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Abstract
The spiral structure of interventional robots is widely utilized for vascular dredging procedures. Variations in the
spiral structural parameters of these robots exert a significant impact on the hemodynamic parameters within the
vessel during the interventional process; therefore, optimizing the design of these parameters constitutes a crucial
prerequisite for ensuring safe diagnosis and treatment. Based on the bidirectional fluid-structure interaction (FSI)
between pulsatile blood and elastic blood vessels, theoretical calculations and experimental measurements of the
fluid velocity inside the vessel during robotic intervention were conducted. The results demonstrate that the trends
and magnitudes of the calculated values are essentially consistent with those of the measured values. Furthermore,
the range and variance methods in orthogonal design were applied to numerically investigate the effects of three key
spiral parameters – spiral pitch, spiral groove depth, and thread profile – on hemodynamic and vascular parameters,
including blood velocity, blood pressure, vascular wall shear stress, and vessel deformation. The findings indicate
that spiral groove depth is the primary and most significant factor influencing blood velocity, blood pressure, and
vessel deformation. In contrast, spiral pitch emerged as the main and critical factor affecting vascular wall shear
stress. Meanwhile, thread profile is found to be a secondary factor with relatively minor impacts on all the afore-
mentioned parameters. To achieve the objective of safe interventional diagnosis and treatment, it is recommended
that the robot’s spiral structure be designed with a smaller spiral groove depth, a moderate spiral pitch, and a thread
profile featuring strong cutting capability.

1. Introduction
Vascular interventional devices can be categorized into two main types: stationary devices and mobile
devices. The former includes medical stents, artificial valves, and particles [1–6], while the latter com-
prises catheters, guidewires, and interventional robots [7–11]. Among these, vascular interventional
robots are capable of autonomous movement within blood vessels. Hemodynamics – encompassing
blood velocity, pressure, and wall shear stress (WSS) – is fundamental to vascular diagnosis and
treatment.

Owing to the periodic ejection of blood by the heart, blood flow exhibits a pulsatile nature.
Meanwhile, blood vessels possess elastic and distensible properties, leading to fluid-structure interac-
tion (FSI) between flowing blood and deformed vessels. Many computational hemodynamics studies
have simplified the vessel wall as rigid to reduce computational cost. However, for large elastic arteries
such as the carotid artery – the target vessel in this study – wall compliance significantly influences
both flow dynamics and vessel mechanics. Rigid-wall models inherently neglect wall motion, leading
to substantial errors in predicted hemodynamic parameters.

Albadawi et al. compared rigid-wall and elastic-wall models in both carotid and coronary stenotic
arteries, demonstrating that the assumption of wall rigidity systematically alters WSS and blood velocity
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distributions, particularly in post-stenotic regions where flow recirculation occurs [12]. In a more
quantitative study of symptomatic stenosed carotid arteries, Jodko et al. reported that the difference
between compliant-wall and rigid-wall models exceeded 35% for peak-systolic area-averaged WSS and
reached 42% and 43% for time-averaged local vorticity and shear strain, respectively [13]. Such large
discrepancies underscore the necessity of FSI for accurate hemodynamic assessment in large arteries.

Malvè et al. studied unsteady blood flow in a left coronary artery bifurcation using both CFD (rigid
wall) and FSI (compliant wall). Their results revealed not only remarkable qualitative differences in WSS
patterns but also relevant quantitative differences under transient flow conditions, further confirming that
rigid-wall models cannot capture the protective effect of wall compliance [14]. Torii et al. performed
a patient-specific FSI analysis of the right coronary artery with physiological waveforms, showing that
increased systolic pressure dilates the vessel and consequently lowers WSS – a phenomenon completely
absent in rigid-wall simulations [15]. In an experimental study using particle image velocimetry (PIV)
on rigid versus compliant models of healthy carotid arteries, Geoghegan et al. found that rigid bound-
aries cause a severe overestimation of WSS, with the maximum relative difference reaching up to 60%
compared to the compliant model [16]. Collectively, these studies demonstrate that rigid-wall models
overestimate WSS by 35–61% and fail to capture wall motion-induced flow modifications, making FSI
essential for reliable hemodynamic quantification in the carotid artery.

