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ABSTRACT: Vascular  interventional  surgery  is  a  minimally  invasive
treatment.  This  method  involves  introducing  catheters,  guidewires,
and  other  precision  instruments  into  the  human  body  to  locally
diagnose  and  treat  internal  diseases.  However,  mechanical  contact,
such as friction, compression, and collision, inevitably occurs during
the  intervention  process.  This  can  cause  tissue  damage.  Currently,
mechanical  damage  to  vascular  tissues  is  evaluated  primarily  in
qualitative terms, which limits accurate reflection of both the extent
of  tissue  damage  and  its  influencing  factors.  This  paper  specifically
studies friction injury between interventional catheters and vascular
tissues.  This  study  develops  the  first  quantification  model  of  injury
between catheters and blood vessels. The results revealed that increases in the normal force led to increased coefficients of friction
(COF) and greater energy dissipation between the friction head and vascular tissue. In contrast,  varying speeds produced a trend
where the COF and energy dissipation first increased and then decreased. A quantitative evaluation system for vascular tissue injury
was  established  on  the  basis  of  indicators  such  as  endothelial  cells,  glycoproteins,  curled  tissues,  and  intimal  thickness  on  the
vascular  surface.  Using this  system,  damage scores  and damage grades  were  assigned to  surface  injuries  in  friction experiments.
Pearson correlation analysis revealed a strong correlation between the COF and injury score. The link between the normal load and
sliding velocity was even greater than that between the friction time and injury score. These experimental results lay the foundation
for quantitative mechanical damage evaluation. They enable the mapping of relationships between mechanical factors and tissue
damage.
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1  Introduction
Vascular  interventional  surgery  is  a  surgical  method  that  treats
cardiovascular  diseases in  vivo via  a  catheter  or  guide  wire,
offering  advantages  such  as  minimal  trauma,  high  precision,
multiple  indications,  straightforward  operation,  and  rapid
postoperative recovery. It has become the mainstream method for
treating  vascular  diseases  [1−4].  More  than 200  million catheters
are  used  for  vascular  intervention  worldwide  every  year  [5].
However, in both traditional doctor operation and digital control
of vascular surgery robots, the following problems still exist during
the process  of  X-ray-assisted catheter  intervention [6, 7]:  (1)  The
contact force and other information between the catheter and the
vascular tissue cannot be obtained in real time during the process
of  the  catheter  passing  through  the  blood  vessel,  and  the  lack  of

force feedback information leads to improper operation and tissue
damage.  (2)  Due  to  the  irregular  size  and  structure  of  blood
vessels,  complications  such  as  bleeding,  intimal  tearing,  arterial
spasm,  rapid  heart  rate,  and  catheter  knot  are  prone  to  occur
when  the  catheter  is  frequently  pushed,  pulled,  squeezed,  and
rotated  in  the  blood  vessel.  (3)  The  sudden  release  of  energy
accumulated due  to  deformation at  the  front  end of  the  catheter
or  the  flexible  tube  during  surgery  will  have  an  impact  on  the
tissue,  increasing  the  risk  of  vascular  damage  or  even  tearing.
Therefore,  although  vascular  intervention  is  widespread,
complications  associated  with  frictional  injuries  limit  its  clinical
effectiveness [8, 9].

To  understand  the  frictional  damage  mechanism  between  the
interventional  catheter  and  blood  vessels  and  improve  the  safety
and  accuracy  of  surgery,  scholars  have  conducted  numerous
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studies  [10−12].  Takashima  et  al.  [13]  employed  frictional
experiments  and  numerical  analysis  to  investigate  the  contact
behavior  between  blood  vessels  and  catheters  and  reported  that
the coefficients of friction (COF) tended to first increase but then
decrease  with  increasing  contact  angle.  The  numerical  analysis
results  revealed  that  the  difference  in  blood  vessel  parameters
affected  the  movement  trajectory  of  catheters  in  the  surgical
simulator. Prokopovich et al. [14, 15] tested the COF between the
catheter  and  vascular  tissue  through  face-on  contact.  Owing  to
high surface roughness, the static friction coefficient and dynamic
friction coefficient of the arterial tissue were greater than those of
the venous tissue, and the blood had good lubricity.  Bostan et al.
[16]  reported  that  the  COF  between  the  catheter  and  the  blood
vessel  was  negatively  correlated  with  the  normal  force,  and
interfacial friction resulted in significant changes in the orientation
of both collagen fibers and elastic fibers. Lin et al. [17] studied the
frictional  properties  of  vessels  with  different  curvatures  and
reported that the COF decreased with increasing normal force and
increased  with  increasing  moving  speed.  There  was  a
corresponding  relationship  between  the  curvature,  stiffness,
contact  area,  and  COF  of  the  vessel,  and  the  glycocalyx  on  the
vessel had a mechanical lubrication effect at the macroscopic level.
Wang et al. [18] conducted a study on the sliding friction between
the end of a dialysis catheter and venous vessels and reported that
the  COF  was  positively  correlated  with  the  surface  roughness  of
the catheter and that a highly rough surface might cause chronic
mechanical  friction  damage  to  the  intima  of  the  central  vein.  At
the  cellular  level,  Dunn et  al.  [19]  reported  that  the  macroscopic
COF  between  a  glass  needle  and  monolayer  arterial  endothelial
cells was between 0.03 and 0.06 and preliminarily summarized the
biological  effects  of  frictional  stress  by  evaluating  damage  to  the
cell area before and after friction.

