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Abstract
The assumption that blood adheres to vessel walls, the “no-slip” boundary condition, is an

essential premise of cardiovascular fluid dynamics. Yet, whether it holds true in vivo has not been

established. Using 4D flow magnetic resonance imaging of the human thoracic aorta and modeling

blood as a Navier–Stokes fluid, we quantify the velocity of blood at the wall. We find tangential wall

velocities of about 30–80% of the mean luminal velocity, providing clear evidence of blood slippage.

To our knowledge, this is the first demonstration that the no-slip condition does not apply to blood

flow in vivo. This finding challenges a fundamental assumption in cardiovascular modeling and

directly affects key blood flow characteristics such as pressure drop, vorticity, wall shear stress,

and energy dissipation, all of which play important roles across a wide range of cardiovascular

conditions.

Keywords: Hemodynamics; Cardiovascular modeling; Magnetic resonance imaging; Data assimilation;

Navier–Stokes fluid; Boundary conditions; No-slip; Navier’s slip

I. INTRODUCTION

In simulations and other theoretical studies of blood flow, it is commonly assumed that
blood adheres to the vessel walls, described by a well-known ‘no-slip’ boundary condition [1–
4]. However, there are several reasons that suggest that assumption of the no-slip condition
may be unfounded [3, 5–7]. These include: (i) variable aortic surface and wall properties, (ii)
the complex composition of blood as a heterogeneous mixture, and (iii) the fact that the total
dissipation can vary with the slip parameter in a non-monotonic way [8]. Numerous studies
have focused on the occurrence of slip in specific situations (see, e.g., [9–11] for experimental
demonstrations of boundary slip under controlled shear and surface-chemistry conditions,
the reviews [12, 13] for broader discussions spanning simple and complex fluids and the
role of surface roughness and wettability, and the recent methodological works [14, 15] for
systematic frameworks to determine whether and to what extent a fluid slips adjacent to a
solid surface).

This study provides evidence arguing against the validity of the no-slip condition. Specifi-
cally, we use magnetic resonance imaging (MRI) data to demonstrate that blood slips against
the arterial wall in vivo. The presence of wall slip significantly changes flow dynamics, as
reflected in key hemodynamic parameters [8, 16]. These include the pressure gradient, fluid
vorticity, and wall shear stress. Since typical MRI velocity data do not possess high reso-
lution, we aim to improve boundary velocity information by applying data assimilation to
the flow model, leveraging all available information from the entire volume of interest.

II. METHODS

We used seven different sets of MRI data of healthy volunteers covering the descending
thoracic aorta. The datasets were acquired previously at King’s College London [17]. Each
dataset includes both the vascular geometry (3D balanced steady-state free precession) and
the velocity field (4D phase-contrast MRI with temporal resolution of ≈ 35 ms, acquired
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FIG. 1: A scheme of a simple vessel with marked boundary types.

with 8-fold acceleration and reconstructed using the k-t PCA technique [18] combined with
a sparsifying transform [19]). Our aim is to identify the slip parameter at the boundary
(allowing no-slip as a possibility) that best reproduces the measured velocity fields. We
assume the following boundary conditions on the wall:

v · n = 0, κvτ = −(Tn)τ , (1)

where the first equation represents the impermeability condition, while the second one relates
the tangential velocity vτ := v−(v·n)n to the wall shear stress (Tn)τ , that is, the tangential
component of the normal traction Tn. Here, the symbol T denotes the Cauchy stress tensor
and n is the unit outward normal to the wall. The extent of slippage is controlled by the
non-negative scalar parameter κ. The case κ = 0 corresponds to perfect slip, while κ > 0
characterizes Navier’s slip; the no-slip condition is obtained by permitting κ tend to infinity.

A. Governing equations

We consider unsteady blood flow in a three-dimensional domain Ω representing a part of
the descending thoracic aorta. Based upon [2, 20–23], it is reasonable to model blood as a
Navier–Stokes fluid, particularly in the context of aortic hemodynamics. Moreover, in large
arteries and under normal flow regimes—such as those examined in baseline studies aimed
at assessing blood slippage along the endothelium—blood flow is generally modeled as being
non-turbulent, see also [24] for further arguments supporting this in the context of pulsatile
flows.

