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Abstract: Colorectal cancer (CRC) is the 3rd most common cause of cancer death worldwide. Regular 
screening of the asymptomatic population can drastically reduce the mortality rate. CRC screening 
includes several proceedings although the gold standard remains optical colonoscopy (OC), which is 
unpleasant, causes pain and discomfort. New technologies exemplified by capsule endoscopy (CE) 
constitute alternative painless solutions and despite their limitations, e.g., passive locomotion and ab-
sence of on-board instrumentation, are being increasingly used for CRC screening. Research and de-
velopment centres are investigating novel advanced robotic technologies for diagnostic and therapeu-
tic use. These include wireless communication, active locomotion, sensors, diagnostic, and therapeu-
tic instruments. This review describes the traditional OC procedure and the existing robotic technolo-
gies for CRC. 
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1. INTRODUCTION 

 Colorectal cancer (CRC) is the 3rd cause of cancer death 
worldwide in males after lung and prostate cancer, and the 
3rd in females after breast and cervix uteri cancer [1]. In 
2018, about 1.8 million new cases were reported worldwide 
(1,006,019 males and 794,958 females) with a mortality of 
861,663 (474,606 males and 387,057 females). The reported 
incidence in affluent Western countries is expected to grow 
due to the increased longevity in both sexes. Regular screen-
ing can detect CRC at an early stage, with a drastic reduction 
of the mortality by up to 67% [2]. Optical colonoscopy (OC) 
represents nowadays the gold standard in current use for 
asymptomatic mass population screening because of its high 
sensitivity and low false negative rate. It is performed by a 
fully trained specialised endoscopist by means of a colono-
scope. A colonoscope consists of a long flexible tube with a 
steerable tip, equipped with a camera, suction/ irrigation and 
instrument channels. A colonoscope is used to inspect the 
entire colorectal mucosa to detect abnormal lesions; procure 
tissue biopsy specimens of such lesions for histological 
examination; provide treatment by removal of polyps or 
other abnormal lesions; and drug delivery. However, colono-
scope insertion up to the caecum (essential for complete 
colonoscopy) causes discomfort and pain due to tenting of 
the mesentery and looping. Hence colonoscopy requires 
sedation. In the last two decades, capsule endoscopy (CE) has 
been increasingly used for CRC screening. CE colonoscopy 
screening is completed in 14-70 hours after swallowing 
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PillCam Colon. An external receiver video records the mucosa 
of the bowel. 
 The limitations of capsule colonoscopy include lack of 
active locomotion, transit of the capsule relying on uncon-
trollable peristalsis and absence of on-board instruments, 
especially inability to procure biopsies of suspect mucosa 
lesions. Additionally, it does not allow any therapeutic inter-
ventions. Various research groups are investigating novel 
designs of robotic devices to overcome these limitations.  

2. COLONOSCOPY 

 During the colonoscopy procedure, the colonic wall is 
examined to identify abnormal lesions. Regular screening by 
colonoscopy drastically reduces the CRC mortality. For in-
dividuals who are considered at average risk of colon cancer, 
a regular screening program starts at the age of 45. The aver-
age risk groups as individual without a personal history of 
colorectal cancer or certain types of polyps, no family his-
tory of CRC; no personal history of inflammatory bowel 
disease; no confirmed or suspected hereditary CRC syn-
drome; no personal history of getting radiation to the abdo-
men or pelvic region to treat prior cancer [3]. Interval can-
cers are those cancers which are diagnosed after a negative 
screening test. There is some evidence that the incidence of 
interval cancers may be reduced by more frequent screening 
[4]. 