When an interventional device is present, the vessel’s internal structure changes, further altering flow
and deformation. Badal et al. analyzed three stent designs in coronary arteries using FSI, suggesting that
polylactic acid (PLA) may reduce restenosis risk [17]. Ghosh et al. employed FSI to investigate polymer-
based surgical aortic valve replacement [18]. Stahl et al. applied FSI to study an intracranial tumor shunt
[19]. Wang et al. simulated guidewire insertion into a Y-shaped coronary artery [20]. However, all these
FSI studies focus on stationary devices or passively moved guidewires. In contrast, a vascular inter-
ventional robot actively moves within the bloodstream and typically features a spiral surface structure
for plaque removal and vascular dredging. To address this gap, we previously incorporated FSI to ana-
lyze hemodynamic parameters during robot intervention [21]. When a robot is present, hemodynamic
changes are jointly influenced by the vessel, the blood, and the robot itself. For a specific individual, ves-
sel and blood properties are relatively constant, whereas the robot’s spiral structural parameters – spiral
pitch, groove depth, and thread profile – must be designed in advance to ensure safety and efficacy.

A critical question thus arises: how do variations in these spiral parameters affect hemodynamic
parameters and vessel wall displacement? From the perspective of this research, wall displacement is
particularly important. The robot either contacts the vessel wall or moves in close proximity. Excessive
wall displacement may indicate mechanical overstress and risk of vascular injury (e.g., dissection or
aneurysm formation), while insufficient displacement could imply inadequate robot–wall interaction for
effective plaque removal. Only an FSI model can simultaneously compute wall displacement and its cou-
pling with blood flow, thereby providing a direct assessment of the safety risk of vessel over-expansion
or collapse. Rigid-wall models, by definition, cannot provide any information on wall motion and would
completely ignore this safety-critical aspect. Moreover, the magnitude and statistical significance of
the influence of each spiral parameter on both flow parameters and wall displacement require in-depth
investigation. Answering these questions is essential for designing safe vascular interventional robots.

This paper references the diameter and blood flow characteristics of the carotid artery, incorporates
the elastic properties of blood vessels, and systematically analyzes the effects of spiral structural
parameters of vascular interventional robots on both hemodynamic parameters and vascular wall
displacement. Furthermore, it identifies the primary, secondary, and statistically significant influences
of each spiral parameter, thereby providing a rational basis for designing the spiral structure of vascular
interventional robots.

2. Vascular interventional robot system
In Figure 1, the vascular interventional robot system comprises four core components: blood ves-
sels, blood, a magnetic vascular robot, and an external magnetic driving device. The robot features
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Figure 1. Schematic diagram of a vascular interventional robot system.

a capsule-like structure, with its outer shell integrated with a spiral design. Both the internal magnet
(housed within the capsule) and the external permanent magnet adopt a radial magnetization configu-
ration. To drive the robot, a mechanical arm and a motor are employed to control the external magnet –
enabling it to perform translational and rotational movements, which in turn prompts the robot to execute
corresponding motions inside the blood vessel.

3. Numerical calculation method
3.1. Theoretical equations
It is assumed that the blood fluid is unaffected by temperature and exhibits incompressible properties.
The governing equations for the fluid domain (blood) are as follows [22]:

∇ · vf = 0 (1)

ρf

∂vf

∂t
+ ρf ((vf − vb) · ∇)vf = ∇ · τ f (2)

The governing equation for the solid domain (blood vessel) is expressed as follows:

∇ · τ s = ρs

..

ds (3)

where Hamiltonian operator ∇ = i ∂

∂x
+ j ∂

∂y
+ k ∂

∂z
, vf is the fluid velocity vector, ρf is the fluid density,

t is time, vb is the velocity vector of the moving boundary, τf is the fluid stress tensor, τs is the solid
stress tensor, ρs is the solid density, and

..

ds is the local acceleration of the solid domain.
Owing to the FSI between the fluid and solid domains, their interface must satisfy the following

conditions: {
df = ds

τ f · n = τ s · n
(4)

where df and ds are the displacement vectors of the fluid and the solid, respectively, and n is the boundary
normal vector.

It is assumed that the interventional robot moves horizontally along the central axis of the blood
vessel and rotates around its own central axis. The position equation for any point on the robot’s
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Figure 2. Computational model of a vascular interventional robot system.

Figure 3. Spiral profile and groove depth. (a) Semicircle. (b) Triangle. (c) Rectangle. (d) Trapezoid.

surface is: ⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

x(t) = x0 + vrt

y (t) = y0 + r cos
πnr

30
t

z (t) = z0 + r sin
πnr

30
t

(5)

where t is time, (x(t), y(t), and z(t)) are the position coordinates of the point at time t, x0, y0, and z0

are the initial position coordinates of the point, r is the distance from the point to the robot’s central
axis, vr is the translational speed of the robot, and nr is the rotational speed of the robot with a unit of
r/min.

