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Development of an electro-osmotic flow model to study
the dynamic behaviour in human meridian
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SUMMARY

A numerical study has been performed on the proposed bio-fluid dynamics model to explore and provide
some human meridian characteristics. The proposed meridian model involves tissue fluids, which contain
ions and nutrition, in the meridian passage. The tissue fluid under investigation can interact with the blood
in the capillary vessel at the acupuncture points through a complex electro-osmosis transport process
occurring in the meridian path. The investigated physical domain consists of a meridian path having three
acupuncture points, namely, gall bladder 37, 38, 39, which are connected with their associated small
meridian bodies. Based on the proper physiological coefficients, the simulated mean velocity of the tissue
fluid has the result of 3.37 cm/min, and is observed to increase and decrease with the hydraulic pressure
of the arteriole with the maximum and minimum values of 4.34 and 2.40 cm/min, respectively. Our
simulated results are in good agreement with the experimental findings reported in the literature. In the
meridian, both blood and tissue fluid flows exhibited complex electro-osmosis nonlinear behaviour. The
immediate response due to the externally applied acupuncture is analysed to reveal the elliptic meridian
nature, which is intrinsic in the body fluid. The interaction between the body fluid and blood is as the
master and mother, and the influence of the blood circulation on the meridian system and vice versa are
also analysed in detail. Copyright q 2007 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Meridian theory (channels and collaterals, jingluo) is the central foundation of many unconventional
medical systems and, hence, has drawn a considerable attention of many investigators [1, 2]. All
meridians form an electrical communication network between the organs of the body (from organ
to organ). This results in a continuous electrical loop or circuit that interconnects all parts of the
body as one magnificent whole. The meridian theory manipulates the physiological regulation and
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pathological changes of a human body and is, therefore, the focus of diagnosis and treatment of
the traditional Chinese medicine in many aspects, especially in relation to the acupuncture [3, 4].
However, the mechanism of this philologically important meridian system and transduction of
acupuncture signals still remain unknown. One of the viewpoints is that the appropriate neural
pathways can be activated by the needling or electrical simulation at the acupoints [5, 6]. Previous
studies from other research groups have confirmed that in both humans and animals, most acupoints
correspond to the high electrical conductance and low skin resistance points on the body surface
along the meridians [1, 7–10]. It has been well documented that the skin electrical resistance
depends on the activity of the sympathetic nervous system. Stimulation of the sympathetic pathways
will result in a lower skin resistance level [11, 12].

Electro-acupuncture has long been known to be more effective than manual acupuncture in
relieving the pain [5, 13–17]. Voll [18] showed that the electric resistance is small at the acupunc-
ture point. The energy level of each meridian can be, thus, obtained by measuring the electrical
resistance at its associated acupuncture points. Chen [19] proposed an electrical model to describe
the acupuncture phenomena in association with the meridian. Notwithstanding the lack of details
in these studies, the findings were limited by several methodological issues. With regard to the
animal studies, issues of the potentially ambiguous translation of intensities (e.g. 20 times muscle
contraction threshold), the generalizability of the hypoalgesic effects and the possibility of the con-
founding effect of stress-induced analgesia restrict the interpretation and extrapolation of findings
to human population. Hence, whilst preliminary electro-acupuncture studies and existing evidences
for electro-stimulation in the wider sense suggest a difference in hypoalgesic effect between the
varying levels of intensity, findings of electro-acupuncture stimulation in human population re-
main equivocal. Without this fundamental knowledge of the effect of varying levels of intensity
of electro-acupuncture on a normal human population, the relationship between the traditional
Chinese therapy and the electro-acupuncture in a clinical setting or in future clinical trials will
continue to be the subject of empirical selection [20]. Therefore, this study is aimed to enlighten
some of the fundamental electro-osmotic flow (EOF) behaviours in human meridian along with
the traditional Chinese therapy.

In the present study, attention is focussed on the exploration of EOF behaviour near the three
acupuncture points, namely, gall bladder (GB) 37, 38 and 39 as shown in Figure 1(a). The interaction
between the tissue fluid and the blood flow is elucidated. The rest of the paper is organized as
follows. Section 2 describes the problem along with the assumptions made to construct the electro-
osmotic meridian model. The computational method and the validation of the code used to carry
out the current simulation are also highlighted in this section. In Section 3 the results obtained from
the proposed electro-osmotic model for the understanding of flow behaviour in the meridian and
the interaction between the tissue fluid and blood are presented. Finally, in Section 4 a summary
of the present study is provided.