2.1. Anatomical Considerations 

 Anatomy represents an important aspect when perform-
ing colonoscopic intubation. This invasive procedure may 
cause pain and discomfort to patients, just due to colon con-
formation. In this respect, cecal intubation is regarded as the 
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principal goal of a safe and complete colonoscopy, represent-
ing an indicator of colonoscopy quality [5]. Indeed, several 
studies showed a correlation between pain and anatomical 
colon configuration. In particular, 90% of discomfort coin-
cided with looping colon, whereas only 9% matched with 
presumed over-insufflation of air. Apart from poor bowel 
cleanliness, obstructive pathologies and patient discomfort, 
anatomical factors, including narrow-angle loopings, may 
contribute to the inability to intubate the caecum [6]. 
 The first difficulty occurs at the beginning of the proce-
dure when, after the rectum, the sigmoid colon develops as a 
spiral structure over the bladder anteriorly to become the 
descending colon. Bulges (haustra coli) caused by contrac-
tion of taeniae coli characterize the inner surface of the co-
lon, giving this organ its typical segmented appearance. 
These pouches, together with splenic and hepatic flexures, 
can impair the colonoscopy performance. Furthermore, a 
redundant colon represents one of the main causes of 
colonoscopy failure. This variation of the colon anatomy 
occurs when extra loops form, with a colon that is longer 
than normal. Changes in patient position may improve the 
configuration of the colon, so helping the advance of the 
colonoscope tip, according to the experience and skill of the 
endoscopist [7]. 
 More importantly, rather than to distension, abdominal 
pain is mainly due to the stretching on the peritoneal liga-
ments exerted by the colonoscope when advanced to solve 
eventual loops. In particular, the sigmoid mesentery is 
stretched, responsible for abdominal discomfort. In women, 
where the peritoneum undergoes a traction when the colon 
wraps around the uterus, pain may be more severe. Pulling 
back on the instrument would relax the tension. In aged or 
obese patients, the mesentery is lax and stretches more eas-
ily, often without pain [7, 8]. 

2.2. Colon Preparation 

 The visual inspection of the colonic mucosa requires a 
colon cleansing preparation (CCP) to remove all faecal mate-
rial in the colonic lumen. It requires one week of liquid diet 
and the ingestion of oral cathartic solutions, usually polyeth-
ylene glycol. Residual faecal material is a frequent cause of 
failed colonoscopy. Additional measures are available to 
prevent residual faecal debris as a cause of failed colono-
scopy, e.g., ClearPathTM, a device consisting of two chan-
nels: one for irrigation and the other suction. However, this 
device increases the colonoscope diameter by 6 mm aside 
from increasing the mechanical stiffness of the colonoscope. 
Experiments on animals have shown satisfactory results with 
no damage of the colonic mucosa [8]. Medjet Ltd. (Tel Aviv, 
Israel), market a soft-tipped catheter device for CCP. It em-
ploys a supersonic jet of saline solution mixed with CO2 to 
fragment faecal residual debris, which is then removed by 
suction, deployed through an instrument channel [9].  

2.3. Colonoscopy Procedure 

 The design of a robotic device is based on an initial study 
and analysis of the standard colonoscopy procedure. This 
identifies the functionalities that are needed for incorporation 
in the design of a mini-robotic colonoscope (MRC). 

 The colonoscope is inserted through the anus and then 
pushed up to the rectum, recto-sigmoid junction into the co-
lon up to the cecum and the ileo-caecal valve, which marks 
the entrance of the terminal ileum of the small intestine. The 
procedure takes about 40 minutes for completion [10]. The 
surgeon aims to reach the cecum in the shorter time as possi-
ble. The orientation of the location is made by visual inspec-
tion of the colour and shape of the colonic lumen. 
 Inspection of the entire colorectal mucosa starts when the 
cecum is reached, and the entrance of the terminal ileum 
marked by the ileocaecal valve is identified. Insufflation of 
the colon with CO2 is used to expand and stretch the colonic 
lumen and stretch the colonic walls, thereby enabling inser-
tion of the colonoscope by pushing the flexible endoscope 
sometimes aided by the application of torque. Pressurised 
waterjet irrigation is used to clean the camera lens in the 
event of smudging by mucus of blood. Instrument channels 
allow the insertion of tools for, e.g., the procurement of a 
biopsy of polypoid or flat mucosal lesions. Polyps are usu-
ally removed (polypectomy) by a special electrosurgical wire 
loop snares instrument. It is placed over the polyp down to 
its base and then closed slowly as electrosurgical blender 
current is applied to prevent coagulation of the blood vessels 
while the stalk of the polyp is cut. It is important that the 
detected polyp is removed intact and submitted to detailed 
histology. If the macroscopic appearance of the polyp sug-
gests possible development of invasive cancer, local endo-
scopic excision is avoided because of the risk of local recur-
rence and spread. In such cases, tattooing of the lesions with 
special ink injected into the base of the polyp is performed. 
Tattooing enables the surgeon to identify the type of colonic 
resection required. In general, the biopsy of large polyps 
(diameter > 1.0 cm) must include the macroscopically ab-
normal part. Colonoscopy is a difficult procedure which re-
quires a prolonged training to reach proficiency of the endo-
scopist to practice safe complete colonoscopy. This accounts 
for its high costs.  