Hence, the governing system of partial differential equations is that of an incompressible
Newtonian fluid, described by the incompressible Navier–Stokes equations:

div v = 0, in (0, T )× Ω, (2)

ρ ∂tv + ρ(∇v)v = divT, in (0, T )× Ω, (3)

T = −p I+ 2µD(v), in (0, T )× Ω. (4)

Here, T > 0 is the terminal time of the period of our interest, v is the fluid velocity, p the
pressure, T the Cauchy stress tensor, µ the dynamic viscosity and D(v) = 1

2
(∇v + (∇v)T)

denotes the symmetric part of the velocity gradient. Finally, ρ stands for a positive constant
density.

The boundary ∂Ω is divided into the inlet Γin, outlet Γout, and vessel wall Γwall, each
associated with distinct boundary conditions in the model, see Figure 1. While the inlet and
outlet are artificial boundaries introduced to define the domain of interest, Γwall represents
the interface between the flow domain and the vessel wall.

On Γwall, we impose an impermeability condition (i.e., no flow in the normal direction)
while allowing the fluid to slip along the wall in the tangential directions. The extent of this
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slip ranges from perfect slip (a frictionless wall), through Navier’s slip (where the tangential
velocity is proportional to the projection of the traction onto the tangent plane), to no-slip
(where the fluid adheres completely to the boundary). All these scenarios are captured by
the slip parameter κ, which may vary in space and represents the degree of friction: κ = 0
corresponds to a frictionless surface (full slip), while κ = +∞ corresponds to the no-slip.
At the inlet, inflow velocity vin needs to be prescribed. At the outlet, provided it is chosen
appropriately, we assume that the flow is purely normal to the cross-section, and we impose
a “directional do-nothing” condition to stabilize a possible backflow. Boundary conditions
are imposed as

v = vin, on (0, T )× Γin, (5)

(Tn) · n = 1
2
ρ(v · n)2−, vτ = 0, on (0, T )× Γout, (6)

v · n = 0, κvτ = −(Tn)τ , on (0, T )× Γwall. (7)

Importantly, the slip parameter κ must be non-negative due to the physical requirement that
the total dissipation resulting from fluid–wall interaction must be non-negative, in accor-
dance with the Second Law of Thermodynamics. However, the constraint κ > 0 introduces
certain limitations—such as the inapplicability of some numerical methods and computa-
tional tools. To address this, we introduce an auxiliary slip parameter K, which is allowed
to take any real value in the range (−∞,+∞), and relate it to κ via the transformation:

K = lnκ ⇐⇒ κ = expK. (8)

In practice, the inlet velocity vin and the wall slip parameter κ cannot be measured
directly and cannot be then considered as known (given) quantities. Therefore, we treat
them as unknowns, and determine their values based on the available 4D MRI data through
an assimilation process, as developed in [25] and briefly described in the next subsection
(some additional information is provided in the Supplementary Material). Our approach
allows us to treat vin and K as spatially varying.

B. Data assimilation and optimization.

The measured data are first processed by spatial interpolation to obtain their represen-
tation dMRI on the computational mesh (see end of Section 1 in Supplementary Material for
details). To measure the difference between the given velocity data dMRI and the velocity
field v = v(vin, K) obtained by the solution of (2)–(7) and viewed as the function of vin

and K that we wish to determine, we introduce the functional J as the L2 norm of their
difference, i.e.,

J (v(vin, K)) =
1

2
∥M(v(vin, K))− dMRI∥2L2(0,T,L2(Ω)) :=

∫ T

0

∫
Ω

|M(v)− dMRI|2 dxdt, (9)

where M is a measurement operator that maps the velocity field v to the same temporal
resolution as dMRI, for details see Section 2 in Supplementary Material. The objective is to
find (vin, K) that minimizes this error functional J . For more details on data assimilation
see [25–30].