3.2. Model and parameters
The 3D computational model, illustrated in Figure 2, comprises a blood vessel, blood, and an interven-
tional robot. To simplify the calculations, blood is treated as a Newtonian fluid, and the blood vessel is
assumed to be a linear elastic material when the interventional robot is rotating and translating at high
speed. It is assumed that the robot is introduced at a location distal to the heart and advances toward
the heart; notably, the direction of blood flow is opposite to the robot’s movement direction. Both the
blood flow and the robot’s motion are aligned along the x-axis, denoted by vf (blood flow velocity) and
vr (robot translational velocity), respectively. For the fluid flow field calculation, to accurately simulate
the robot’s translational and rotational movements, a layer of “wrapping fluid” is defined on the surface
of the interventional robot.

The spiral parameters of the vascular robot include spiral pitch (p), spiral groove depth (h), and
spiral profile (s). To facilitate comparison, in Figure 3, the upper half of the spiral profile adopts four
different shapes – semicircle, isosceles triangle, rectangle, and isosceles trapezoid – while the lower half
is uniformly designed as a rectangle with its height increasing from 0. The relevant parameters of the
computational model are presented in Table 1.

https://doi.org/10.1017/S0263574726103671 Published online by Cambridge University Press

https://doi.org/10.1017/S0263574726103671


Robotica 1439

Table 1. Relevant parameters of the computational model

Robot Blood vessel Blood
Length [mm] 8 Inner diameter [mm] 10 Viscosity

[Pa·s]
5 × 10−3

Hemisphere diameter at both
ends [mm]

4 Length [mm] 50 Density
[kg/m3]

1.053 × 103

Middle length [mm] 4 Vessel thickness [mm] 1
Effective spiral length [mm] 3.6 Density [kg/m3] 1.15 × 103

Spiral pitch [mm] p Elastic modulus [Pa] 1 × 106

Spiral groove depth [mm] h Poisson’s ratio 0.45
Spiral profile s
Translational speed [mm/s] 4
Rotational speed [r/min] 120

3.3. Mesh analysis
The meshes in the blood (fluid) domain are composed of tetrahedral and wedge-shaped elements. In
contrast, the meshes in the vascular (structural) domain are hexahedral. Fluid mesh inflation layers are
applied at the interfaces between the blood and vessel regions, as well as at the interfaces between the
blood region and the robot surface. The two inflation layers are both configured with 5 sub-layers and a
growth ratio of 1.2. The generated mesh is shown in Figure 4.

Maximum blood pressure on the vascular wall, Pmax (t = 0.07 s), is selected as the evaluation indicator
for conducting mesh independence analysis and time step convergence verification. On the premise that
mesh quality meets computational standards, Tables 2 and 3 show how Pmax alters with varying mesh
quantities and time step sizes. The results show that Pmax tends to stabilize once the mesh count increases
to 219,104. Furthermore, with a fixed mesh number of 219,104 and a time step of 0.01 s, Pmax maintains
nearly constant values.

3.4. Boundary conditions
According to ref [23], the measured blood velocity data of the carotid artery were fitted using the 7th-
order Fourier series Eq. (6), and the corresponding fitting curve is presented in Figure 5. The coefficients
(a0, an, and bn) listed in Table 4 were derived from the waveform that best matched the measured curve.

The curve in Figure 5 was adopted as the inlet boundary condition for the computational model.
For computational convenience and consistency with some previous studies, a zero-pressure boundary
condition was applied at the outlet. Additionally, the inlet and outlet end faces of the blood vessel were
configured as fixed supports with zero displacement.

vinlet (t) = a0 +
∑N

n=1
(an cos (nωt) + bn sin (nωt)) (6)

3.5. FSI method and solution settings
The robot’s motion influences blood flow, while the blood flow in turn induces vascular deformation –
this deformation further affects blood flow, resulting in a FSI phenomenon. The flowchart of the FSI
method is presented in Figure 6. During the FSI calculation process, the fluid domain (i.e., blood)
and the structural domain (i.e., the solid blood vessel) are solved in parallel. Specifically, blood flow
and robot motion jointly drive changes in the fluid flow field; the fluid domain then transmits pressure
data to the structural domain, which subsequently generates boundary displacements for the structural
domain. These displacements cause deformation of the computational domain, and the structural domain
further feeds back position and velocity data to the fluid domain. This iterative process persists until the
calculation cycle is completed. The entire numerical calculation was performed using Ansys R© software.
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Figure 4. Generated mesh. (a) Overall view of the fluid domain. (b) Enlarged view of the inflation layer
in the fluid domain. (c) Structural domain.