2.4. Mechanical Design of a Colonoscope 

 A colonoscope consists of a flexible inspection tube, 
about 160 cm long with an external diameter varying from 
11 up to 15 mm. The distal tip can be controlled by the op-
erator through a complex twin-wheels-component handle, 
held and manipulated by the dominant as the endoscope is 
held and pushed by the non-dominant hand. The tip can be 
made to bend by manipulating the wheels in two directions, 
i.e., 2 DOFs, which are defined as roll and pitch. Degrees of 
freedom (DOF) is a term used in robotics to indicate spatial 
directions in which a mechanical device is able to move. In 
this review, the term is used to describe the mechanical 
properties of a colonoscope and to identify the requirements 
needed for the design of a robotic device. The rest of the 
tube is passive and cannot be actively controlled by the op-
erator. The non-dominant hand of the operator holds the 
colonoscope after it is inserted through the anus into the anal 
canal to push the flexible colonoscope forwards (1 DOF) and 
also to torque (rotate) the tube clockwise and anticlockwise 
(1 DOFs). The total number of DOFs that can be controlled 
by the operator are 4. The passive tube can be considered as 
a hyper-redundant structure, with several DOFs, although 
only 4 can be controlled by the user. This passive tube bends 
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when it is subjected to a pushing force applied by the opera-
tor against the colonic wall, inducing the formation of loops, 
which by stretching colonic walls and especially the nerves 
in the mesenteries induce pain and discomfort to the patient 
[11]. Although anaesthesia can abolish this problem, it is 
counterproductive to the patient’s welfare as pain is an im-
portant feedback for the surgeon in avoiding colonic perfora-
tion, a potentially life-threatening complication which occurs 
in 0.6% of cases [12]. A CMOS camera located on the tip of 
the colonoscope permits imaging and close inspection of the 
colonic mucosa, with light illumination being provided by 
super-luminescent LEDs.  

3. CE FOR COLONOSCOPY 

 Capsule Endoscopy (CE) was first presented at the Di-
gestive Disease Week in 2000 held in San Diego, California, 
USA, by the gastroenterologist Paul Swain, who developed it 
with Given Imaging, a Yoqneam (Israel) company [13]. CE 
was CE marked and released in 2001 initially for small 
bowel endoscopy, subsequently for the oesophagoscopy and 
finally for colonoscopy. Several other companies followed 
PillCam SB 3Given Imaging (Ltd, Yogneam, Israel), with 
their versions of this disruptive technology, including Endo-
capsule by Olympus America (Inc, Center Valley, Pennsyl-
vana) and MiroCam by Intromedic Company (Ltd, Seoul, 
South Korea). A Chinese company, Jianshan Science and 
Technology (Group) Co. Ltd Chongquing, produces the 
OMOM capsule. The last one has been approved by the State 
Food and Drug Administration of the People’s Republic of 
China in March 2014, but to date, it has not been approved 
by the FDA. Its use is limited to China, Southeast Asia and 
some European countries. 
 Guidelines on the indications and use of CE have been 
reported by various clinical societies [14-16]. All the CE 
devices in current use are wireless but lack active locomo-
tion, relying on physiological peristalsis for transit. How-
ever, peristaltic contractile activity varies, and it is thus unre-
liable. The other major limitation of the current generation of 
CE devices is their inability to procure biopsies for his-
tological confirmation of the nature of the lesion identified 
by CE.  
 Bowel preparation is essential for successful complete 
colonoscopy, defined as the complete examination of the 
entire mucosa of the colon and rectum. Following the bowel 
preparation, the patient has to fast for 8 h to 12 h before the 
procedure. The bowel preparation consists of ingestion of 1 
or 2 L of polyethylene glycol (PEG) over a period of 24 
hours before the examination [17]. 
 CE devices are composed of 4 sub-systems: i) disposable 
or reusable CE with wireless transmission telemetry; ii) 
wireless receiver array belt and iii) data recorder, both worn 
by the patient; iv) external workstation with the application 
software for video and data analysis. CE devices incorporate 
a localization system which maps the image flow to the posi-
tion in the intestine for any additional diagnosis or interven-
tion. The location system may use RF (radio frequency), 
with average localization error up to 13.26 cm3 [18]. Reten-
tion variously reported approximately 2 % can occur during 
CE screening [19], which would be drastically reduced with 
active locomotion. In addition, the CE needs to be monitored 