To ensure that the optimization problem is well-posed, J is augmented with regular-
ization terms R1(vin) and R2(K), which are designed to enforce the smoothness of the
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estimated boundary parameters vin and K. Specifically, we include regularization terms
that penalize excessive spatial and temporal variations in the inlet velocity profile vin, as
well as spatial irregularities in the auxiliary slip parameter K. These regularization terms
play a crucial role in stabilizing the optimization problem by preventing overfitting to noisy
data, and promoting physically realistic reconstructions of the boundary conditions.

With these regularization terms, the reduced error functional takes the form:

JR(vin, K) : = J (v(vin, K)) +R1(vin) +R2(K)

=
1

2TL3
∥M(v(vin, K))− dMRI∥2L2(0,T,L2(Ω))

+
α

2

(
1

TL2
||vin||2L2(0,T,L2(Γin))

+
1

T
||∇vin||2L2(0,T,L2(Γin))

+
T

L2
||∂tvin||2L2(0,T,L2(Γin))

)
+

γ

2
||∇K||2L2(Γwall)

,

(10)

where T and L are the terminal time and the characteristic length, ensuring the terms have
the same units, and α, γ are regularization parameters, the values of which are specified
in Table S1 of the Supplementary Material. We conclude this section by summarizing the
objective of our study:

To find (vin, K) that minimizes JR whereas v(vin, K) solves (2)–(7). (11)

This optimization method provides the desired value of κ related to K through (8), denoted
by κopt, which is primarily treated as constant, although it can also be allowed to vary
spatially. The method further determines the inlet velocity vin, which is spatially varying.
To ascertain whether blood slips at the boundary, we also compute the average tangential
velocity at the wall, and compare it to the average velocity within the entire domain.

III. MRI DATA AND THEIR SEGMENTATION

The slip parameter, which is the result of our fitting process, is highly sensitive to the
domain used for data fitting. If the segmented domain is smaller than the actual lumen,
velocities farther from the boundary, closer to the center, are erroneously treated as boundary
velocities, leading to an underestimated slip parameter κ. Conversely, if the domain is larger
than the real lumen, velocities near zero (outside the lumen) are incorporated as boundary
velocities, resulting in an overestimated slip parameter κ. Therefore, accurate segmentation
of the lumen is crucial for reliable analysis.

We segment the lumen using two methods: (i) manual segmentation of MRI data; (ii)
automatic segmentation using artificial intelligence as implemented in TotalSegmentator [31],
which is trained on 1,204 CT and 298 MRI scans annotated by multiple researchers. The key
advantage of the automatic approach is its consistency and reproducibility. Unlike manual
segmentation, it eliminates operator bias, ensuring objective results. Notably, the domain
obtained through automatic segmentation is slightly smaller than the manually segmented
one (which results in a smaller slip parameter κ for automatic segmentation). To address this,
we also performed fitting with the domain generated by TotalSegmentator, and expanded it
by one additional layer of pixels (1 px = 1.05 mm in our MRI data). Moreover, by adding
an extra layer, the fitted slip parameter increases κ – bringing the whole setting closer to
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the no-slip condition; if, even in this situation of increased κ (relatively), significant slippage
is observed, such a result underscores the validity of these findings. Figure 2 compares the
manual and automatic segmentation methods.

FIG. 2: Comparison between the manual segmentation (left), automatic segmentation
using Total Segmentator (middle) and automatic segmentation with an additional layer of

pixels (right) on a cross-section in the middle of the geometry.
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IV. RESULTS

The results of our assimilation method presented above and applied to 4D flow MRI
datasets of the human thoracic aorta demonstrate that the classical no-slip boundary con-
dition fails to accurately fit the measured velocity fields, revealing clear evidence of wall slip
in vivo. We then examine the physiological implications of this finding, showing that slip
markedly reduces wall shear stress, an important example of a key hemodynamic quantity.

