strut widths,
and the calculated weight loss and width reduction of
the cut, pickled, and ECP stents. As shown, the cut
stent had a weight of about 13.0 mg and a strut width
of approximately 138.5 µm. After pickling, there was
a weight loss of about 7.7%, and the strut width
decreased by 5.4% to about 131.0 µm. Using these
measured values together with the original wall thick-
ness of the stent (95.0 µm), the strut thickness could be
calculated from the relationship between the weight
and volume, assuming that the strut length remained
constant before and after pickling. By this calculation,
a strut thickness decrease of approximately 2.4% was
obtained, i.e., after pickling, the strut thickness was
about 92.7 µm. Due to electrochemical polishing, the
weight and strut width of the stent decreased by 16.7%
and 6.0%, respectively. The calculated result showed
that the strut thickness had decreased by 11.4%, i.e.,
the strut thickness was approximately 82.1 µm.
Therefore, after these two chemical processes, the final
dimensions of the stent strut were approximately 
123.2 µm wide and 82.1 µm thick.

Evaluation of Surface Morphology
Figure 3 shows SEM pictures of the morphologies of
the cutting zone and outer surface of the cut, pickled,
annealed, and ECP stents. As can be seen, due to the
slag in the cutting zone, considerable roughness of the
cut stent resulted in an unacceptable surface quality
(Figure 3a). By effectively removing the slag after the
acid pickling process, a relatively smoother surface
was thus obtained (Figure 3b), as compared to the cut
stent. Moreover, pickling could also remove the prod-
ucts covering the outer surface of the stent formed
while producing the tubing, thus resulting in a rougher
outer surface. The grain boundary grooves were
observed in the SEM picture of the annealed stent
(Figure 3c), which could probably result in an increase
in the surface roughness. Clearly, after electrochemical
polishing, the grain boundary grooves disappeared,

a

c

b

d

Figure 3. Scanning electron microscopic pictures of the cut-
ting zone and outer surface of four stents: panel a) cut, 
panel b) pickled, panel c) annealed, and panel d) electro-
chemically polished.

a b

Figure 4. Scanning electron microscopic pictures of a Cook
stent (panel a) and an ACS stent (panel b).

Table 4. Weights, strut widths, weight losses, and strut width
changes of the stents.
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mercial stents had a smooth surface. Comparing these
two surface morphologies with the ECP stent (Figure
3d), it can be concluded that the surface quality of the
ECP stent was acceptable.
Figure 5 shows the three-dimensional surface status,
obtained by profilometry, of the outer surface of the cut
stent, pickled stent, annealed stent, ECP stent, Cook
stent, and ACS stent. These were the areas on which
the quantitative roughness was measured. It is apparent
that the ECP stent (Figure 5d) had a smoother outer
surface, compared to both the Cook stent (Figure 5e)
and the ACS stent (Figure 5f). The polished stents,
consisting of the ECP stent, the Cook stent, and the
ACS stent, had a much smoother outer surface than the
non-polished stents, i.e., the cut, pickled, and annealed
stents. Figure 6 shows the three-dimensional surface
status of the cutting zone of the cut, pickled, annealed,
and ECP stents. Clearly, the ECP stent had a much
smoother surface in the cutting zone than the non-pol-
ished stents, consisting of the cut, pickled, and
annealed stents. These results further demonstrated the
effectiveness of electrochemical polishing.

Quantitative Roughness Measurement
Figure 7 exhibits the profiles of the outer surface of the
cut stent, pickled stent, annealed stent, ECP stent,
Cook stent, and ACS stent. Figure 8 shows the profiles
of the cutting zone of the cut, pickled, annealed, and
ECP stents. Roughness can be determined from these
profiles. Table 5 presents the average roughness Ra val-
ues of the cut, pickled, annealed, and ECP stents.
Figure 9 shows how this average roughness value
changed using the different treatments: pickling,
annealing, and electrochemical polishing. As can be
seen, in the original cut stent, the average roughness Ra