by the real-time viewing during the first hour to verify that it 
passed through the stomach into the duodenum (first part of 
the small bowel). Otherwise, a gastroscopy needs to be per-
formed to place it in the duodenum to ensure that the capsule 
has enough on-board power to screen all the small bowel. 
 PillCam Colon 2 was recently approved by the FDA for 
patients in whom an incomplete colonoscopy was not related 
to poor bowel preparation. It has two CMOS cameras, front 
and back, and it is an improved version of the previous Pill-
Cam Colon. Advantage includes longer battery life. This 
feature is obtained by a combination of an extra third-party 
battery and the use of a sleep mode functionality. The sleep 
mode consists of a device deactivation for the first 1 h and 
30 minutes. This is the average transit time to reach the area 
of interest. It has a viewing angle of 172° and an algorithm 
to change the frame rate [20]. The external receiver can ana-
lyse the image flow and exchange data with the capsule. This 
allows the external receiver to detect when the capsule 
reaches the colon and to adopt a frame rate up to 4 fps. It can 
also alert the patient if it is retained, when the patient ingests 
a prokinetic agent, to facilitate transit of the capsule. If the 
receiver detects that the capsule is retained in the small 
bowel, the patient is advised to ingest laxative to facilitate 
the motion.  

4. MINI ROBOTIC COLONOSCOPE (MRC) 

 Although CE devices can perform a painless procedure, 
they have several issues which limit their use. Sometimes it 
requires a further investigation by flexible colonoscopy. Re-
search institutes are addressing these limitations by the de-
sign of advanced mini robotic colonoscope (MRC). The first 
challenge encountered in this design is the limited space 
available inside the colonic lumen. The diameter of the colon 
varies from 40 up to 90 mm [21]. This limits the use of any 
off-the-shelf components and the design of miniaturised 
parts, such as the mechanical frame, the actuation, the sens-
ing and the on-board electronics and wireless communica-
tion. An MRC has several components: power management; 
wireless communication; locomotion; imaging; instrumenta-
tions for diagnosis and tissue manipulation; telemetry and 
user console. Two main approaches are used for the design 
of an MRC: tethered vs. wireless. The advantages and limita-
tion of both designs are discussed in detail in the following 
sections. 

4.1. Tethered MRC 

 A tether is a combination of wires and/or tubes that ex-
tend from the distal part of an MRC till an external console. 
The primary role of a tether is related to safety. In case of 
any disfunction on the MRC it can be used to pull it out. In 
addition, it can help the locomotion solution by contributing 
with an external force when it is pulled. A tether can incor-
porate wires for the power supply and for the data transmis-
sion. An external power can avoid the need of using internal 
battery, which limits the autonomy and the performance of 
the device. The tether can provide a communication channel 
with high bandwidth to exchange telemetric data and high-
quality video streaming with the user console. This will save 
space avoiding the need for a wireless communication and 
power unit. Tubes inside the tether can be used to provide 



4    Clinical Cancer Drugs, 2018, Vol. 5, No. 1 Manfredi and Natale 

water jet and gas (CO2) to the tip of the device. Furthermore, 
these tubes can be used as instrument channels thus allowing 
the use of standard colonoscopy instrumentations. 
 The length of the tether is expected to be at least 1.6 me-
ters, with an additional section that extends from the patient 
to the external console. Its stiffness is related to the material 
it is composed of, and the number of wires and tubes. The 
tether external texture and/or coating relates to the friction 
forces produced between the tether and the colonic wall. 
Friction is a major drawback of having a tethered device. 
The force required from the MRC locomotion unit needs to 
overcome the tether weight but also the friction forces. This 
can drastically affect the design of the locomotion solution.  