Furthermore,  the  investigation  of  the  frictional  mechanism  of
vascular  tissue  damage  can  aid  in  determining  the  relationship
between mechanical action and tissue damage, thereby providing
a theoretical model for reducing tissue damage [20−23]. Dellimore
et  al.  [24]  used  attenuated  total  internal  reflection  infrared
spectroscopy  to  evaluate  mechanical/frictional  damage  to  the
vascular wall, and the results revealed that the COF and degree of
damage  to  blood  vessels  increased  with  increasing  number  of
reciprocating  frictions  and  that  the  absorbance  gradually
decreased.  Bostan  et  al.  [16]  utilized  second-harmonic  imaging
and two-photon excited fluorescence technology to investigate the
orientation  and  quantity  of  vascular  fibers.  The  results  showed
that  after  the  friction  experiment,  the  elastic  fibers  and  collagen
fibers in the blood vessels initially exhibited a significant change in
orientation.  With  increasing  recovery  time,  the  fiber  orientation
gradually returned to the original state. Cheheltani et al. [25] and
Votteler  et  al.  [26]  investigated  extracellular  matrix  remodeling
and  degradation  of  arterial  tissue  via  infrared  and  Raman
spectroscopy,  respectively.  The  results  revealed  that  the  Raman
signal intensity and infrared spectrum signal significantly changed
before  and  after  collagen  fiber  degradation.  Lin  et  al.  [27−29]
employed  fluorescence  microscopy  and  scanning  electron
microscopy  to  investigate  the  frictional  damage  between  the
modified  catheter  and  blood  vessels.  The  results  revealed  a
decrease  in  mucin  and  the  number  of  cells  on  the  blood  vessels

after the friction of the modified catheter was reduced, and there
was  no  prominent  fold  in  the  intima  of  the  artery.  In  addition,
Hofmann  et  al.  [30]  evaluated  the  degree  of  damage  to  corneal
samples  at  the  microscopic  scale  via  ImageJ  software,  and  the
results revealed that the frictional energy between the lens and the
cornea was positively correlated with the degree of tissue damage.

Current  research  on  mechanical  injury  to  vascular  tissue  has
focused primarily on the frictional mechanism. Injury to vascular
tissue,  including  tissue  sections,  infrared  spectroscopy,  Raman
spectroscopy,  and  scanning  electron  microscopy,  is  assessed
mainly  through  qualitative  evaluation  and  comparison.  The
changes  in  vascular  tissue  corresponding  to  different  contact
conditions and the determining factors among various injuries are
still unclear. Therefore, this paper specifically researched frictional
injury  between  interventional  catheters  and  vascular  tissues  and
constructed a quantification model of this injury for the first time.
First,  the  friction  mechanism  between  the  catheter  and  the
vascular  intima  was  analyzed  under  various  factors,  including
friction time,  normal force,  and sliding velocity.  Second,  vascular
tissue  injury  was  analyzed  via  friction  experiments,  and  a
quantitative system for evaluating vascular injury was constructed.
Finally, the mapping relationship between mechanical friction and
tissue  injury  was  expounded,  revealing  the  friction  injury
mechanism of the interventional catheter to vascular tissue during
the operation.  The above experimental  results  lay the foundation
for  quantitative  mechanical  damage  evaluation,  enabling  the
construction  of  a  mapping  relationship  between  mechanical
factors and tissue damage.

2  Materials and methods

2.1  Sample preparation
The tissue samples used in this study were derived from the aorta
of pigs. They were obtained from the slaughterhouse on the day of
the  experiment.  Intact  aortas  were  sent  to  the  laboratory  within
2  h  after  death,  and  the  surface  mucosa  was  treated  before  the
experiment  was  conducted  within  4  h  to  avoid  dehydration  and
deterioration.  The  processing  procedure  for  arterial  tissue  was
introduced  in  previous  publications  by  the  research  group  [17].
Briefly,  the  mucosa  and other  tissues  on  the  outer  surface  of  the
aorta  were  removed  to  ensure  the  flatness  of  the  sample.  Then,
samples  were  taken  along  the  central  axis  of  the  aorta  for  the
friction  experiment.  The  tissue  samples  used  for  the  friction
experiment were 50 mm × 30 mm in length and width, with the
thickness of the aortic wall ranging from 1.5 to 3 mm. To simulate
real  physiological  conditions,  this  study  used  a  blood  substitute
solution  to  create  a  vascular  contact  environment  in  friction
experiments  involving  isolated  vascular  tissues.  The  formulation
of the blood substitute solution is shown in Table 1.

2.2  Friction platform preparation
The  interfacial  friction  test  platform  between  the  catheters  and
blood vessels was composed of a multifunctional friction and wear
testing  machine,  a  vascular  fixation  stage,  and  a  friction  ball,  as
shown in Fig. 1. The friction experiment in the present study was
conducted  on  a  friction  and  wear  testing  machine  (UMT-

 

Table 1    Components of the blood substitute solution

Reagent Concentration (w/v) Brand Component proportion
PBS solution — Tetrad organism 90%

Pig serum Hemoglobin ≤ 0.02%
Protein 4.5%–6.0% Biosharp 10%
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Tribolab,  Bruker,  USA),  and  the  linear  reciprocating  mode  in
constant  force  mode  was  adopted  to  simulate  the  push–pull
motion  at  the  interventional  catheter/aorta  interface  [29].  The
corresponding  friction  test  parameters  were  set  as  follows:  the
unidirectional sliding stroke was 15 mm; the sliding speeds were 1,
3, 5, 7, and 9 mm/s; the normal forces were 0.2, 0.4, 0.6, 0.8, and
1.0 N; and the reciprocating cycles were 1, 50, 100, 150, and 200.
The  vascular  fixation  stage  was  designed  and  self-processed  via
three-dimensional  (3D)  modeling  software  for  the  fixation  of
vascular tissues and simulation of  the vascular environment.  The
materials  of  the  friction  ball  were  the  same  as  those  of  standard
commercial  catheters,  namely,  polytetrafluoroethylene  (PTFE;
ϕ16  mm,  PA66,  Forsoow,  China).  Two  parts  were  used:  The
outside  end  was  a  hemispherical  friction  head  for  the  friction
experiments,  and  the  inner  end  was  the  part  where  the  friction
head connected to  the friction testing machine,  which was made
of a metal material. The relevant material properties are detailed in
Table 2.

2.3  Treatment of friction samples
After  the  aortic  samples  underwent  friction  experiments,  they
were  fixed  to  maintain  their  integrity  and  structural  stability  for
subsequent research. Specifically, these samples were immersed in
paraformaldehyde (PFA) solution and fixed at 4 °C for 24 h. The
samples were subsequently washed three times with a phosphate-
buffered  saline  (PBS)  solution  to  remove  excess  fixative.  Finally,
the samples were immersed in PBS solution and stored in a 4 °C
refrigerator for future damage characterization studies. Within the

friction  area  and  the  nonfriction  area,  5  mm  ×  5  mm  tissue
samples  were  taken  for  dehydration  and  staining  to  evaluate  the
surface morphology and structure. Additionally, 3 mm × 20 mm
tissue  samples  were  taken  from  the  friction  area  for  histologic
sectioning and staining to assess changes in the vascular intima.