The translational speed of the robot (vr) is set to 4 mm/s, which is implemented via a user-defined
function (UDF). For the robot’s rotational motion, its rotational speed (nr) is 120 r/min, achieved using
the sliding mesh method. Notably, the rotational speed of the wrapping fluid is consistent with that of
the robot. Since the robot’s rotation induces a turbulent state of the fluid within the vessel, the stan-
dard k-ε turbulence model is selected for simulation. For this model, the turbulence intensity (I) is set
to 5%, and the hydraulic diameter (D) is specified as 10 mm. To solve the coupled equations of fluid
pressure and velocity, the standard SIMPLE algorithm is adopted. Additionally, a second-order upwind
scheme is chosen for the difference format of all parameters to ensure calculation accuracy. The residual
convergence criterion is set to 0.001 for the continuity equation, velocity components in the x, y, and z
directions, as well as the k and ε variables. All field variables in the fluid domain are initialized to zero.

A transient calculation mode is adopted, with the time step set to 0.01 s for fluid, solid, and FSI
modules, and the total calculation time is 0.8 s. The system coupling surface is defined as the interface
between the fluid domain and the structural domain, enabling accurate data transmission between the
two domains.

Fluid domain mesh deformation is mainly caused by two factors: the prescribed rigid translational
motion of the robot and the large flexible deformation of the structural boundary induced by fluid–
structure interaction. To maintain mesh quality throughout the numerical simulation and avoid excessive
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Table 2. Mesh independence analysis

Model Mesh Maximum blood pressure on vascular Deviation
number count wall Pmax (t = 0.07 s) [%]
1 79,210 792.5
2 122,022 776.0 2.1
3 174,392 766.1 1.3
4 219,104 762.6 0.5
5 288,168 761.0 0.2

Table 3. Time independence verification

Model Time Mesh Maximum blood pressure on vascular Deviation
number step [s] count wall Pmax (t = 0.07 s) [%]
1 0.07 219,104 837.2
2 0.035 795.0 5.3
3 0.0175 770.3 3.2
4 0.01 762.6 1.0
5 0.005 759.8 0.4

Figure 5. Inlet velocity curve.

distortion of computational cells, a combined dynamic mesh strategy is adopted in our study. Firstly, a
mesh smoothing algorithm based on the diffusion equation is applied to smoothly propagate the displace-
ment of the wall boundary into the fluid domain and realize the orderly update of internal mesh node
positions. Meanwhile, a mesh quality threshold is predefined, and local mesh remeshing is automatically
triggered when the mesh skewness exceeds 0.85. This dynamic mesh scheme can dynamically update
the fluid computational mesh following the real-time motion of the solid boundary, which effectively
suppresses mesh distortion and avoids negative volume. It maintains satisfactory mesh quality during
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Table 4. Coefficient values of the Fourier series equation

Coefficient a0 a1 b1 a2 b2 a3 b3 a4 b4 a5 b5 a6 b6 a7 b8 ω

Value 1.91 2.09 −2.27 −0.50 −2.51 −1.86 −0.91 −1.41 0.57 −0.34 0.87 0.18 0.46 0.12 0.11 5.5

Figure 6. Flowchart of the FSI method.

the entire transient fluid–structure interaction calculation, thereby ensuring the numerical accuracy and
computational stability of the simulation.

4. Experimental verification
To verify the correctness and feasibility of the aforementioned numerical method, a pulsatile fluid mea-
surement system for magnetically controlled microrobots in pipes was constructed [21], as illustrated in
Figure 7.

The experimental system consists of two core modules: a magnetic actuation module for microrobot
manipulation and a PIV module for measuring pulsatile fluid flow fields. The experimental pipe is fab-
ricated from transparent elastic plastic, and the experimental fluid is transparent methyl silicone oil.
Notably, the elastic modulus of the pipe approximates that of human arteries. The viscosity of the exper-
imental fluid is also close to that of human whole blood. These design choices ensure the biological
relevance of the experiment. The microrobot’s shell is precision-machined from black bioplastic. Key
parameters of the pipe, fluid, and microrobot are summarized in Table 1. Specifically, the microrobot
shell adopts a semicircular spiral profile with a pitch of 1.75 mm and a spiral groove depth of 0.25 mm.
The internal magnet of the microrobot is a solid cylinder with a diameter of 2 mm and a length of
2 mm. For microrobot actuation, an external permanent magnet is driven by a robotic arm and a rotary
motor. It can realize three-axis translational motion and rotational motion around the central axis of the
microrobot. The external permanent magnet is designed as a hollow cylindrical structure with an inner
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Figure 7. Pulsatile fluid measurement system for magnetically controlled microrobots. (a) Global view.
(b) Local view. (c) Semicircular spiral microrobot.