4.2. Wireless MRC 

 Advantages of a tethered MRC represent the limitations 
in a wireless MRC design. Allocation of space for on-board 
battery is one of most demanding requirements in the design 
of an MRC. This is one of the current limitations also in CE. 
It restricts the fps and quality of the video streaming but also 
the telemetry. Wireless power can be a solution to this limi-
tation although the low energy efficiency is still an issue in 
current technology [22]. Miniaturised instruments need to be 
located on-board with a limitation in the force produced. 
This also requires a different way to approach a therapeutic 
procedure that cannot be performed by using traditional in-
struments. A normal procedure like stretching the colonic 
wall to improve the inspection of any abnormal lesion re-
quires to find new solutions rather than using air or gas like 
in a traditional colonoscopy. No need to overcome any force 
produced by the long tether is the main advantage in the de-
sign of a wireless MRC.  

4.3. Locomotion 

 The colonic environment represents a challenge in the 
design of the locomotion unit. The limit in its available vol-
ume requires the use of non-conventional actuation ap-
proaches. DC motor and piezo-motor are too heavy, and they 
require an additional mechanism to increase the output 
torques or forces, such as a gearbox or spring materials. 
Compliance and a safe interaction with the surrounding tis-
sue and organs are essential requirements to avoid any dam-
age to the colonic wall. Two are the main methods to design 
a locomotion unit: on-board and wireless. 

4.3.1. On-board Locomotion 

 The reduction in the size of transducers incurs reduced 
efficiency. Examples include DC motors, which when avail-
able in a large size achieve an efficiency above Em=90% but 
with downsizing to millimetres, efficiency can be reduced 
below Em=20% (Faulhaber Brushless DC-Servomotor, 3 mm 
diameter, 8.4 mm in length). In addition, they require a gear-
box to increase the output torque with an efficiency below 
Eg=50%, with a ratio of 125:1. The overall system composed 
by a DC motor and a gearbox can have an efficiency below 
10%, E=Em·Eg. Although this can be a limitation of the de-
sign, several MRCs with wheels and legs have been reported 
[23, 24]. Low energy efficiency requires cooling to dissipate 
the part of the input energy which is Joule heating. For such 
small applications, smart materials can provide a valuable 

alternative solution. Shape Memory Alloy (SMA) has shown 
some limitations for large actuators because of their low ef-
ficiency and slow response time. In contrast, their light 
weight, high force to weight ratio, and small volume are ad-
vantages when a reduced size of just a few millimetres is 
needed. Their low efficiency below 7% represents a draw-
back for large actuation but not for small size devices. They 
can be activated by using external stimulus, i.e. light, tem-
perature, magnet field, and chemical stimulus [25]. Limita-
tion in the mechanical bandwidth has been reported for large 
applications because of the slow time required to dissipate 
the accumulated heat. In recent studies, Manfredi et al. [26-
29] reported high mechanical bandwidth for the design of a 
mini actuator with thin SMA wires, 75µm and 100µm in 
diameter. Legged MRC has been designed by using SMA 
[30]. 
 Inch-worm locomotion is one of the most common ap-
proaches [31-33]. Having a tether can limit this design. To 
increase the locomotion propulsion the friction between the 
MRC and the colonic wall is essential. The friction is related 
to the weight of the robot and the coefficient friction be-
tween the device and the colonic wall, Fc=P·µ. A small ro-
bot, due to its low weight, incurs a negligible friction force. 
This force needs to be higher than the tether weight and fric-
tion forces. To increase this Fc, a balloon can be used to ap-
ply gas pressure on a wide colon surface [34]. This pressure 
requires is indicated in 22 mmHg (range 9-57 mm Hg) [35]. 
Friction around the balloon can be increased by applying 
patches with special texture [36]. A design that includes two 
balloons connected together by using a central piston have 
been proposed for an inch worm soft robot. The locomotion 
consists of the following recursive 3 steps: i) inflation of the 
back balloon to anchor the robot; ii) extension of the central 
piston and then inflation of the front balloon; iii) deflation of 
the back balloon and contraction of the central piston [37, 
31]. 
 Water jet was also investigated to provide propulsion 
[38]. An external pump controls the water pressure provided 
by different tubes up to the tip of the device. The device has 
nozzles that control the direction of the water jet. The activa-
tion of each nozzle will control the orientation and propul-
sion of the device. Water [39] or air [40] pressure was also 
used to push a balloon with camera and biopsy instruments, 
which seals the colon and works as a piston. This pressure 
pushes the balloon forward. 