2.3.1  Fluorescence staining

4’,6-Diamidine-2’-phenylindole  dihydrochloride  (DAPI;  CAS:
28718-90-3,  Merck,  Germany) and concanavalin A (ConA; CAS:
11028-71-0, Sigma-Aldrich, Germany) were used to stain the cell
nucleus  and  glycocalyx  of  the  blood  vessels,  respectively.  DAPI
can  strongly  bind  to  DNA  and  is  commonly  used  for  observing
the cell nucleus. In contrast, ConA can specifically bind to specific
structures  of  various sugars,  glycoproteins,  and glycolipids  and is
thus  used  to  characterize  glycoproteins  and  other  sugar-
containing  substances  on  blood  vessels  (such  as  the  glycocalyx).
The operation steps were as follows: (1) PBS was used to remove
impurities, and additional PFA solution was added to the samples;
(2)  a  mixture  of  ConA  (2  mg/mL)  and  DAPI  (2  mg/mL)  was
added,  and the tissue sample was immersed in the dark at  room
temperature  for  30  min;  (3)  the  samples  were  washed  with  PBS
three  times  for  10  min  each  to  remove  the  staining  solution;
(4)  the  fluorescence  of  the  samples  was  observed  under  an
inverted fluorescence microscope (ConA appeared green, and the
DAPI appeared blue; IX73 Olympus, Japan);  (5) ImageJ software
was used to analyze the fluorescence intensity of glycoproteins and
cell nuclei statistically.

 

(a) (b)

(c) (d) 

Fig. 1    Interfacial  friction  test  platform  between  catheters  and  blood  vessels.  Schematic  diagram  of  (a)  interface  contact,  (b)  sample  fixing  stage  on  UMT-tribolab,
(c) frictional head, and (d) specific structure of fixing stage.

 

Table 2    The material properties of the friction ball head

Material Diameter (mm) Elasticity modulus (MPa) Poisson’s ratio Picture

PTFE 16 674 0.475
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2.3.2  Sample topography

The  surface  morphology  of  the  samples  before  and  after  the
friction  test  was  assessed  with  a  scanning  electron  microscope
(SEM; Phenom Prox G7, the Netherlands). The samples were first
cut  from the  friction  area  and  the  nonfriction  area.  The  samples
were  subsequently  immersed  in  ethanol  solutions  of  50%,  70%,
80%,  90%,  95%,  and  100%  concentrations  for  gradient
dehydration.  After  that,  the  samples  were  placed  in  a  well-
ventilated area for drying for more than 1 h and sprayed with gold
in a vacuum environment. Finally, the samples were observed via
SEM, and the extracted tissue was statistically analyzed via ImageJ
software.

2.3.3  Histological section

Histological sectioning is one of the most fundamental and widely
used  staining  techniques  in  histology  and  pathology  and  can
reveal the morphological structure of cells and tissues. Elastic Van
Gieson  (EVG)  staining  is  used  to  visualize  elastic  fibers  and
collagen  fibers  in  tissues,  with  elastic  fibers  stained  black  and
collagen fibers stained red. The steps for histologic sectioning were
as  follows:  First,  the  samples  were  trimmed  to  the  appropriate
width; then, the tissue sections were stained with EVG according
to  the  user  manuals  after  routine  dehydration,  embedding,
sectioning,  mounting,  and  dewaxing;  subsequently,  the  tissue
sections were dehydrated and sealed on microscope slides for long-
term  preservation;  and  finally,  the  sample  tissue  in  the  sections
was observed via a biological microscope (BX63, Olympus, Japan).
As  shown in Fig.  2,  the  vascular  tissue  is  composed  of  the  inner
layer (endothelium), the middle layer (media), and the outer layer
(adventitia) from the inside to the outside.

2.4  Damage assessment system
To  evaluate  the  degree  of  damage  to  vascular  tissues  after  the
friction experiment,  a  damage assessment system was established
to assess vascular tissue damage. It can not only intuitively display
the  severity  of  tissue  damage  but  also  facilitate  the  analysis  and
comparison  of  the  influences  of  different  damage  factors.  The
damage  assessment  system  primarily  includes  data  processing
methods,  statistical  analysis  methods,  and  weight  determination
methods, among others.

2.4.1  Data standardization

When  the  order  of  magnitude  of  the  selected  indicators  for
damage  assessment  varies  significantly,  it  is  essential  to
standardize the measurement data and convert the quantified data
into standardized units to minimize errors among the indicators.
Among  these  methods,  the  most  common  is  the  range
standardization  method,  which  subtracts  the  minimum  value
from the actual measurement data and then divides the resulting

data  by  the  range  of  the  data.  The  calculation  expression  is  in
Eq. (1) [31]:

Standardized value =
Measured value−Minimum value
Maximum value−Minimum value

(1)

2.4.2  Hierarchical analysis method

The hierarchical analysis method is a commonly used calculation
method  for  assigning  weights  to  different  indicators,  enabling  a
comprehensive evaluation of a specific object. The analysis process
included  the  following  steps  [32−34]:  (1)  A  hierarchical  network
structure  diagram  was  established  on  the  basis  of  the  decision-
making  objective  (Fig.  S1  in  the  Electronic  Supplementary
Material  (ESM)).  (2)  With  the  1–3–5–7–9  evaluation  method  in
the  hierarchical  analysis  method  (Table  S1  in  the  ESM),  the
superiority  and  inferiority  judgment  matrix  for  the  subobjectives
of  the  first  layer  was  then  constructed  (Table  S2  in  the  ESM).
(3) The weights of the subobjectives were calculated, and whether
the  obtained  weights  were  logical  was  verified.  The  specific
calculation formula was as follows.