of the cutting zone was four times greater than the
outer surface. It was the largest roughness among all
the measurements. By removing the slag, the rough-
ness of the cutting zone of the pickled stent appeared
to be two times smaller compared to that of the cut
stent. Meanwhile, the roughness of the outer surface
increased somewhat, as the product covering the outer
surface during the tubing production was removed. As
seen from the surface morphology of the annealed
stent (Figure 3c), after annealing, grain boundary
grooves appeared on the stent surface. This resulted in
an increase in roughness, as compared to the pickled
stent. By this quantitative roughness measurement, it is
clearly demonstrated that electrochemical polishing

c

e

d

a b

f

Figure 5. Three-dimensional display of the outer surface of
the six stents: panel a) cut, panel b) pickled, panel c)
annealed, panel d) electrochemically polished, panel e)
Cook, and panel f) ACS.
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Figure 6. Three-dimensional display of the cutting zone of
the four stents: panel a) cut, panel b) pickled, panel c)
annealed, and panel d) electrochemically polished.
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provided a large decrease in stent roughness. Mean-
while, the cutting zone of the ECP stent had almost the
same roughness as the outer surface, i.e., it had a uni-
form surface status.
Figure 10 shows that the average roughness Ra of the
outer surface of the ECP stent and the ACS stent was
approximately three times smaller than the Cook stent.
As seen from the SEM images in Figure 4, the cutting
zone of both the ACS stent and the Cook stent was vis-
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Figure 7. Profiles of the outer surface of the six stents: panel a) cut, panel b) pickled, panel c) annealed, panel d) electro-
chemically polished, panel e) Cook, and panel f) ACS.

Table 5. Roughness Ra of the stents determined by profilom-
etry. SD = standard deviation.
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ibly rougher than their outer surfaces. Therefore, it can
be demonstrated that in respect to smoothness the sur-
face quality of the ECP stents obtained by applying
electrochemical polishing was completely acceptable.
Topography is the geometrical surface structure,
including roughness, form errors, waviness, and vein-
ing. According to the British Standard, roughness is

defined as "The irregularities in the surface texture
which are inherent in the production process but
excluding waviness and errors of form" [16]. The
roughness measurement technologies are divided into
qualitative measurement and quantitative measure-
ment. SEM gives a good qualitative image of surface
roughness. Features magnified to about 10 nm can be
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Figure 8. Profiles of the cutting zone of the six stents: panel a) cut, panel b) pickled, panel c) annealed, and panel d) electro-
chemically polished.

Figure 9. Comparison of roughness between the different treated stents. Panel a) outer surface, panel b) cutting zone. 
ECP = electrochemical polished.
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parameters are defined. Profile filters separate profiles
into long-wave and short-wave components. The λc

profile filter separates the roughness profile from long-
wave components (e.g., waviness). The cutoff wave-
length λc of a profile filter determines which wave-
lengths belong to roughness and which ones to wavi-
ness. The sampling length is the reference for rough-
ness evaluation. Its length is equal to the cutoff wave-
length λc. The evaluation length is the part of the
length over which the values of surface roughness are
determined. The standard roughness evaluation length
comprises five consecutive sampling lengths. Different

observed [17]. Quantifying the degrees of roughness
can be very complex, although various methods have
been used to provide a quantitative description of the
roughness, such as contact profilometry and optical
non-contact profilometry.
Various roughness values have been defined in the
International Standard [18], which are used to quanti-
tatively describe the roughness of a material surface,
some of which are shown in Figure 11, including aver-
age roughness Ra, root mean square roughness Rq, and
maximum peak-to-valley height Rmax. In the
International Standard [19], some surface profiling

Figure 10. Comparison of the outer surface roughness
between the electrochemical polished (ECP) stent and two
commercial stents: ACS stent and Cook stent.

Table 6. Relationship between standard roughness and eval-
uation length. S/E length = sample/evaluation length.