4.3.2. Wireless Locomotion Design 

 On-board locomotion requires to allocate space for the 
mechanical solution and additional power supply. This in-
creases the weight and volume of the device. One type of 
wireless locomotion relies on the use of a magnetic field. 
Forces are transmitted by using an external magnet to the 
device that includes small magnets. The external magnetic 
field can be provided by either a permanent magnet con-
trolled by a robotic arm [41] or it can be generated by using a 
coil [42]. Permanents magnets, from one to three, are located 
inside the capsule. This solution will not require the use of 
an additional power supply and the use of ferromagnetic 
material can increase the forces. Neodymium is often used 
for the internal magnet because it is the strongest available in 
the market. The control and magnitude of the magnetic field 
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needed to generate forces and torques for the locomotion 
propulsion is essential for a magnetic device. This defines 
the size of the internal permanent magnet. The external mag-
net source requires careful selection for precise control of the 
locomotion. The use of an external permanent magnet can 
limit the dexterity in the control of the device. This is related 
to the orientation of the magnetic field that controls the ap-
plied force. Most of the solutions with external magnets pro-
duce a force with a vector component that attracts the device 
to the external magnet [43], thus against the colonic wall. 
This force needs to be estimated because if too high, it can 
stretch the colonic wall and cause pain. In addition, it can 
also create a friction force opposing the propelling force. A 
magnetic field produced by an external coil can increase the 
precision of the control. MRI has been used to control the 
external magnetic field [44]. Limitation of this approach is 
the high cost in the design of an external active magnet or 
only by using an MRI. 

4.4. Vision Unit 

 The imaging unit is essential for the inspection of the 
colonic wall. It includes an image sensor with lens, illumina-
tion and chip for video flow compression. A high-resolution 
imaging unit reduces the false negative rate [45]. In the cur-
rent colonoscopy and in most of the MRC the imaging unit 
represents a feedback for the user control. A closed-loop can 
be implemented by using machine learning algorithms that 
detect the colon lumen and stabilise the capsule orientation 
and position [46]. CMOS and CCD can be used for the im-
age sensor. Lower power consumption, higher integration 
capability, and controllability make the CMOS technology 
the best option. The CMOS and the lens define the field of 
view (FOV) up to 180° for a traditional colonoscope [40]. 
The compression algorithm can reduce the bandwidth for the 
data communication, essential for the wireless camera. The 
compression rate is a compromise between the power con-
sumption and the bandwidth. Additional inertial sensors can 
be integrated in the image unit to filter the tremor and im-
prove the video streaming quality [47]. 

4.5. Telemetry 

 A wireless MRC requires a wireless communication to 
allow image and data streaming to the console for the user 
control. Low power consumption and reliable data link are 
essential requirements for the telemetry unit. Radio fre-
quency is the commonest technology used in CE and MRC. 
[48] reported a design that uses 5.2 mW, a data rate of 2.7 
Mb/s at 403-443 MHz. [49] reported power consumption of 
2.5 mW and a data rate of 10 Mb/s. Thonè et al. [50] re-
ported a telemetry chip with a power consumption of 2 mW 
and a data rate of 2 Mb/s at 144 MHz. 
 The human body communication uses the body tissue to 
transmit data. It has a low power consumption, good com-
munication performance and a reliable data link [51]. The 
MiroCam is the first CE capsule in the market that includes 
this technology [52]. 