First, the initial weights of the subgoals are calculated as Eq. (2):

w,
i =

m
√
ai1ai2 · · ·aim (2)

w,
i

where aij means  the  valuer  in  1–3–5–7  layered  analysis, i
represents  the  serial  number  of  the  subobjective,  is  the  initial
weight  of  the i-th  subobjective,  and m is  the  number  of
subobjectives.

The initial weights of the subobjectives are normalized to obtain
the normalized weight coefficients.  The calculation equation is as
Eq. (3):

wi = w,
i/∑m

i=1
w,

i (3)

The  consistency  index  (CI)  is  used  to  determine  whether  the
weights  assigned  to  subobjectives  are  logical.  The  calculation
formula of the CI is as Eq. (4):

CI= (λmax −m)/(m− 1) (4)

λmax mwhere  is  the maximum eigenvalue,  and  is  the eigenvalue
of  the  pairwise  comparison  judgment  preference  matrix  of  the
subobjectives at this layer.

Finally,  the  comprehensive  score  index  is  calculated.  The
calculation formula is as Eq. (5):

GI= ∑m

1
CiZi (5)

Zi

where  GI  is  the  final  comprehensive  score, Ci is  the  weight
(combined weight), and  represents the standardized data of the
i-th evaluation index.

 

Fig. 2    EVG staining of vascular tissue at different magnifications: (a) 400 μm and (b) 20 μm.
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3  Results

3.1  The dependence of friction time
Figures  3(a)  and 3(b)  show  the  typical  trends  of  the  COF  over
time during the unidirectional sliding of the friction ball head on
the  vascular  surface,  where  numbers  1–3  represent  different
friction  states.  At  the  beginning  of  movement,  the  friction  head
and  the  vascular  surface  are  in  a  relatively  static  state.  As  the
friction head starts to move initially, static friction behavior occurs
at  the  friction  ball-vessel  tissue  interface,  and  the  COF  increases
rapidly over time during this stage. During the process where the
COF  increases  from  zero  to  the  maximum  static  friction
coefficient, the elastic deformation of the vessel tissue accumulates
continuously, and the friction head undergoes slight displacement,
which  is  the  presliding  phenomenon  [35].  When  the  contacting
objects  are  in  the  presliding  stage,  the  driving  force  must
overcome  the  maximum  shear  force  parallel  to  the  contact
interface, which is equivalent to the maximum static friction force.
There  is  no  relative  sliding  between  the  friction  head  and  the
vessel tissue interface, which is the viscous friction stage (Stage 1).
When  the  COF  reaches  its  maximum  value  of  0.0574,  it  is  the
maximum  static  COF,  and  the  friction  head  continues  to  move
into the slip friction stage (Stage 2), where the accumulated elastic
deformation  of  the  material  gradually  releases,  causing  relative
sliding between the friction head and the vascular surface, and the
COF first decreases and then stabilizes. In Stage 3, the COF curve
fluctuates continuously, a process that involves elastic deformation
of  the  material,  which  alternately  accumulates  and  releases  over
time, resulting in a typical “stick–slip” phenomenon [36].

Figures  3(c)–3(e)  show  the  changes  in  the  COF,  friction,  and
energy dissipation between the friction head and vascular tissue at
various  friction  times.  The  friction  and  displacement  curves
during  reciprocating  motion  form  a  closed  curve,  known  as  the
“frictional  loop”,  which  is  the  frictional–displacement  (Ff–D)
curve.  The  area  of  this  closed  curve  is  equal  to  the  energy
consumed  during  the  friction  process  between  the  friction  head
and  vascular  tissue,  that  is,  the  energy  dissipated. Figure  3(c)

shows the typical Ff–D curves  of  the first  cycle  (0  min),  the 50th
cycle (5 min), the 100th cycle (10 min), the 150th cycle (15 min),
and the 200th cycle (20 min) of the friction experiment (velocity:
5  mm/s,  normal  force:  0.4  N).  Owing  to  the  nonlinear  and
viscoelastic  properties  of  vascular  tissue,  the Ff–D curve becomes
more  irregular  with  increasing  time,  indicating  that  the  initial
friction  interface  has  changed.  Moreover,  the  energy  dissipation
gradually  increases  with increasing friction time,  which is  similar
to the trend of the COF shown in Fig. 3(d). Within the first 5 min,
the changes in the COF and energy dissipation are relatively small,
indicating that the state of the friction interface is relatively stable.
There  is  subsequently  a  significant  increase  in  energy  dissipation
and  the  COF,  which  may  be  related  to  changes  in  the  vascular
tissue interface.  This phenomenon is further discussed in Section
4.2,  which  examines  the  mapping  relationship  between  friction
factors and damage.