Figure 11. Illustration of definitions of roughness. z = outer surface; x = cutting zone.
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roughness is related to the selection of cutoff λc of a
profile filter. Table 6 shows the standard measurements
defined in the International Standard [20]. In this
study, the roughness values of these stents were
beyond the ranges of the International Standard in the
evaluation length due to the very small strut dimen-
sions. They can also be valuable for a comparison of
the surface roughness between the different stent sur-
face states, but they must be obtained in the same eval-
uation length.

Material Characterization
Table 7 shows the result of the composition analysis
obtained using EDS. These values could provide a pre-
liminary expression of the stent composition. As can
be seen, no carbon was detected. This is due to the
shortcomings of the employed analysis method. The
element with an element number below 8 could not be
detected using EDS. Moreover, the expected concen-
tration of carbon is too low to be detected by EDS.
Figure 12 shows two LOM pictures of the microstruc-
ture of the cross section of a cut stent. Figure 13 shows
the microstructure of the cross section of an ECP stent.
Figure 14 shows the Vickers hardness of the cut stent
and the ECP stent. As can be seen, the cut stent had a
"deformation" microstructure, which was formed
while producing the tube. Due to the annealing treat-
ment prior to electrochemical polishing, the ECP stent
revealed homogeneous grains. The annealing treat-
ment provided a decrease in the Vickers hardness from
363.69 ± 10.80 to 159.26 ± 5.76. As can be observed
in Figure 12b, the microstructure at the cutting edge
was the same as in the bulk. It is known that the ther-
mal effect of laser cutting can cause a heat-affected
zone (HAZ) formation at the cutting edge showing a
different microstructure from the bulk. Therefore, it
might be assumed that the HAZ resulting from the
employed laser cutting was very small. Obviously, as
can be seen in Figure 13b, with such a small initial
HAZ, the ECP stent revealed no HAZ after electro-
chemical polishing.

Discussion

Acid Pickling
The laser cutting process causes slag (burrs and depo-
sitions) to appear on the surface of the stents, resulting
in a rough surface. Before electrochemical polishing of
the stents, as was earlier discussed for electrochemical
polishing of NiTi alloy and Ta stents [21], the slag
must be removed. The surface quality of the polished
stents without a pre-treatment to remove the slag was
even worse than that of non-polished stents. The slag

Table 7. Composition of the 316L stainless steel coronary
stent determined by energy-dispersive spectrometry. 
at% = atom percentage, wt% = weight percentage.

a b

Figure 12. Microstructures of a cut stent. Scale: panel a) 
10 µm, panel b) 5 µm.

a b

Figure 13. Microstructures of an electrochemically polished
stent. Scale: panel a) 10 µm, panel b) 5 µm.

Figure 14. Vickers hardness (HV) of an cut stent and an
electrochemically polished stent (ECP).
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trolled on the basis of the anodic current density and,
in some cases, on the basis of the applied voltage [26].
In this study, applied voltage and anodic current were
used as the controlling parameters during the electro-
chemical polishing process. All the parameters were
determined experimentally. As discussed in some liter-
ature, electrochemical polishing generally occurs at the
limiting current density (a current maximum or plateau
in the current voltage curve) [26-29]. The rate of dis-
solution at the limiting current is controlled by the
transport of cationic reaction products from the anode
into the electrolyte [29]. Within the limiting-current
plateau region, the applied voltage also plays an impor-
tant role in the resulting surface finishing [28]. The
temperature is also a critical parameter for electro-
chemical polishing. Polishing time is a parameter that
influences the removal of material from the stents in
case other parameters are fixed.