2. COMPUTATIONAL DOMAIN AND METHODOLOGY

The GB meridian is the focus of the present study. At the calf section, the amount of capillaries
at the GB acupuncture points (GB 37, 38 and 39 shown in Figure 1(a) [21]) is greater in number
than those at the other parts of the body [24]. Furthermore, along the meridian the body fluids in
the neighbourhood of these special points contain a comparatively larger quantity of ions, namely,
Na+,Ca+2,K+,Cl− and Mg+2. According to the acupuncture theory, the meridian paths exist
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Figure 1. (a) Schematic of the meridian paths of the stomach, gall bladder and bladder. Note that
GB37, GB38 and GB39 are the acupuncture points under current investigation [21]; (b) schematic
of the axial image of the right leg for the GB37 acupuncture point (Courtesy of Yang [22]); and
(c) an axial view of the skeletal muscle (Courtesy of Zhao [23]). The meridian paths existing in
the connective tissues, which combine denser capillaries, lymphatic and nerves to form the SMB.

(Ps. M, myofibre; BV, blood vessel; CT, connective tissue; C, capillary.)
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between the muscles. It is, therefore, reasonable to consider that Chi is the consequence of the
transport of tissue fluids with ions flowing through the gaps of connective tissues of muscles
[24–26].

The proposed bio-fluid meridian model is based on the following scientific evidences presented
previously: (1) meridian is a continuous channel with different shapes and is connected with
various organs through different meridian systems; (2) acupuncture points are harmonically and
properly distributed along the meridian and are connected with the blood circulation system through
microcirculation; (3) Chi is the consequence of propagating tissue fluids with ions and nutrition.
Energy of this sort can be supplied to the whole human body by way of the meridian paths; (4)
Along the meridian path, capillaries are densely distributed at the deep positions of acupuncture
points, which are filled with the connective tissues [24], in parallel meridian channels and in
myofibres. The deep location of acupoint is shown as the red circle in Figure 1(b) [22]. The
relation of capillaries and myofibres in skeletal muscle is shown in Figure 1(c) [23].

As pointed out earlier, the acupuncture points are usually found in the muscle fibers. Chi (tissue
fluid) and blood can interact with each other at these acupuncture points through the activities
initiated by many small meridian bodies (SMBs), which include the muscle fibres, micro-vessels,
lymphatic and nerves. To highlight the dynamical behaviour of SMB, three acupuncture points with
their respective SMBs were considered in the present study. Both blood circulation and meridian
dynamics can, thus, be taken into account. The proposed meridian-circulation system schematic in
Figure 2 is to show the interaction of tissue fluid and blood through three acupoints. The flow in
the blood vessel and the electro-osmosis tissue fluid flow in the meridian were both assumed to be
incompressible and Newtonian. The EOF equations, expressed in terms of velocity (u = (u, v, w))

and pressure (p), are solved along with the electric field equations for the zeta potential (�) and the
externally applied electric potential (�). The governing equations for mass (continuity equation)

Figure 2. Schematic of the proposed meridian-circulation system.
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and momentum (Navier–Stokes equations) conservations are given by [27]:
∇ · u = 0 (1)

u · ∇u + ∇ p − �∇2u = ��2�∇� (2)

where u, �, � denote the velocity vector, the dynamic viscosity of the electrolyte solution and the
inverse of Debye–Huckel thickness, respectively. The term in the right-hand side of Equation (2)
accounts for the formation of an electric double layer and is, therefore, regarded as a good measure
of the electro-osmosis force. As the above differential system shows, the electrical potential has
to be predicted numerically within a thin electric double layer so as to calculate the source term
present in the right-hand side of the momentum equations. In CFD-ACE+ [27], one can choose the
embedded electric module to obtain the zeta potential distribution. The Debye–Huckel thickness
is prescribed to be the default value 10−8 m and griding the electric double layer is not required.
As for the electric potential, it was modelled by the following Poisson equation:

∇2�= F

�r�0

N∑

i=1
zi ci (3)

where �r represents the relative permittivity. It is noted that �(≡ � + �) represents the total
potential. In the above equation, �0, zi , ci and F denote the permittivity of the free space, the
valence, the concentration and the Faraday constant, respectively. In CFD-ACE+, the right-hand
side of Equation (3) is equal to zero for the electro-osmotic problem. To simplify the analysis,
the motion of red blood cells and the individual ions is not taken into account. For the modelling
of these in the carrier fluid in microcirculation, which can nurture the tissues by the provision of
oxygen and nutrient, one can refer to the recently published article [28].