3.2  Dependence of the normal load
Figures  4(a)–4(e)  present  the  typical Ff–D curves  of  the  friction
head  and  vascular  tissue  under  different  normal  forces.  All  the
curves  exhibit  an  irregular  rectangular  shape  within  one
reciprocating  cycle.  When  the  normal  force  is  0.2  N,  the Ff–D
curve remains stable within 20 min, and the corresponding energy
dissipation  changes  very  little,  as  shown  in Fig.  4(g).  With
increasing  normal  force,  the  contact  state  between  the  friction
head and vascular tissue gradually changes from sliding friction to
“stick–slip” friction, indicating a change in the frictional interface.
Moreover,  frictional  energy  dissipation  increases  with  increasing
friction  time  under  a  single  normal  force.  At  the  beginning  of
friction  (0  min),  the  normal  force  has  little  effect  on  the  COF,
which is approximately 0.035. As time progresses, the COFs under
different normal forces all increase, but the magnitudes of growth
are  not  synchronous.  The  variation  in  the  COF  of  the  friction
head  in  the  first  10  min  is  consistent  under  a  normal  force  of
0.2–0.8 N. As the friction time further increases, the differences in
the  COFs  under  different  normal  forces  become  more  obvious;
that  is,  the  greater  the  normal  force  is,  the  more  significant  the
change in the COF.
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Fig. 3    Friction results at different friction times (normal load: 0.4 N, sliding velocity: 5 mm/s): (a) COF vs. friction time at Stages 1 and 2, (b) COF vs. friction time at
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3.3  Dependence of the sliding velocity
Figures  5(a)–5(e)  show that  the Ff–D curves  of  the  friction  head
and  vascular  tissue  at  different  sliding  velocities  all  exhibit  an
irregular rectangular shape. In the initial stage of friction (the first
cycle,  0  min),  the  differences  in  frictional  energy  dissipation
among different sliding velocities are relatively small but gradually
become more evident as the number of cycles increases, as shown
in Fig.  5(g).  Particularly  at  a  speed  of  3  mm/s,  the  energy
dissipation changes most drastically, with the Ff–D curve deviating
the most from the initial rectangle in size and shape, indicating a
significant  change  in  the  friction  interface,  where “stick–slip”
friction  dominates  and  the  situation  continues  to  deteriorate.  At
sliding  velocities  of  1  and  9  mm/s,  the  energy  dissipation  is  the
smallest,  and  their Ff–D curves  change  little  with  increasing
number  of  cycles,  indicating  a  relatively  stable  friction  interface.
The average COF also shows a similar trend. In the initial stage of
friction, the influence of different sliding velocities on the friction
coefficient  is  relatively  small.  However,  as  the  number  of  cycles
increases,  the  differences  in  the  COFs  among  different  sliding
velocities  become  significantly  greater  (Fig.  5(f)).  When  the
number of cycles reaches 200, the COF change is the smallest at a
speed  of  1  mm/s,  whereas  it  is  the  largest  at  a  speed  of  3  mm/s.
This  trend indicates  that  the  friction coefficient  initially  increases
and then decreases as the velocity increases.

3.4  Injury characteristics of the vascular tissue

3.4.1  Surface damage

To explore the influence of friction behavior between the friction
head  and  vascular  tissue,  SEM  was  used  to  examine  the  inner
surface  of  the  aorta.  The  SEM results  for  different  friction times,
normal  forces,  and  sliding  velocities  are  shown  in Fig.  6.  The
vascular  surface  is  not  smooth  or  flat.  However,  instead  of  a
protruding surface covered with pebble-like structures,  which are
the  cytoplasmic  protrusions  of  endothelial  cells.  From  the  SEM
images at different frictional times in Fig. 6(a), it can be observed
that  the  number  of  endothelial  cells  decreases  continuously  with
increasing friction time, and they are no longer visible at 10 min.
At the same time, strip-like rolled-up tissues begin to appear, and
larger rolled-up tissues appear as the frictional time increases. The
relationship between the diameter of the rolled-up tissues resulting
from  intimal  rupture  and  the  friction  time  was  statistically
analyzed, and the results are shown in Fig. 6(d). Similarly, changes
in  the  vascular  surface  can  be  observed  in  friction  experiments
conducted under  different  normal  loads  and sliding velocities,  as
shown in Figs. 6(b) and 6(c). According to the statistical results in
Figs.  6(e)  and 6(f),  with  increasing  normal  force,  the  maximum
diameter  of  the  rolled-up  tissues  of  the  intima rupture  increases,
whereas  the  maximum  diameter  of  the  rolled-up  tissues  of  the
intima  rupture  first  increases,  reaches  the  maximum  value  at
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Fig. 4    Friction results at different normal loads (sliding velocity: 5 mm/s): (a)–(e) Ff–D curves at normal loads of 0.2, 0.4, 0.6, 0.8, and 1.0 N; (f) average COF at different
normal loads; (g) average energy dissipation at different normal loads.
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3  mm/s,  and  then  gradually  decreases  with  increasing  sliding
velocity.

To further investigate the influence of  different friction factors
on  the  friction  behavior  between  the  friction  head  and  vascular
tissue,  the  intima  surface  was  stained  with  fluorescence,  and  the
distributions  of  cell  nuclei  (Fig.  7)  and  surface  glycoproteins
(Fig.  8)  were  statistically  analyzed. Figure  7(a)  shows  that  the
shapes  of  the  endothelial  cell  nuclei  are  relatively  consistent,  all
presenting an elliptical  shape, and are evenly distributed over the
surface;  however,  their  arrangement  is  not  regular  or  uniform.
Figures 7(d)–7(f) show that after 0.5 min of friction, the number
of  cell  nuclei  changed.  Among  them,  the  number  of  cell  nuclei
decreased  by  25%,  and  this  decrease  was  rapid  with  increasing
friction time. When the friction time is 5 min, it is less than 30%,
and then it remains relatively stable but gradually decreases. In the
friction  experiments  with  varying  normal  forces  and  moving
speeds, the trend of increased damage to the number of cell nuclei
is  consistent  with  the  change  in  the  maximum  diameter  of  the
intima rolling-up tissue.  On the other hand,  the surface of  blood
vessels  is  covered  with  a  layer  of  glycoprotein  (glycocalyx),  as
shown in Figs. 8(a)–8(c), whose distribution is generally consistent
with  that  of  endothelial  cells.  After  friction,  the  inner  membrane
glycoprotein  is  exposed  on  the  surface,  resulting  in  a  significant
difference  in  glycoprotein  fluorescence  intensity  compared  with
that  of  the  friction-free  surface.  The  fluorescence  intensity
gradually  decreased  from  0.5  to  20  min.  In  contrast,  the
nonfriction  sample  exhibited  a  lower  intensity  of  fluorescence

(Fig.  8(d)).  This  might  be  because,  in  the  complete  vascular
epithelium,  the  cells  form  a  layered  structure  and  are  closely
connected to each other, which can prevent the deep penetration
of  ConA  dye.  As  a  result,  the  detection  rate  of  the  unfrictional
sample  would  be  lower.  However,  friction  can  damage  cells,
loosening  the  cell-to-cell  contact  and  increasing  the  permeability
of the cell membrane [37]. For Fig. 8(e), except for the cases where
the loading parameters are relatively small (0.2 N), i.e.,  where the
friction  damage  to  the  vascular  tissue  is  not  severe,  the  overall
trend  of  glycoproteins  shows  an  overall  downward  trend.  In
Fig. 8(f), except for the cases where the sliding velocity is 1 mm/s,
the  overall  trend  of  the  change  is  consistent  with  that  shown  in
Fig. 7(f) when the special points at 9 mm/s are ignored.