Material Removal
The strut dimensions of stents can directly determine
their mechanical strength after deployment in the ves-
sels, and in turn influence the final healing effects.
Therefore, during electrochemical polishing of stents,
it is important to control material removal, i.e., in the
case of achieving a satisfactory polishing effect, mate-
rial removal should be as limited as possible. Weight
loss and dimension decreases are two parameters for
the removal of material. Obviously, the final dimen-
sions of the polished stents are determined from their
original dimensions. Therefore, during pickling, a pre-
treatment of polishing, overpickling should be avoid-
ed. Overpickling, underpickling, and pitting usually
are the direct results of lack of control over process
variables in the pickling of stainless steel [23]. After
selecting a pickling solution, the pickling time, which
can be determined experimentally, is a critical parame-
ter for controlling material removal [30]. Additionally,
the pickling temperature can have a pronounced influ-
ence on the pickling rate. An increase in temperature
may cause an increase in the pickling rate [23]. During
electrochemical polishing, the current density is not
only a determinant of the final effect, but also a mea-
surement of the polishing rate [26-29], which in turn
affects the removal of material.

Surface Roughness Measurements
The roughness measurements not only create an image
of stent surface status, but also provide a quantitative

adhered to the surface of the stents after polishing,
resulting in a worse surface quality. In the literature
[22], it is also mentioned that the burrs and the deposi-
tions must be removed after laser cutting in the next
production steps. Acid pickling is an effective method
for the chemical removal of the surface oxides and
other contaminants from metallic materials by immer-
sion in an aqueous acid solution [23]. In this study, acid
pickling was employed as a pre-treatment of electro-
chemical polishing of the 316L stainless steel slotted
tube coronary stents. The slag was effectively
removed, and thus a clean stent surface was prepared
for electrochemical polishing.

Annealing
The original cut stents are made from the stainless steel
tubing, which is too rigid to be balloon-expandable.
Therefore, the cut stents must be made balloon-
expandable before implantation. Annealing is an effec-
tive method for softening the stent material. In this
study, an annealing treatment was accomplished under
vacuum conditions at 1000 °C for 1 h, resulting in bal-
loon-expandable stents, which were verified in a bal-
loon expansion trial. The purpose of using a vacuum
environment is to reduce the occurrence of oxidation
during the heat treatment. Since the carbon content
(0.03% max) of low-carbon austenitic stainless steel,
including 316L, is low enough to reduce precipitation
of chromium carbides that markedly decrease the resis-
tance to intergranular corrosion, it does not require a
quenching treatment [24]. Therefore, in this study,
annealing was performed and furnace cooling was
applied. In addition, annealing results in the appear-
ance of grain boundary grooves on the stent surface,
which increases the surface roughness of the stents
compared to the non-annealed (pickled) stent.

Electrochemical Polishing
Electrochemical polishing is a method of brightening
and smoothing the surface of metals [14,25] by
immersing the parts in an electrolyte and applying pos-
itive direct current to the sample. The main electrical
parameters for electrochemical polishing are the anod-
ic potential, the anodic current density, and the applied
voltage. As the nature and rate of any electrochemical
reaction are both determined by the electrode potential,
the electrochemical polishing process should also be
controlled on the basis of the anodic potential. In prac-
tice, the electrochemical polishing process is con-
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surface roughness of the stents. The initial surface
state, together with the factors of current density and
polishing time, determines the final surface smooth-
ness [26]. Therefore, determining the initial surface
roughness demonstrates its importance. Most impor-
tantly, the roughness measurements clearly exhibit the
final surface texture of a polished stent, which is a
measurement that furthers medical and other investiga-
tions, i.e., provides an opportunity to investigate quan-
titatively the influence of roughness on stent biocom-
patibility.

Conclusion

As concluded in a previous study [15], the sequence
of pickling and annealing prior to electrochemical
polishing is of importance and should be reversed.
The surface quality of 316L stainless steel slotted
tube coronary stents is largely improved by means of
electrochemical polishing. The surface roughness of
electrochemically polished stents is in an acceptable
range, which is comparable to commercial stents.
Using roughness measurements, combined with
material removal measurement, an optimal condition
can be determined, under which relatively small
roughness and along with large strut dimensions can
be obtained. More importantly, roughness measure-
ments not only determine the parameters for electro-
chemical polishing, but also evaluate precisely the
final effectiveness of the electrochemical polishing
process. Due to the pretreatment of annealing, the
polished stent has a homogeneous microstructure and
uniform hardness, and thus has good balloon expand-
ability.
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