A. In vivo failure of the no-slip condition

A comparison between the velocity field obtained from MRI data and that from the
numerical simulation is shown in Figure 3.

Figure 4 shows the time evolution of the average tangential velocity along the vessel
wall and the average velocity over the entire domain for all seven MRI datasets and three
segmentation methods (manual, automatic, and automatic with one additional pixel layer).
The average wall velocity vΓwall

avg (t) and the domain average velocity vΩavg(t) are defined as

vΓwall
avg (t) =

1

|Γwall|

∫
Γwall

|vτ | dS, vΩavg(t) =
1

|Ω|

∫
Ω

|v| dx. (12)

If the classical no-slip condition were valid, vΓwall
avg (t) would vanish identically. Instead, the

results consistently show values between 30% and 80% of the average domain velocity vΩavg(t),
revealing a pronounced degree of wall slip. The percentages indicated below each graph
quantify the space-time average ratio

R =

∫ T

0

vΓwall
avg (t) dt∫ T

0

vΩavg(t) dt

, (13)

which provides a compact measure of slip intensity over the cardiac cycle.
To further investigate these findings, we apply our fitting methodology to all seven

datasets and compare the reconstructed velocity fields with MRI data in Figure 5. Each
column corresponds to one dataset. From top to bottom, the rows show:

Row 1: Velocity fields interpolated from MRI data.
Row 2: Velocity reconstructions with the classical no-slip condition (in which only vin is

fitted via the above method).
Row 3: Velocity reconstructions with a constant optimally fitted slip parameter κopt (both

vin and κopt are fitted).
Row 4: Velocity reconstructions with a spatially varying slip parameter κopt(x) (vin and

spatially varying κopt(x) are fitted).
Row 5: Spatial distributions of κopt(x) corresponding to the results presented in Row 4.

It appears that the error functional J is significantly lower when the slip parameter is
optimally fitted (Row 3) compared to the prescribed no-slip condition (Row 2). Except
for Dataset 5, where the blood slip is minimal, the values of J for the optimal slip case
range between 60% and 80% of those obtained under the no-slip condition, indicating that
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TABLE I: Fitted slip parameters κopt [Pa sm
−1] for different MRI datasets and different

segmentation methods.

Dataset D1 D2 D3 D4 D5 D6 D7

Manual segmentation 3.89 5.42 5.29 4.96 18.26 5.35 4.59

Automatic segmentation 1.62 3.09 2.14 1.49 4.40 2.49 2.22

Automatic segmentation with an

additional layer

4.60 8.91 5.81 4.28 16.29 7.93 13.32

allowing some degree of slip provides a markedly better description of the observed in vivo
data, see Table IV.

The velocity reconstructions obtained with constant (shown in a Row 3 of Figure 5) and
spatially varying slip (shown in a Row 4 of Figure 5) models are highly similar, yet the slip
distributions differ considerably: over most of the wall, κ remains close to zero, indicating
nearly perfect slip, while in localized regions κ grows very large, effectively enforcing a no-
slip condition. This demonstrates that only a small fraction of the boundary substantially
resists the flow.

The optimal slip parameters κopt for each dataset and segmentation method are sum-
marized in Table I, the corresponding slip lengths β = µ/κopt in Table II, and the average
tangential velocities during systole in Table III. For κ = 200, the corresponding slip length is
on the order of the erythrocyte diameter, below which blood cannot reasonably be modeled
as a continuum. Thus, κ = 200 effectively represents a no-slip condition in the context of
continuum model, while values κ < 20 clearly indicate that blood does not adhere to the
vessel wall. Across all datasets and segmentation methods, the fitted values of κ remain
below 19 (five of seven datasets have κ less than ten for all three segmentation methods),
and the tangential wall velocities are well above zero, confirming that the no-slip condition
is not valid in vivo. Furthermore, the automatic segmentation yields systematically lower
values of κ than the manual segmentation, corresponding to higher tangential wall velocities.