The filtration flow of capillary walls is of the osmotic type in the proposed bio-fluid model.
The osmotic velocity depends on the hydraulic and osmotic pressures of the vessels and tissues.
According to the Starling equilibrium law [29], the osmotic velocity depends on the hydraulic
pressures (blood hydraulic pressure p∗

a,v and tissue fluid hydraulic pressure p0) and osmotic
pressures (plasma osmotic pressure �p and tissue fluid osmotic pressure �0) of the vessel and
tissue. Since there are no coefficients available to represent the osmotic pressures of blood and
tissue fluid, the present study considers the simplification given by pa,v = p∗

a,v − �p + �0. The
values of p∗

a,v, p0, �p and �0 will be given in Section 3 for the current simulation.
Simulation of EOF equations (1)–(3) is carried out by employing the commercially available

finite volume package, namely, the CFDRC (CFD Research Corp., Huntsville, AL). The central
programs of this software package include the CFD-GEOM for geometry and grid generations, the
CFD-ACE+ for flow solver and the CFD-VIEW for post-processing. A convenient graphical user
interface is provided for specifying the fluid properties under investigation, boundary and initial
conditions. In CFD-ACE+ solver, the finite volume method is employed together with the algebraic
multigrid method and conjugate gradient squared solution solver to accelerate the calculation. Also,
different orders of upwind schemes can be selected to eliminate the unstable problem due to the
convection term shown in Equation (2). The solution procedures are shown in Figure 3.

The geometry of one acupoint physical model employed in the current study is schematically
shown in Figure 4(a) and (b). The dimensions and the relationship of the arteriole, venule and
lymphatic with the meridian path are clearly depicted in the figures. The lengths and diameters of
the capillaries and micro-lymph are specified as 1mm and 10 �m. The respective wall thickness for
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Figure 3. Flowchart of the proposed solution algorithm.

the capillaries and micro-lymph are 1 and 0.5 �m. The distances between acupoints are specified
as 20mm, and the width of meridian path is 0.12mm. The diameters of the arteriole, venule and
lymphatic are all specified as 0.025mm. Figure 4(c) illustrates the boundary condition, where the
pressure and velocity of the arteriole are specified to be larger than the venule, lymphatic vessels
and the meridian path. The venule and the lymphatic vessels are prescribed with the negative
pressure boundary values, while the median path has the zero pressure boundary value.

In the mesh generation, both structured and unstructured meshes, i.e. hybrid meshes, were
employed and are shown in Figure 4(d). There are 654 274 mesh points used to generate the
hybrid mesh. The mesh density has been varied so that the computed solutions can achieve the
grid independence. In all the investigations, the iterative calculations of primitive variables, such
as pressure and velocity, were terminated when the residual norms become less than 10−15. The
corresponding residual plot is shown in Figure 5(a). A series of grid-independent tests were
conducted to determine the optimal mesh. Figure 5(b) shows the grid-independent results using
three mesh densities. From Figure 5(b) it can be observed that when the currently employed mesh
points 654 274 were increased by 50% (982 351), the simulated results displayed a negligible
variation. On the contrary, when the mesh points were decreased by half (328 673), the variation
was evident. Hence, the mesh of nodal points 654 274 is employed in the present simulation. During
the simulation, files containing the flow properties were produced. The results were analysed in
detail by the plotting and animation tools embedded in the post-processor modules.
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Figure 4. (a) Schematic of the meridian path, arteriole, venule, lymphatic and muscle cell in the proposed
model for one representative SMB; (b) schematic of the flow directions for the body fluid and blood in
the proposed model given in (a); (c) specified boundary conditions for the proposed 3D numerical model;

and (d) representation of the generated meshes in a SMB.

Copyright q 2007 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2008; 56:739–751
DOI: 10.1002/fld



746 T. W. H. SHEU, V. C. HUANG AND H. P. RANI

Figure 5. (a) The simulated residual plots and (b) grid-independent test.