diameter of 18 mm, an outer diameter of 35 mm, and a length of 20 mm. Both the external and inter-
nal magnets are made of N38-grade neodymium-iron–boron (NdFeB) material. Its maximum magnetic
energy product is 310 kJ/m3, the residual magnetic flux density is 12.5 kGs, and the coercivity is 899
kA/m. The distance between the central axes of the two magnets is fixed at 29 mm. The experimental
moving speed of the microrobot is consistent with the setting adopted in numerical calculations. This
arrangement guarantees good comparability between experimental and simulated results. A complete
coordinate system is established as shown in Figure 8. In terms of flow field data collection, all measured
data are collected at the moment when the inlet velocity of the pipe reaches the state corresponding to
point B in Figure 5.
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Figure 8. Orientation and coordinate system of the microrobot in the artery model.

Figure 9. Calculated and measured results. (a) x = −10 mm. (b) x = 0 mm.

Figure 9 compares the x-component of the fluid velocity at two positions (x = −10 mm and x = 0 mm)
illustrated in Figure 8 during the robot’s precession, with the experimental values representing the aver-
age of multiple measurements. At the position far from the robot, as the pipe is traversed from top
to bottom, the fluid velocity first increases, then stabilizes, and finally decreases. This trend is consis-
tent with the velocity distribution of fluid flow inside a circular pipe. In contrast, at the position where
the robot is located, the fluid velocity first increases, then decreases rapidly, and eventually drops to
zero when traversing the pipe from top to bottom. For both positions, the numerical simulation results
and experimental measurements exhibit good agreement in terms of both variation trends and magni-
tude. The relatively larger discrepancy between the calculated and measured results in Figure 9(b) can
be attributed to two factors: first, the fluid flow surrounding the robot is significantly more turbulent,
leading to greater complexity in flow behavior; second, the numerical model assumes the robot moves
steadily along the horizontal x-axis throughout the simulation, whereas minor vertical (up-and-down)
fluctuations of the robot were observed during the experiment. As evident from Figure 9(a) and (b), the
intervention of the robot increases the fluid velocity in its vicinity. Collectively, these findings validate
the correctness and feasibility of the numerical method employed in this study.

5. Spiral structure design and analysis
The orthogonal method is an efficient experimental design approach for investigating multi-factor,
multi-level systems. By analyzing the results of orthogonal tests, one can gain insights into the over-
all performance of comprehensive experiments and, ultimately, obtain optimal test outcomes with the
minimum number of trials. Figure 10 illustrates the optimization design process proposed in this study,
which integrates the FSI calculation method with the orthogonal design method.
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Figure 10. Block diagram of the optimization design method.

When the interventional robot operates within a blood vessel, the key hemodynamic and vascular
parameters include the maximum blood velocity (vmax), maximum blood pressure (Pmax), maximum
vascular wall shear stress (τmax), and maximum vascular deformation (fmax). Based on the magnitudes
of these parameters, an orthogonal numerical calculation approach was employed to investigate the
influence degree, significance, and optimal combination of the robot’s structural parameters.

5.1. Orthogonal numerical calculation
As presented in Figures 2 and 3, the factors selected for the orthogonal design include spiral pitch (p),
spiral groove depth (h), and spiral profile (s), which are respectively labeled as Factors A, B, and C. Each
factor is set with four levels, and the level values of each factor are uniformly selected under the reason-
able operating conditions of the robot; these levels are arranged to form the L16(43) orthogonal table [24].
The specific settings of the three factors and their corresponding four levels are presented in Table 5.

Calculating all 64 (43) combinations of structural parameters would result in an excessively large
computational load. Therefore, 16 representative schemes, as listed in Table 6, were selected. Numerical
calculations were then performed for all 16 sets of structural parameters to obtain the corresponding
hemodynamic and vascular parameters.