FIG. 3: Comparison of the velocity fields for Dataset 1: The velocity field obtained from
MRI data (left); the velocity field obtained from MRI data interpolated into a

computational mesh, here based on manual segmentation method (middle); the velocity
field obtained from numerical simulation with the optimal slip parameter

κopt = 3.89Pa s/m (right).
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TABLE II: Slip length βopt = µ/κopt [mm] corresponding to fitted slip parameters κopt.

Dataset D1 D2 D3 D4 D5 D6 D7

Manual segmentation 1.0 0.72 0.74 0.79 0.21 0.73 0.85

Automatic segmentation 2.41 1.26 1.82 2.61 0.89 1.56 1.76

Automatic segmentation with an

additional layer

0.85 0.44 0.67 0.91 0.24 0.49 0.29

TABLE III: Fitted average tangential velocities in systole vΓwall
avg,sys [m/s] for different MRI

datasets and different segmentation methods. The methods include manual segmentation,
automatic segmentation using the TotalSegmentator tool, and automatic segmentation

with an expanded domain by adding one additional layer of pixels (1 px = 1.05 mm in the
MRI data).

Dataset D1 D2 D3 D4 D5 D6 D7

Manual segmentation 0.53 0.36 0.48 0.45 0.16 0.50 0.52

Automatic segmentation 0.74 0.51 0.66 0.63 0.37 0.67 0.67

Automatic segmentation with an

additional layer

0.53 0.30 0.46 0.47 0.17 0.42 0.34

B. Implications of no-slip failure: calculation of wall shear stress

We further quantify the wall shear stress (WSS) and its average defined as

WSS(t, x) = |(Tn)τ |, WSSavg(t) =
1

|Γwall|

∫
Γwall

WSS(t, x) dS, (14)

where (Tn)τ is the outcome of our data assimilation method (11). We compare the WSS
computed using the optimally fitted slip parameter κopt with that obtained under the con-
ventional no-slip assumption.

The analysis reveals markedly lower (1/3 to 1/2) WSS magnitudes in the realistically
slipping flow than in the unphysical no-slip case, see snapshots of wall shear stress at t = 0.2 s,
near peak systole, and the time evolution of average WSS in Figure 6. This is due to smaller
velocity gradient near the wall, caused by partial slip.

TABLE IV: Value of the functional J .

Dataset D1 D2 D3 D4 D5 D6 D7

Optimal slip 0.0875 0.0514 0.1124 0.0793 0.1261 0.1070 0.0831

No-slip 0.98 0.1275 0.0644 0.1530 0.0896 0.1281 0.1455 0.1174

Optimal/noslip 68.6% 79.8% 73.5% 79.6% 98.4% 73.8% 70.8%
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Manual segmentation Automatic segmentation Automatic seg. + 1 voxel

61.91% 79.63% 61.92%

53.13% 70.00% 46.55%

57.79% 77.69% 57.72%

52.45% 74.62% 56.95%

30.04% 61.35% 32.40%

54.36% 71.14% 48.66%

55.64% 69.58% 36.27%

FIG. 4: Time-dependence of the average tangential velocity over the wall domain Γwall and
the average velocity over the entire domain Ω for all seven MRI datasets and three

segmentation methods. Each row corresponds to one dataset. The percentages shown
below the graphs represent the ratio of the average tangential velocity along the wall to

the velocity averaged over the entire domain, averaged over both space and time.

10



D1 D2 D3 D4 D5 D6 D7

M
R
I
D
a
ta

V
e
lo
c
it
y

m
a
g
n
it
u
d
e
|v

|
n
o
-s
li
p

V
e
lo
c
it
y

m
a
g
n
it
u
d
e
|v

|
c
o
n
st
a
n
t
sl
ip

V
e
lo
c
it
y

m
a
g
n
it
u
d
e
|v

|
sp

a
ti
a
ll
y

v
a
ry

in
g

sl
ip

S
li
p

p
a
ra

m
e
te

r
κ
o
p
t
(x

)
sp

a
ti
a
ll
y

v
a
ry

in
g

sl
ip

FIG. 5: Comparison of velocity reconstructions across different boundary condition models
for all datasets using the manual segmentation method. Each column corresponds to one

dataset, while the rows (top to bottom) show: interpolated 4D phase-contrast MRI
velocity data, velocity reconstruction with a no-slip boundary condition, reconstruction

with a constant slip parameter κopt, reconstruction with a spatially varying slip parameter
κopt(x), and the corresponding spatial distribution of κopt(x).
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Graph of average WSS on time WSS with optimal slip [Pa] WSS with no-slip [Pa]