3. RESULTS AND DISCUSSION

The mean values of the body fluid and blood velocities in the investigated meridian path and
capillaries at the arteriole/venule ends are denoted as ut (ut-in and ut-out were the velocities at
the inlet and outlet sides), ua and uv, respectively. At the normal state, the hydraulic pressure of
the arteriole, venule and tissue were prescribed as p∗

a = 40mmHg, p∗
v = 10mmHg, p0 = 0mmHg,

respectively, and ut-in was prescribed as = 3 cm/min (0.0005m/s). The osmotic pressures of the
plasma and tissue fluids were set as �p = 25mmHg and �0 = 5mmHg, respectively, [30, 31]. In
the investigated SMB model, the coefficients are prescribed as pa = 20mmHg (2666.44 nt/m2),
pv = −10mmHg (−1333.22 nt/m2), p0 = 0mmHg. Along the capillaries and micro-lymph, the
porosity (�) and permeability (k) for vessel’s walls were assumed to be 0.0001 and 1.4 ×
10−20 m2, respectively. The kinematic viscosity and density are assumed to be 2.03×10−6 m2/s and
1035 kg/m3, respectively. The simulated convergent solutions for ut-out, ua and uv are 3.37, 105.69
and 97.15 cm/min, respectively. These values are found to have the same orders of magnitude as
those in the previous physiological experiments [24–26, 30, 31].

The simulated pressure contours and velocity vector plots are shown in Figure 6(a) and (b),
respectively. From Figure 6(a) it is observed that the simulated pressures in the SMB are very high
at the arterioles in comparison with the other vessels such as venules and lymphatics. Due to the
existence of these pressure gradients between the arterioles and venules, a blood flow proceeding
from the arteriole to the venules is resulted. For a pure EOF in the meridian, the electro-kinetic
force is balanced by the viscous force and, hence, only small change in the pressure is observed
in this region.

The simulated velocity vectors along with the pressure contours inside the meridian depicted in
Figure 6(b) highlight the flow nature in the investigated SMB model. For a pure EOF (i.e. without
pressure gradient), the predicted velocity is uniform in the bulk of the channel but is sharply varied
within the EDL region in order to match the no-slip condition prescribed on the walls. The velocity
vectors clearly show that flow enters via the arteriole and turns towards the venule (outlet). These
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Arteriole
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Figure 6. (a) The simulated pressure contours in the SMB and (b) the simulated velocity vectors along
with the pressure contours plotted inside the meridian.

Table I. The simulated mean tissue fluid velocities.

ut-out
(cm/min) Supporting theory in Chinese medicine

p∗
a = 30mmHg 2.40 Blood is the mother of Chi

If blood is weak, then Chi is weak too
p∗
a = 40mmHg 3.37 Normal state

p∗
a = 50mmHg 4.34 If blood is strong, then Chi is strong too

findings are closely agreed with the theoretical results of Overbeek [32], Cummings et al. [33]
and Santiago [34].

The mutual influence between the blood and body fluid are summarized below according to the
simulated results.

Blood is the mother of Chi: Chi present in the tissue fluid exhibits itself as an energy flow due
to the existence of ions and nutrition. This specific energy flow stems from the blood system and,
hence, the Chinese medicine quotes ‘blood is the mother of Chi’. To reveal this important concept
scientifically, the blood flow was made to become stronger in the simulated SMB by increasing the
hydraulic pressure of arteriole, p∗

a , from 40 to 50mmHg and the results are tabulated in Table I.
It is observed that the velocity of Chi, ut-out, was increased from 3.37 to 4.34 cm/min when the
hydraulic pressure of the arteriole is increased. This result implies that when blood becomes strong,
Chi also becomes strong. It is also observed that if p∗

a was decreased (from 40 to 30mmHg) then
ut-out was seen to decrease from 3.37 to 2.40 cm/min. The above result, indicating that when blood
pressure becomes weak then Chi becomes weak, coincides with the Chinese medicine quote [35].

Chi blocks and then blood in stasis: In Table II the simulated mean tissue fluid and arteriole
velocities are tabulated. It is observed from Table II that when the value of p0 is altered from 0 to 4

Copyright q 2007 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2008; 56:739–751
DOI: 10.1002/fld



748 T. W. H. SHEU, V. C. HUANG AND H. P. RANI

Table II. The simulated mean tissue fluid velocity and arteriole velocity.

ut-out ua Supporting theory in Chinese
(cm/min) (cm/min) medicine

p0 = 4mmHg 2.20 97.56 If Chi is blocked, then blood will
be in stasis

p0 = 0mmHg 3.37 105.69 Normal state
p0 = −4mmHg 4.54 110.28 If Chi is flowing, then blood is

flowing

Table III. Comparison of the simulated mean tissue fluid velocities at the acupuncture
and normal states.

k p∗
a p∗

v ut-out Supporting theory in
(capillaries) (m2) (mmHg) (mmHg) (cm/min) Chinese medicine