4.6. Power 

 The power supply is one of the current limitations in the 
design of a wireless MRC. On-board power unit uses silver-

oxide coin batteries because they are the only technology 
approved for clinical use. However, other solutions have a 
higher energy density [53]. Lithium ion polymer (LiPo), 
thin-film are other technologies with higher power density. 
Wireless power by using external magnetic field generated 
by a solenoid coil power can be an alternative solution [16]. 
On board batteries have a limited pick current, which limits 
the output locomotion power. An energy buffer can be used 
to provide higher electrical current by using an electric dou-
ble-layer capacitor [54]. 
 Algorithms are used to save energy, i.e. by changing the 
imaging frame rate in relation to the device speed, sleep 
mode when any action is not required, and low power con-
sumption compression algorithm for the video streaming 
[55]. 

4.7. Localisation 

 The localisation unit identifies the position of the MRC 
inside the colon for the navigation as well as the identifica-
tion of any abnormal lesion for future treatment or additional 
diagnosis. The error of the resolution of the position defines 
the performance. Radio frequency triangulation is a technol-
ogy solution with low resolution. Fisher et al. [50] reported 
an average error below 38 mm. A magnetic tracking can 
achieve a position of 3.3 mm [51]. This technology is af-
fected by the use of any magnet inside or outside the MRC. 
This limits the locomotion solution design. Ultrasound has 
been used as localisation technology but with a low-
resolution tracking [56] 

5. COSTS AND BUDGET 

 The cost of a traditional complete colonoscopy ranges 
from $ 800 to $ 4000. CE is much cheaper with a cost 
around $ 500. An additional cost for a colonoscopy is the 
training required for the colonoscopist to reach proficiency. 
The time needed to perform the procedure is included in the 
running costs. 
 MRC has the potential to reduce substantially the cost of 
mass screening for CRC in the adult asymptomatic popula-
tion. However, MRC will only outperform and replace flexi-
ble colonoscopy when it progresses to the stage when key 
functions exemplified by biopsy procurement and the ability 
to stop bleeding are included in the device. An MRC can be 
used by nurses or trained technicians on several patients, 
with a medical specialist being present to supervise from a 
control centre several procedures being simultaneously car-
ried out. The training will be limited to the use of the console 
interface and for the technician for the periodical mainte-
nance. As the MRC colonoscopy will be painless, no seda-
tion will be needed, and the screening interval can be re-
duced, lowering the incidence of the interval cancers. How-
ever, the construction and production of an MRC require the 
use of miniaturised components and expensive assembling 
and testing technologies. Regular maintenance will require 
special training for the technician employed in a hospital. 
The need for FDA approval or CE mark will also increase 
the final market cost. All these costs need to be addressed 
since the beginning of the design of a new concept by the 
research institutes. Providing a new technology that will not 
be cost effective will limit its application. 
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CONCLUSION 

 This review describes the current technology for CRC 
screening with the advantages and limitations. It describes 
the research challenges in the design of new technologies for 
mini- robotic colonoscopes. These frontier technologies aim 
to replace the current colonoscope with a solution that is 
painless and cost effective with the scope of reducing the 
cancer mortality through early detection of precancerous 
lesions of early stage curable cancer. A multi-disciplinary 
approach is required to face these challenges. Expertise in 
different engineering areas, such as electronics, mechanics, 
telecommunications, advanced materials, etc., need to con-
verge to provide a combined solution. Furthermore, it will 
also require a scientific bridge connection with medical sci-
ence to understand the environment where this device works 
and what the medical need is to improve disease manage-
ment. With the advances in autonomous devices, one day the 
procedure will be fully autonomous with a mini-robot that 
will be able to perform the screening and detect abnormal 
lesions, for example by using machine learning [56] and with 
an autonomous locomotion control. The screening data will 
be globally shared in a cloud solution to involve experts 
from different institutes when an issue is encountered during 
the screening. Training of the colonoscopist and the nurse 
will be drastically reduced because of the high level of 
autonomy that will be incorporated into the MRC. 
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