3.4.2  Cross-sectional damage

Figure 9 shows that the innermost layer of the aorta can be clearly
distinguished  as  dark  brown,  granular  endothelial  cells  closely
adhering  to  the  surface  of  the  blood  vessel.  Next,  the
subendothelial  layer,  which  appears  as  a  red,  spongy,  fluffy
structure,  is  mainly  composed  of  loose  connective  tissue  with
collagen  fibers  interspersed  with  a  small  number  of  smooth
muscle  cells  and  elastic  fibers.  The  endothelial  cells  and
subendothelial layer together form the intima of the blood vessel.
Outside the intima, there is an internal elastic lamina that appears
black in EVG staining and is composed of elastic fibers, generally
serving  as  the  boundary  between the  intima and the  media.  The
media  of  the  aorta  are  composed  mainly  of  elastic  fibers  and
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Fig. 5    Friction results at different sliding velocities (normal load: 0.4 N): (a)–(e) Ff–D curves at normal loads of 1, 3, 5, 7, and 9 mm/s; (f) average COF at different sliding
velocities; (g) average energy dissipation at different sliding velocities.
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smooth  muscle.  The  elastic  fibers  primarily  exist  in  the  form  of
elastic membranes, and dozens of layers of these membranes can
be  observed  in  the  figure,  presenting  a  wavy  shape.  Smooth
muscle cells and a small amount of collagen fibers are interspersed
between the  membranes.  The  outermost  layer  of  the  aorta  is  the
adventitia,  which  is  separated  from  the  media  by  an  external
elastic  lamina  and  consists  mainly  of  loose  connective  tissue
containing collagen fibers and elastic fibers.

The  transverse  sections  of  the  aorta  at  different  friction  times
are  shown  in Fig.  8(a).  The  adhesion  of  endothelial  cells  to  the
vascular  surface  was  not  as  tight  at  0.5  min,  and  some  had
detached.  This  phenomenon  is  more  evident  after  5  min.  In
addition to the detachment of endothelial cells, the subendothelial
layer has transitioned from a smooth surface to a villous surface,

indicating that friction damage has extended to the subendothelial
layer.  With  increasing  friction  time,  most  of  the  endothelial  cells
disappeared  by  10  min,  and  the  structure  of  the  subendothelial
layer  became  looser,  resulting  in  a  reduction  in  thickness.  At  20
min  of  friction,  it  was  challenging  to  observe  endothelial  cells  in
these  transverse  sections,  and  the  amount  of  loose  connective
tissue  in  the  subendothelial  layer  significantly  decreased.  The
changes in the intima thickness at different friction times indicate
that  the  intima  thickness  gradually  decreases  with  increasing
friction time (Fig.  9(d)).  From the  tissue  sections  under  different
normal loads and moving speeds shown in Figs. 9(b) and 9(c), the
relationship  curves  of  the  relative  thickness  of  the  intima  can  be
obtained,  as  shown in Figs.  9(e)  and 9(f).  Under the most  severe
friction  damage  (normal  force:  1  N),  the  internal  elastic
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membrane is exposed on the inner surface of the blood vessel but
has not reached the middle layer of the blood vessel.

3.5  Tissue damage assessment system

3.5.1  Construction of the scoring system

The  damage  to  blood  vessels  was  evaluated  through  surface
topography, fluorescence staining, and tissue sectioning. The main
types  of  damage  to  vascular  tissue  include  endothelial  cell
shedding,  surface  tissue  curling,  intimal  wear,  and  changes  in
surface glycoproteins. On the basis of the tissue damage evaluation
theory introduced in Section 2.5,  a  tissue damage scoring system
was established on the basis of the above four types of damage to
assess  the  degree  of  damage  to  vascular  tissue  (Table  3).  The
quantified  data  of  the  above  four  types  of  tissue  damage  were
tested three times,  and the average value±standard deviation was

taken.  The  shedding  of  endothelial  cells  and  intimal  wear  have
upper and lower limit values, so these values were normalized into
standardized  data.  With  respect  to  the  changes  in  surface
glycoproteins and surface tissue curling, the range standardization
method  was  employed  to  convert  the  quantified  data  into
standardized  data.  The  hierarchical  analysis  method  was
subsequently  used  to  allocate  the  weights  of  the  four  damage
types, as shown in Table 4. The degree of vascular tissue damage
was scored according to Eqs. (2)–(5).

3.5.2  Analysis of assessment results

The degree of intimal injury is classified on the basis of the extent
of vascular intimal damage as well as in Refs. [33, 34], as shown in
Table  5.  This  injury  scoring  system can  be  widely  applied  to  the
evaluation  of  vascular  intimal  injury,  especially  for  the  biological
safety  analysis  of  vascular  interventional  devices,  such  as  the
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Fig. 7    DAPI fluorescence images of the aorta surface under different (a1–a5) friction times (normal load: 0.4 N, sliding velocity: 5 mm/s), (b1–b5) normal loads (friction
time: 20 min, sliding velocity: 5 mm/s), and (c1–c5) sliding velocities (frictional cycle: 200, normal load: 0.4 N), and (d–f) the corresponding quantitative results.
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evaluation  of  coating  lubrication  and  friction  reduction
performance. Figure 9 shows the relationship between the friction
factors  (friction time,  normal  force,  and sliding  velocity)  and the
score of  the degree of  intimal injury.  The higher the injury score
is, the more severe the intimal injury.

As  shown  in Fig.  10(a),  the  intimal  injury  score  increases
rapidly with increasing friction time, exhibiting a nonlinear trend.
Only 0.5 min of friction can cause vascular injury to reach Grade
2, and it can cause vascular tissue to reach Grade 3 injury within
5–10 min of friction. After 20 min of friction, Grade 4 injury was
reached. The longer the friction time is, the more severe the wear,
which aligns with standard logic and supports the validity of this
scoring  system.  Combined  with  the  results  in  Section  3.1,  the
energy  dissipation  and  COF  increase  significantly  when  the
friction time reaches 5 min, confirming that Grade 3 injury has a
significant effect on the friction interface. Additionally, the intimal

injury  score  tends  to  increase  as  the  normal  force  increases
(Fig.  10(b)).  The  degree  of  vascular  tissue  injury  gradually
becomes  more  severe  with  increasing  friction  time  and  normal
force,  indicating  a  positive  correlation.  As  shown  in Fig.  10(c),
when  the  friction  time  and  the  normal  force  are  constant,  the
intimal injury score first increases with increasing speed, reaches a
maximum  value  at  3  mm/s,  and  then  decreases  with  increasing
speed,  which  matches  the  trend  of  the  COF.  The  relationship
between injury and speed is not a simple linear relationship.