5.2. Range analysis
The range R reflects the relative degree of influence of each factor on the calculated target parameters.
A larger value of R indicates a more significant impact of changes in the factor’s levels on the target
parameters [25].
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Table 5. Factors and levels

Factor
Spiral Spiral groove Spiral

Level pitch A [mm] depth B [mm] profile C
1 3.6 0.2 Semicircle
2 1.8 0.3 Triangle
3 1.2 0.4 Rectangle
4 0.9 0.5 Trapezoid

Table 6. Orthogonal calculation results

Spiral Spiral vmax Pmax τmax f max

pitch A groove depth Spiral Factor (t = 0.07 s) (t = 0.07 s) (t = 0.07 s) (t = 0.07 s)
No. [mm] B [mm] profile C combination [m/s] [Pa] [Pa] [10−2 mm]
1 3.6 0.2 Semicircle A1B1C1 1.420 762.6 80.27 1.672
2 3.6 0.3 Triangle A1B2C2 1.524 778.0 77.09 1.760
3 3.6 0.4 Rectangle A1B3C3 1.619 806.0 80.17 1.899
4 3.6 0.5 Trapezoid A1B4C4 1.721 849.6 79.24 2.155
5 1.8 0.2 Triangle A2B1C2 1.419 769.4 76.34 1.724
6 1.8 0.3 Semicircle A2B2C1 1.475 784.2 76.59 1.782
7 1.8 0.4 Trapezoid A2B3C4 1.596 817.2 77.65 1.894
8 1.8 0.5 Rectangle A2B4C3 1.782 851.9 75.29 2.013
9 1.2 0.2 Rectangle A3B1C3 1.443 771.2 78.76 1.730
10 1.2 0.3 Trapezoid A3B2C4 1.485 790.1 80.21 1.819
11 1.2 0.4 Semicircle A3B3C1 1.532 801.0 79.84 1.859
12 1.2 0.5 Triangle A3B4C2 1.541 803.6 79.84 1.879
13 0.9 0.2 Trapezoid A4B1C4 1.428 776.6 78.67 1.733
14 0.9 0.3 Rectangle A4B2C3 1.521 802.5 78.69 1.844
15 0.9 0.4 Triangle A4B3C2 1.559 831.5 79.40 1.901
16 0.9 0.5 Semicircle A4B4C1 1.604 845.3 79.35 2.036

Table 7 shows the mean range of different target parameter values under different factors. The results
indicate that the spiral pitch, spiral groove depth, and spiral profile of the robot surface exert varying
degrees of influence on the four target parameters. Specifically, the relative influence magnitudes of each
factor on the parameters are as follows:

For blood velocity: spiral groove depth > spiral profile ≈ spiral pitch;
For blood pressure: spiral groove depth > spiral pitch > spiral profile;
For vascular wall shear stress: spiral pitch > spiral groove depth > spiral profile;
For vascular deformation: spiral groove depth > spiral profile ≈ spiral pitch.

It can be concluded that variations in the spiral structural parameters of the vascular robot have dif-
ferential effects on the hemodynamic and vascular parameters. Among these factors, spiral groove depth
exerts a more significant influence on most target parameters and thus serves as the primary factor; in
contrast, spiral profile has a relatively weaker influence across the parameters and is therefore classified
as the secondary factor.
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Table 7. Range calculation results

Factor
Spiral pitch Spiral groove Spiral

Target parameter A [mm] depth B [mm] profile C
vmax/m/s Level 1 1.57 1.43 1.51

Level 2 1.57 1.50 1.51
Level 3 1.50 1.58 1.59
Level 4 1.53 1.66 1.56
Mean range 0.07 0.23 0.08

Pmax (t = 0.07 s)/Pa Level 1 799.05 769.95 798.28
Level 2 805.68 788.70 795.63
Level 3 791.48 813.93 807.90
Level 4 813.98 837.60 808.38
Mean range 22.50 67.65 12.75

τmax/Pa Level 1 79.19 78.51 79.01
Level 2 76.47 78.15 78.17
Level 3 79.66 79.27 78.23
Level 4 79.03 78.43 78.94
Mean range 3.19 1.12 0.84

f max (t = 0.07 s)/10-2 mm Level 1 1.87 1.71 1.84
Level 2 1.85 1.80 1.82
Level 3 1.82 1.89 1.87
Level 4 1.88 2.02 1.90
Mean range 0.06 0.31 0.08

5.3. Variance analysis
Range analysis enables the determination of the priority order regarding the importance of influencing
factors. However, to objectively assess the significance of each factor’s impact on the calculated target
parameters, further variance analysis is required [24].

Table 8 presents the variance analysis results of the effects of robotic spiral parameters on hemody-
namic and vascular parameters. Its F value serves as the core test statistic for the variance analysis of
orthogonal experiments. Essentially, they represent the ratio of variation caused by each factor to the
variation of random errors and are used to quantitatively evaluate the significance of the influence of
each factor on the experimental indexes. A larger F value indicates a more significant effect of the corre-
sponding factor on the experimental index and a lower probability that the result is caused by accidental
random errors; conversely, a smaller F value means the influence is closer to random errors with weaker
significance. The significance level can be further classified, and the hypothesis test can be completed
according to the theoretical critical value and degrees of freedom of the F distribution.