1.4 × 10−20 40 10 3.37 Normal state
2.8 × 10−20 50 20 6.04 As tissues are injured by

the needles, the response
will accelerate the tissue
fluid velocity

and −4mmHg, then ut-out was predicted to have the values of 2.20 and 4.54 cm/min, respectively.
This simulated result reveals that if the hydraulic pressure of tissue fluid is increased, i.e. Chi is
blocked, the fluid velocity in the arteriole will be decreased (from 105.69 to 97.56 cm/min) i.e.
blood will be in stasis. On the contrary, if the hydraulic pressure of tissue fluids is decreased,
i.e. if Chi is flowing, then the fluid velocity in the arteriole will be increased (from 105.69 to
110.28 cm/min) i.e. blood is flowing. According to the Chinese medicine, Chi has the ability to
drive the blood flow. From the simulated results and the theory of Chinese medicine, it can be,
therefore, inferred that ‘if Chi flows, then blood flows too’, or ‘if Chi blocks, then blood will be
in stasis’.

Response of the acupuncture: According to the physiological practice, when the tissue fluids are
destructed by an externally applied needle, then the blood is directed to proceed towards the tissue
fluids. Therefore, the hydraulic pressure of the capillaries will be increased. Also, the permeability
(k) of the resulting capillaries will be increased with the decreasing value of lymphatic. In order to
simulate this phenomenon, the permeability value 1.4 × 10−20 m2 for both vessels and lymphatic
was increased to 2.8 × 10−20 m2 and decreased to 7.0 × 10−21 m2. According to the simulated
results tabulated in Table III, the hydraulic pressures at the arteriole end (p∗

a ) and at the venule end
(p∗

v) were increased from 40 to 50mmHg and from 10 to 20mmHg, respectively. It is observed
from the simulated results that the mean tissue fluid velocity ut-out is increased to 6.04 cm/min.
This simulated result implied that the Chi energy has been strengthened when the tissue fluids are
destructed by the externally applied pressure.

Electro-acupuncture study: The underlying theory of electro-acupuncture can be explained with
the help of the electric wave phenomenon of Chi, since the tissue fluids present in the meridian
channel are rich in ions. In the clinical therapy, both the electric paste-piece and electro-acupuncture
treatments have been widely employed. To study the electric paste-piece effect, two externally
applied potentials of Vext = 50 and 0V were imposed at the inlet of tissue fluids of the first
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Table IV. Comparison of the simulated mean tissue fluid velocities due to the
externally applied voltages at the electro-acupuncture and normal states.

ut-out
(cm/min) Consequence

Normal state 3.37
External voltage 3.45 Electric paste-piece can provide an
(electric paste-piece) external potential between the inlet and

the outlet of the tissue fluid. An
electro-osmosis flow is resulted

Electro-acupuncture 6.11 Electro-acupuncture has the better
efficacy than the acupuncture or the
electric paste-piece

acupuncture point and at the outlet of the tissue fluids of the third acupuncture point, respectively.
In Table IV the comparison of the simulated mean tissue fluid velocities due to the external voltages
applied at the electro-acupuncture and normal states is shown. It was observed that the resulting
tissue fluid velocity was seen to increase from 3.37 to 3.45 cm/min. Also, the electro-acupuncture
phenomenon was simulated by taking the hydraulic pressure (p∗

a , p
∗
v) and permeability (k) for

both vessels and lymphatic into account. The resulting velocity magnitude of ut-out was observed
to be larger (6.11 cm/min) in comparison with the value obtained from the case under the electric
paste-piece (3.45 cm/min) treatment.

4. CONCLUDING REMARKS

Our proposed meridian dynamic model is rooted in two elliptic equations, namely, the Poisson
equation for the electric potential and the Navier–Stokes equations for the fluid flows. The tissue
fluid motion in the investigated model was considered to be of the creeping flow type with the
Reynolds number of 0.0286. The blood circulation in the vessel and the body fluid motion in the
meridian path are simulated within the complex electro-osmosis dynamical framework. By solving
the electric potential equation and the modified Navier–Stokes equations that are applicable to the
present bio-fluid system, the simulated electrostatic potential distribution and the blood/tissue fluid
velocity profile in response to the applied electric field and/or a pressure gradient are obtained
numerically. The dynamic fluid behaviour in the meridian path is found to be similar to the
experimental observations reported in the literature in the sense that blood circulation can be
affected by the meridian system and vice versa. The essences of Chinese medicine, namely, ‘blood
is Chi’s mother’, and ‘Chi and blood depend on each other’ are computationally confirmed through
the present study.
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