4  Discussion

4.1  Friction  mechanism  at  the  catheter–vascular  tissue
interface
During  the  friction  process,  frictional  damage  to  the  vascular
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Fig. 8    ConA fluorescence staining images of the aorta surface under (a1–a5) different friction times (normal load: 0.4 N, sliding velocity: 5 mm/s), (b1–b5) normal loads
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surface can lead to a series of noticeable tissue changes.  First,  the
number  of  endothelial  cells  significantly  decreases,  and  the
glycoprotein  layer,  which  serves  a  lubricating  function,  gradually
disappears  [17, 38].  Second,  tissue  curling  occurs,  further

exacerbating the irregularity of  the vascular surface.  Additionally,
the  intimal  thickness  decreases,  exposing  collagen  and  elastic
fibers, which also affects the mechanical properties of the vascular
surface.  Compared  with  the  initial  state,  these  changes  in  the
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Table 3    Pathological scoring system for evaluating the degree of vascular tissue damage

Friction damage Quantized data Standardized data Weight
Endothelial cells Number of cell nuclei a Z1 C1
Rolled-up tissue Tissue size (µm) b Z2 C2

Glycoprotein Fluorescence intensity c Z3 C3
Intimal thickness Intimal thickness (µm) d Z4 C4

Total GI = C1 × Z1 + C2 × Z2 + C3 × Z3 + C4 × Z4

Note: a The number of cell nuclei in a 200× field of view (320 µm × 320 µm); b the diameter of the largest tissue fold within a 5000× field of view; c the
average fluorescence intensity within 100× field of view (640 µm × 640 µm); d the thickness of the inner membrane within a 40× field of view.
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vascular  surface  undoubtedly  represent  significant  deterioration.
These changes not only alter the physical and chemical properties
of  the  vascular  surface  but  also  influence  the  interaction  at  the
friction interface.  Therefore,  as  the  friction head rubs  against  the
vascular  surface  over  time,  the  degree  of  vascular  damage
gradually increases, and the friction interface undergoes significant
changes,  resulting  in  variations  in  the  friction  coefficient.  The
relationships among these four factors are illustrated in Fig. 11.

When  the  normal  force  increases,  the  microprotrusions  and
microstructures  on the  surface  of  vascular  tissue  are  subjected to
greater  compressive  stress,  causing  the  originally  concave-convex
structures  to  become  smoother,  thereby  forming  more  contact
points.  This  increase  in  the  number  of  contact  points  not  only
leads  to  an  increase  in  the  contact  area  but  also  enhances  the
interaction between the friction interfaces, thereby intensifying the
effect  of  the  frictional  force.  Owing  to  the  increase  in  frictional
force, the degree of damage to the vascular surface also increases.
Within the same friction time, the greater the normal force is, the
more  severe  the  damage  to  the  vascular  surface.  In  addition,  the
friction  coefficient  increases  as  the  degree  of  damage  increases,
further exacerbating the vicious cycle of the friction process.

On  the  other  hand,  the  frictional  interface  is  in  a  mixed
lubrication  state  under  medium- and  high-speed  friction  (3–
9 mm/s), and the dynamic COF decreases with increasing relative

motion speed, which conforms to the Stribeck characteristic curve
[39]. However, the change in the friction coefficient is contrary to
the  Stribeck  characteristic  in  the  low-speed  state  (<  3  mm/s),
which  is  consistent  with  the  previous  research  results  of  our
research group on esophageal tissue friction [40]. At lower speeds,
most of the energy can be recovered through deformation due to
the  limited  energy  loss  from  hysteresis  friction.  As  the  speed
gradually  increases,  the  stress  relaxation  effect  becomes  less
pronounced,  and  the  vascular  tissue  cannot  respond  in  time,
resulting in an increase in hysteresis  friction,  which in turn leads
to an increase in energy dissipation. Therefore, the COF increases
with  increasing  speed.  Additionally,  the  glycocalyx  layer  on  the
surface  of  vascular  tissue  can  alter  the  path  of  the  Stribeck
characteristic  curve,  and  the  contact  interface  in  the  low-speed
state remains in a mixed lubrication state [41].

Figure  7 shows  a  decrease  in  the  number  of  nuclei  with
increasing damage, namely, friction time and normal load, which
presents  an opposite  trend to  that  reported in  other  publications
[37].  On  the  one  hand,  the  vascular  endothelium  itself  is
composed of cells,  as shown in Fig. 2(b),  to which the dye DAPI
can  react  directly.  As  we  proceed  further,  the  inner  lining  of  the
blood  vessel  tissue  is  mainly  composed  of  red  collagen  fibers.  In
most  cases,  the  EVG  staining  results  indicate  that  frictional
damage  to  the  vascular  surface  is  characterized  primarily  by

 

Table 4    Weight calculation table

Comparison matrix Endothelial cells Rolled-up tissue Glycoprotein Intimal thickness Weight CI a

Endothelial cells 1 3 5 3 0.513

0.089 < 0.1
Rolled-up tissue 1/3 1 3 1/3 0.150

Glycoprotein 1/5 1/3 1 1/3 0.076
Intimal thickness 1/3 3 3 1 0.261

Note: a Coincidence indicator.

 

Table 5    Damage to the vascular intima

Damage level Damage degree Damage marker
Undamaged 0 The glycoprotein is evenly distributed and intact; the endothelial cells completely cover the inner membrane surface.