Regarding blood velocity, the influence of spiral groove depth is highly significant, while the other
two factors (spiral pitch and spiral profile) also exert a measurable influence.

For blood pressure, spiral groove depth has a highly significant influence, spiral pitch has a certain
degree of influence, and spiral profile has almost no influence.

In terms of vascular wall shear stress, the influence of spiral pitch is significant, whereas spiral groove
depth and spiral profile have nearly no impact.

For vascular deformation, spiral groove depth exhibits a highly significant influence, while the other
two factors have almost no influence.

These results confirm that among the spiral structural parameters, spiral groove depth is the most
critical influencing factor – it exerts a highly significant effect on blood velocity, blood pressure, and vas-
cular deformation. Additionally, spiral pitch only has a significant influence on vascular wall shear stress,
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Table 8. Variance analysis

Target Source of Sum of Degree of Mean F
parameter variance squares freedom square value Fα Significance
vmax/m/s Spiral pitch

A
0.014 3 0.005 2.91 F0.2(3,6) = 2.1

F0.1(3,6) = 3.29
F0.05(3,6) = 4.76
F0.01(3,6) = 9.78

A certain
influence

Spiral
groove
depth B

0.121 3 0.040 25.56 Highly sig-
nificant

Spiral
profile C

0.019 3 0.006 4.05 Influence

e 0.010 6 0.002
Pmax

(t = 0.07
s)/Pa

Spiral pitch
A

1,101 3 367 2.38 A certain
influence

Spiral
groove
depth B

10,450 3 3,483 22.61 Highly sig-
nificant

Spiral
profile C

515 3 172 1.11 No
influence

e 925 6 154
τmax/Pa Spiral pitch

A
24.84 3 8.28 8.53 Significant

Spiral
groove
depth B

2.74 3 0.91 0.94 No
influence

Spiral
profile C

2.45 3 0.82 0.84 No
influence

e 5.82 6 0.97
f max

(t = 0.07
s)/10-2 mm

Spiral pitch
A

0.008 3 0.003 0.70 No
influence

Spiral
groove
depth B

0.205 3 0.068 18.60 Highly sig-
nificant

Spiral
profile C

0.017 3 0.006 1.51 No
influence

e 0.022 6 0.004

while spiral profile is deemed an insignificant factor across all hemodynamic and vascular parameters
analyzed.

5.4. Parameter selection of the spiral structure
The structural parameters of the vascular microrobot are regarded as reasonable only when the hemody-
namic indicators and vascular deformation remain within the physiological normal range of the human
body, which avoids abnormal blood flow, over-limit flow velocity, abnormal vascular deformation, and
vascular rupture. Specifically, the level of each influencing factor is determined to ensure optimal target
performance parameters.
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Table 9. Hemodynamic parameters at peak systole (t = 0.07 s) for three different simulation cases

vmax (t = 0.07 s) Pmax (t = 0.07 s) τmax (t = 0.07 s) f max (t = 0.07 s)
Case [m/s] [Pa] [Pa] [10-2 mm]
Robot + FSI 1.420 762.6 80.27 1.672
Robot + Rigid wall 1.341 697 48.36 0
Without robot + FSI 1.275 1.05 0.16 0.002

For the vascular robot to perform safe diagnosis and treatment inside blood vessels, its associated
hemodynamic and vascular parameters must be controlled within a reasonable range. Specifically, blood
velocity, blood pressure, and vascular wall shear stress should be maintained at moderate levels, while
vascular deformation should be kept relatively minimal. As indicated in Tables 5 and 6, blood velocity,
blood pressure, and vascular deformation are primarily determined by the robot’s spiral groove depth,
and all exhibit a proportional relationship with this target parameter; in contrast, vascular wall shear
stress is mainly governed by the robot’s spiral pitch. Therefore, to ensure blood velocity and blood
pressure remain within the reasonable range, the robot’s spiral groove depth should be minimized as
much as possible to reduce vascular deformation. Simultaneously, an appropriate spiral pitch should
be selected to maintain vascular wall shear stress at a moderate level. Additionally, the robot’s spiral
profile can be reasonably adjusted based on the diagnostic and therapeutic requirements for different
blood vessels. When a thrombus is present in a blood vessel and the vascular robot is required to perform
dredging, the spiral robot should employ a triangular profile, a smaller groove depth, and a moderately
sized pitch.

