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Abstract:    A novel artificial anal sphincter system has been developed to simulate the normal physiology of the human 
anorectum. With the goal of engineering a safe and reliable device, the model of human colonic blood flow has been built and the 
relationship between the colonic blood flow rate and the operating occlusion pressure of the anorectum is achieved. The tissue 
ischemia is analyzed based on constitutive relations for human anorectum. The results suggest that at the planned operating oc-
clusion pressure of less than 4 kPa the artificial anal sphincter should not risk the vascularity of the human colon. 
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INTRODUCTION 

 
Attempts have been made to develop an artificial 

anal sphincter as a solution for faecal incontinence, 
but to date these devices have been associated with 
many complications, such as infection, obstructed 
defecation and skin erosion, and have not gained 
acceptance (O'Brien and Skinner, 2000; Rothbarth et 
al., 2001; Ortiz et al., 2002; Bisset, 2004). There are 
two limitations for the artificial anal sphincter 
nowadays. One is that patients cannot apperceive 
when to defecate, so they must be trained to establish 
the habit to defecate after the device being implanted; 
the other is that the patients have to pinch the pump by 
hand for defecation. Therefore, a novel artificial anal 
sphincter system is needed to simulate the normal 
physiology of the human anorectum based on 
transcutaneous power delivery.  

This paper describes part of our ongoing effort to 
realize an artificial anal sphincter that is a novel hy-
draulic-electric muscle to treat fecal incontinence. 

Our efforts lie in the realm of a high integration of all 
functional components and no wire linking to the 
outer device, which can make the surgical implanta-
tion easy and low risky. Erosion is recognized as one 
of the most serious complications of alloplastic im-
plants placed around the bowel. This may be the 
result of ischemia after the use of artificial anal 
sphincter, because the heterogeneous application of 
pressure by the above device has the potential to 
create localized high-pressure zones which may 
damage the bowel if it is embedded into these areas 
(Sofia et al., 1988; Satava and King, 1989). Use of 
circumferential occlusive devices has been limited 
predominantly by the development of intestinal 
ischemia and ulceration in animal models and in 
humans. When the artificial anal sphincter is used in 
animals for prolonged periods without pressure con-
trol, unacceptable complications occur (Satava and 
King, 1989; Shoshany and Pena, 1994). A primary 
concern is to find the critical stress, or trauma 
threshold, beyond which irreparable (and therefore 
unacceptable) tissue damage occurs.  

The goal of this work is to develop a colonic 
blood flow analytical model that can be used to pre-
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dict the onset of ischemia. Such an analytical model 
will provide us with a method to design a device that 
can overcome the risk of ischemic complications. 
After reviewing the design and function of the artifi-
cial anal sphincter prototype in Section 2, Section 3 
presents a human colonic blood flow model, and then 
Section 4 gives the experimental results of the model. 

 
 

SYSTEM OVERVIEW 
 
As shown in Fig.1, this system mainly comprises 

three modules including a sensor-execution unit, a 
transcutaneous energy transmission module and a 
control-communication module. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The sensor-execution unit is composed of a res-
ervoir, a front cuff, a sensor cuff and a micropump 
with motor gear, as shown in Fig.2. There are two 
sensors in the two cuffs. One can measure the pres-
sure in the front cuff clamping the anorectum, and the 
other in the sensor cuff can measure the pressure of 
the anorectum. The front cuff and the reservoir are 
connected with a bidirectional micropump. By  
 

 
 
 
 
 
 
 
 
 

shifting the fluid between the reservoir and the front 
cuff, the sphincter can be compressed or relaxed and 
thus the state of continence can be controlled by mi-
cro control unit (MCU). For defecation of the bowel 
and occlusion of the bowel into the front cuff, the 
fluid has to be pumped into the reservoir. 

MCU processes the information of the two sen-
sors and compares the pressure with a threshold. As 
soon as the pressure closes to the threshold, an alarm 
signal is sent out. The patients can know whether they 
should start or stop defecating through the alarm ap-
paratus outside. They can give the start signal to 
defecate after they are ready and can also give the stop 
signal to stop defecating. The implanted part is all 
powered by transcutaneous energy transmission (Yan 
et al., 2007; Tang et al., 2007). The energy receiver 
gets the energy from the coupling between the 
transmit coil and the secondary coil. The implanted 
part has no wire linking with the outer device. Pro-
totype of the artificial anal sphincter system is shown 
as Fig.3. 

 
 
 
 
 
 
 
 

 
COLONIC BLOOD FLOW MODEL 

 
Blood is supplied to the anorectum through the 

mesentery (Patrício et al., 1988). As the mesenteric 
arteries enter the wall, they branch out into arterioles. 
When the cuff expands radially to press against the 
anorectum, the pressure on the tissue increases and 
eventually becomes larger than the pressure in the 
tissue arteries. Under these conditions, the compliant 
arteries may partially or fully collapse. This state of 
ischemia can damage tissue due to blood and oxygen 
deprivation (Kloner, 1988). This section develops a 
relationship between blood flow rate in the anorectum 
vessels and the operating occlusion pressure applied 
on to the anorectum wall by the sphincter. With this 
model, the sphincter could potentially be designed to 
prevent ischemia. Therefore, this model can also be 
used as the prediction of ischemia. 
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control unit 

External energy
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External 
control unit
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energy transmitting 

coils 

Fig.1  Artificial anal sphincter system architecture
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Fig.2  The structure of sensor-execution unit 
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Fig.3  Prototype of the artificial anal sphincter system
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Blood supplied to the anorectum 
To develop the analytical model, we make some 

assumptions as follows: the blood vessel tissue and 
anorectum tissue are incompressible; the embedded 
anorectum arteries are tubes orthogonal to the longi-
tudinal axis of the anorectum; the operating occlusion 
pressure is gradually increased. A simplified model of 
human colonic blood flow of the system is shown in 
Fig.4, which shows a single artery embedded in 
anorectum tissue. 