Grade 1 0–20% Most retention of the endothelial cells.
Grade 2 20%–40% Partial retention of endothelial cells.
Grade 3 40%–60% The endothelial cells are almost completely lost, and the curled tissues are less than 5 µm in size.
Grade 4 60%–80% There are some curled tissues with a diameter greater than 5 µm.

Grade 5 ≥ 80% The diameter of the curled tissues is greater than 10 µm, and the internal elastic membrane is exposed.

 

0 5 10 15 20
0

20

40

60

80

100

Grade 1

Grade 5

Grade 4

Grade 3

Grade 2

T
ot

al
 in

ti
m

a 
in

ju
ry

 s
co

re

Friction time (min)
0.2 0.4 0.6 0.8 1.0

0

20

40

60

80

100

Grade 1

Grade 5

Grade 4

Grade 3

Grade 2

T
ot

al
 in

ti
m

a 
in

ju
ry

 s
co

re

Normal load (N)
1 3 5 7 9

0

20

40

60

80

100

Grade 1

Grade 5

Grade 4

Grade 3

Grade 2

T
ot

al
 in

tim
a 

in
ju

ry
 s

co
re

Sliding velocity (mm/s)

(a) (b) (c) 

Fig. 10    Frictional factors and endothelial damage severity score: (a) friction time (normal load: 0.4 N, sliding velocity: 5 mm/s), (b) normal load (friction time: 20 min,
sliding velocity: 5 mm/s), and (c) sliding velocity (frictional cycle: 200 cycles, normal load: 0.4 N).
 

Fig. 11    Relationships between damage and friction.
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changes  in  endothelial  cells  and  elastic  fibers.  In  extreme  cases
(1.0 N),  the red collagen fibers are erased (Fig.  9(b5)).  Therefore,
the  number  of  cell  nuclei  tends  to  decrease  as  damage  increases
[27, 29].

In addition, a quantitative evaluation of mechanical damage to
vascular  tissues,  such as  the  small  intestine  [34],  liver  tissue  [42],
gallbladder tissue [43], airway tissue [44, 45], and colon tissue [46],
was  performed  for  the  first  time,  and  the  relationships  between
mechanical factors and the degree of damage were explored. The
similarity  is  that  both  systems  assess  the  degree  of  mechanical
damage to the organization. However, the current system does not
directly  score  the  damage  before  summarizing  and processing  it.
Instead, typical damage characteristics are quantified through data
standardization  and  weighted  processing,  ultimately  obtaining
comprehensive damage information that avoids subjective factors
as much as possible. Compared with the Hematoxylin and Eosin
(H&E)  staining  methods  used  in  previous  studies  for  evaluating
vascular  tissue  clamping  force  [47],  this  study  adopted  four
different  types  of  damage  for  quantitative  analysis.  It  aims  to
include  as  much  information  about  tissue  damage  as  possible  to
ensure the accuracy of the data.

4.2  Correlation analysis between the friction coefficient and
damage score
This work uses Origin software to conduct a Pearson correlation
analysis  on  the  COF  and  damage  score  results  under  various
friction  times,  normal  forces,  and  moving  speeds  to  explore  the
relationships among them. The Pearson correlation coefficient, as
a  statistical  magnitude  of  the  strength  and  direction  of  a  linear
relationship, ranges from −1 to 1.  A positive or negative value of
the  Pearson  correlation  coefficient  indicates  the  direction  of  the
correlation  between  two  sets  of  data,  with  a  positive  value
indicating a positive correlation and a negative value indicating a
negative  correlation.  The  absolute  value  of  the  coefficient  reflects
the  strength  of  the  correlation  (generally,  less  than  0.2:  no
correlation;  0.2–0.4:  weakly  correlated;  0.4–0.6:  moderately
correlated;  0.6–0.8:  strongly  correlated;  and  greater  than  0.8:
highly  correlated).  As  shown  in Table  6,  the  correlation  analysis
between the COF and the vascular injury score revealed a strong
correlation  between  the  friction  coefficient  and  the  injury  score.
The  correlation  coefficients  between  the  friction  coefficient  and
the  injury  score  caused  by  the  friction  time,  normal  force,  and
speed  are  all  greater  than  0.6,  indicating  a  strong  correlation  or
greater.  The  correlation  between  the  normal  load  and  sliding
velocity even reaches a high degree of correlation. This suggests a
close  connection  between  the  friction  effect  and  tissue  surface
damage.

5  Conclusions
This  study  investigated  the  frictional  characteristics  of  the  PTFE
friction  head  and  porcine  aortic  vessels  under  varying  friction
factors  through  in  vitro  tissue  friction  experiments.  Multiple
methods have been used to analyze the vascular damage caused by
friction.  On  the  basis  of  the  experimental  results,  a  damage
evaluation  system  was  established,  and  a  mapping  relationship

between the interaction mechanism of catheters and vessels under
different motion conditions and the tissue injury mechanism was
constructed. The main conclusions of this paper are as follows.

(1)  During  the  friction  process,  the  friction  coefficient
fluctuated,  indicating  a  typical “stick–slip” phenomenon.  The
frictional  force  and  energy  dissipation  increased  over  time,
especially  significantly  after  5  min.  The Ff–D curves  become
irregular over time, reflecting the changes in the friction interface.

(2)  As  the  normal  force  increased,  the  COF  and  energy
dissipation  between  the  friction  head  and  vascular  tissue  also
increased. In contrast, the COF and energy dissipation first tend to
increase but then decrease at varying speeds.

(3)  A  quantitative  evaluation  system  for  vascular  tissue  injury
was  established  according  to  indicators  such  as  endothelial  cells,
glycoproteins, curled tissues, and intimal thickness on the vascular
surface.  On  the  basis  of  this  system,  damage  scores  and  damage
grades  were  assigned  to  vascular  surface  injuries  in  friction
experiments.

(4)  The  aggravation  of  vascular  damage  intensifies  the
irregularity  of  the  vascular  surface,  affecting  its  mechanical
properties  and  thus  leading  to  significant  changes  in  the  friction
interface.  Pearson correlation analysis  revealed that  the COF and
the  injury  score  were  strongly  correlated,  and  the  correlation
between  the  normal  load  and  sliding  velocity  was  even  greater
than that between the friction time and the injury score.
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