5.5. Effects of robotic device and wall boundary conditions on hemodynamics
Table 9 compares the hemodynamic parameters at peak systole (t = 0.07 s) under three different con-
ditions. The results show that the presence of the robotic device significantly alters the flow field
characteristics. The maximum velocity vmax in the cases with the robot (1.420 m/s and 1.341 m/s) is
higher than that in the case without the robot (1.275 m/s). More notably, under the FSI condition con-
sidering blood and vessel interaction, the maximum pressure Pmax and wall shear stress τmax with the
robotic intervention (762.6 Pa and 80.27 Pa) are substantially higher than those in the case without the
robot, indicating that the robot introduces a significant disturbance to the local hemodynamics.

Comparing the two cases with robotic intervention, it is found that all hemodynamic parameters
obtained under the FSI assumption are higher than those under the rigid wall assumption: vmax increases
from 1.341 m/s to 1.420 m/s, Pmax increases from 697 Pa to 762.6 Pa, and τmax increases from 48.36 Pa to
80.27 Pa. In addition, the wall displacement f max is non-zero in the FSI cases, reaching 1.672 × 10−2 mm
in the Robot + FSI case, while it is zero in the rigid wall case. These results indicate that the rigid wall
assumption underestimates the actual flow-induced loads and vascular responses, and the FSI model is
necessary to capture realistic vessel deformation and its effects on the hemodynamic environment.

6. Conclusions
6.1. Study limitations
Our study simplifies blood by adopting the Newtonian fluid assumption, while real blood is a non-
Newtonian fluid. The hyperelastic deformation characteristics and bifurcated structure of real blood
vessels are neglected; blood vessels are simplified into linearly elastic walls and straight pipes with
constant diameter for calculation. The particle effect of blood cells is ignored, and blood is regarded as
a single-phase continuous fluid.

In this paper, the Unsteady Reynolds-Averaged Navier–Stokes (URANS) method combined with the
standard k−ε turbulence model is adopted to solve the flow field. It should be noted that the standard k−ε
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model has inherent limitations in the simulation of the near-wall region. This model usually relies on wall
functions to handle the viscous sublayer and buffer layer, making it difficult to accurately characterize the
velocity gradient and wall shear stress distribution within the near-wall boundary layer. In the problem
of blood-vessel interaction, the near-wall effect exerts a crucial influence on flow characteristics and the
force acting on blood cells. Therefore, the current model is limited in accuracy when dealing with such
flows. Subsequent research may consider adopting the SST k−ω turbulence model, which can perform
direct integration down to the wall in the near-wall region and is expected to improve the simulation
accuracy of the boundary layer.

In addition, the URANS method can essentially only resolve large-scale unsteady flow structures,
while small-scale turbulent eddies are processed by temporal averaging via the turbulence model. It
cannot fully reproduce the multi-scale turbulent characteristics around the robot, which may lead to
certain errors in the simulation results of local flow details and wall shear stress.

6.2. Conclusions and future work
Active vascular interventional robots often adopt surface spiral structures to dredge stenotic blood
vessels. In this study, considering FSI, the fluid flow field around a moving spiral micro-robot in an
elastic pipe under pulsatile flow conditions was investigated through both theoretical and experimental
approaches. The results show that the variation trends and numerical magnitudes of the calculated and
measured data are basically consistent. Furthermore, using the range and variance analysis methods in
orthogonal design, the influence laws of the spiral parameters of the robot’s surface structure on the
hemodynamic and vascular parameters were explored. It is found that spiral groove depth is the primary
factor affecting hemodynamic and vascular parameters – it exerts a highly significant influence on blood
velocity, blood pressure, and vascular deformation. Spiral pitch, as a secondary factor, has a highly sig-
nificant impact on vascular wall shear stress; in contrast, spiral profile has a negligible influence on
hemodynamic parameters. To achieve the goal of non-invasive interventional diagnosis and treatment
using the vascular robot, the robot should be designed with a smaller spiral groove depth, a moderate
spiral pitch, and a spiral profile with stronger cutting capability. In conclusion, the FSI method, PIV tech-
nique, and orthogonal design method can be widely applied to the parameter calculation, measurement,
and optimization of mobile interventional devices operating in elastic blood vessels filled with pulsatile
blood. Future work should focus on the complex physiological environments of blood and blood vessels,
including the multiphase flow model of blood, as well as the hyperelastic characteristics and complex
geometries of blood vessels.
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