(range 0 – 3 Pa) (range 0 – 6 Pa)
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FIG. 6: Comparison of wall shear stress (WSS) for optimal slip (blue line) and no-slip
(orange line) conditions across all datasets using manual segmentation. Each row

corresponds to one dataset: average WSS over time (left), WSS snapshot at t = 0.2 s with
optimal slip (middle), and with no-slip (right). The no-slip condition produces two to

three times higher WSS than the optimal slip condition.
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V. DISCUSSION

The scientific study of blood flow and its regulation dates back several centuries, and
a mathematical approach to it—motivating the development of fluid mechanics broadly—
traces at least back to Bernoulli and Euler in the early-to-mid 18th century [1]. Early
experimental studies in fluid mechanics revealed that flow characteristics differ significantly
between the free-stream region and the area near the boundary. This observation led to
Stokes’ formulation of the ‘no-slip’ condition in 1845 [4], though he recognized that it may
not always hold, especially for faster flows. Although some experimental evidence suggests
that blood exhibits slip in vitro, whether this occurs in vivo remains unknown. Nevertheless,
the no-slip condition has been universally enforced in blood flow modeling studies, largely
because it simplifies problem solving.

Our data assimilation method — originally developed in [25] for steady flows with artifi-
cially generated data and extended here to the time-dependent flows using real subject data
— enables the determination of velocity fields with the slip parameter κopt (and the inlet
velocity vin) that best match the MRI data in the whole volume of interest. (It also yields
an estimate of the pressure field, which cannot be directly measured.)

Based upon our review of the literature, this work appears to provide novel evidence
of blood slippage against the arterial wall in vivo. A variety of physiological factors, per-
haps most notably wall shear stress, are altered by the presence of slip at the blood/artery
interface.

The ascertained decrease in wall shear stress has important physiological implications.
WSS regulates endothelial signaling, inflammation, and the initiation of aortic dissection
and atherosclerotic plaque formation. Our findings therefore challenge a central assumption
of cardiovascular fluid mechanics.

Lower WSS may profoundly affect endothelial mechanotransduction. This may alter ef-
fector responses, e.g., nitric oxide production and local vascular permeability. Lower WSS
may also influence platelet activation and thrombus formation, processes strongly dependent
on shear rate. In the context of mathematical modeling, the presence of slip changes pre-
dicted pressure drops, vorticity distributions, and energy dissipation, thereby modifying all
downstream quantities derived from simulations that assume no-slip. Together, these effects
emphasize that an accurate representation of boundary behavior is essential for realistic
modeling of cardiovascular flow and pathology.

VI. CONCLUSION

Boundary phenomena in arteries are of vital importance. The vast majority of acute
and chronic cardiovascular pathologies occur at boundaries. These include aortic dissection,
aneurysm rupture, and atherosclerotic plaque formation across a large range of arterial beds
– coronary, carotid, and peripheral – with a risk of plaque rupture or organ hypoperfusion.
A sound understanding of the behavior of blood at the wall is therefore essential, since
any mathematical model of blood flow necessarily relies on a specific choice of boundary
conditions. Accurate mathematical models combined with patient-specific information may
have predictive capacity [32, 33]. Based upon review of the extant literature, this work
appears to be the first study of slip conditions in arterial blood flow in vivo, and
more specifically, demonstrates consistent failure of the no-slip condition to hold true. This
may have significant implications for the study of a range of cardiovascular diseases.
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