 
 
 
 
 
 
 
 
 

 
As shown in Fig.4, P is the internal pressure of 

the anorectum, P1 is the mesentery artery pressure, σ1 

is the normal stress along a meridian, h is the thick-
ness of the artery, and ΔP is the operating occlusion 
pressure considered to be uniform. 

 
ΔP=P′−P,                              (1) 

 
here P′ is the external pressure of the anorectum. 

Because the mechanical behavior of arterial and 
rectum tissues is similar, an artery will deform with its 
surrounding tissues; the arterial axial strain is the 
same as meridional strain. Axial variation in cross 
sectional area is so gradual that the fluid velocity can 
be approximated as parallel to the x-axis everywhere 
in the flow field, and the blood vessels’ curvature can 
be ignored. We assume that blood is a Newtonian 
fluid. For such flow, the blood flow rate Q is gov-
erned by: 

 

21 d ,
8 π d

PQ S
xμ

=                          (2) 

 
where μ is the fluid viscosity, S is the tube’s cross 
sectional area, and dP/dx is the differential pressure 
gradient.  

 
Arterial stress and strain 

While the arterial constitutive relations are 

nonlinear, we will assume that the constitutive rela-
tions can be described by Hooke’s law. For 
thin-walled tubes where the wall-thickness is less 
than 10% of the diameter, the radial stress can be 
neglected in comparison with the hoop stress. Thus, 
the arterial hoop strain (ξ) is given by: 

 
ξ=−σ1/E,                               (3) 

 
where E is Young’s modulus of elasticity. According 
to the arterial cross section in Fig.4, a simplified ex-
pression for the tube radius at an arbitrary axial loca-
tion R(x) is:  

 
R(x)=hσ1/(P(x)−ΔP).                  (4) 

 
The arterial hoop strain is equal to the change in 

tube radius divided by the reference radius. Since the 
mechanical behavior of arterial and intestinal tissues 
is similar, an artery embedded in the intestinal wall 
will expand with its surrounding tissues. 

 
Governing flow equation 

Combining the experimentally determined 
constitutive relations with Eq.(4), we obtain an ex-
pression for the tube radius that can be substituted 
into the governing flow Eq.(2) with boundary con-
ditions: 

 

1 40

8 d .
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Using Eq.(4) and Eq.(5), the relationship be-

tween the colonic blood flow rate and the operating 
occlusion pressure of the anorectum is achieved: 
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RESULTS 
 
The derived constitutive relations for human 

anorectum are shown in Fig.5, which shows that the 
rectum tissue exhibits nonlinear and anisotropic 
characteristics, with the circumferential direction 
being stiffer.  

P1 P(x) 

ΔP 

Arterial wall 

x P(x)
R(x)

h 

σ1 

Fig.4  Model of human colonic blood flow 
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The curve in Fig.6 shows how the human colonic 

blood flow rate decreases as the applied cuff pressure 
increases. As the pressure is increased from 0 kPa to 
the experimentally measured cut-off pressure of 4 kPa 
(Hajivassiliou et al., 1997a; 1997b; Uozaki et al., 
2001), the flow rate is cut by 65%, and it drops to 41% 
as the applied pressure reaches the mesentery driving 
pressure.  

 
 
 
 
 
 
 
 
 
 
 
 
 
The cuff pressures applied on to the bowel wall 

by the sphincter (Ppull through) were approximately 0, 2, 
4, 6, 8 and 10 kPa respectively as the transmission 
factor was approximately 0.62 kPa occlusion pressure 
per kPa cuff pressure, as shown in Fig.7. This pro-
duced a progressive reduction of blood flow to about 
80%, 65%, 60%, 55% and 40% of baseline levels 
respectively, taking into account biological zero value. 

 
 

CONCLUSION 
 

The development of a successful artificial anal 
sphincter would represent a major advance in the 

 
 
 
 
 
 
 
 
 
 
 
 
 

treatment of faecal incontinence. The basic function 
of the prototype has been tested well. To reduce the 
likelihood of erosion resulting from ischemic effects 
on the bowel, the paper presents an important colonic 
blood flow model that must be considered in the de-
sign of a novel artificial anal sphincter. Using the 
model, the design of our prototype can be improved 
so that it operates within safe limits. In an attempt to 
overcome ischemic complications, the artificial anal 
sphincter was designed, which operates at occlusion 
pressures of only 4 kPa. The results of the present 
study suggest that at the planned operating occlusion 
pressure of less than 4 kPa, the artificial anal sphincter 
should not risk the vascularity of the human colon. 
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