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Abstract
Currently, the major problem of all existing commercial capsule devices is the lack of control of movement. In the future, with an interface application, the clinician will be able to stop and direct the device into points of interest for detailed inspection/diagnosis, and therapy delivery. This editorial presents current commercially-available new designs, European projects and delivery capsule and gives an overview of the progress required and progress that will be achieved -according to the opinion of the authors- in the next 5 year leading to 2020.
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CAPSULE ENDOSCOPY 
The swallowable-capsule concept first appeared in 1957 in Mackay and Jacobson’s groundbreaking paper on radiofrequency (RF) transmission of temperature and pressure from within the human body[1,2]. Nowadays, capsule endoscopy (CE) is the prime mode of non-invasive and discomfort-free endoscopic exploration of the small-bowel[3,4]. It became available to clinicians at the dawn of the millennium[5]. The fact that its realization was the brainchild of Garviel Iddan D.Sc., an Israeli electro-optical engineer - initially working at the RAFAEL Armament Development Authority on guided missile technology, is to an extent multi-semantic. Parallelly, Professor Paul Swain, a British gastroenterologist, led a research group in London and published the first conceptual studies on a wireless capsule in 1994[6,7]. Since then, a great number of clinical and scientific papers have studied the clinical use of this fascinating new technology[8,9] in the investigation of small-bowel diseases. Nowadays, capsule platforms are also available for the non-invasive exploration of the oesophagus and the colon[10,11]. The full spectrum of the commercial capsule models is available elsewhere and remains beyond the scope of this editorial[8,12]. 
Currently, the major problem of all existing commercial capsule devices is the lack of control of movement; the latter is achieved by the peristaltic contractions of the small bowel. Therefore, as bowel peristalsis is a complex event of five contractile patterns, i.e., peristaltic waves, stationary contractions, clusters of contractions (Phase III), giant contractions and anti-peristalsis waves[13], its impact on capsule locomotion (speed, position and orientation) is unpredictable[14]. Consequently, the first significant step for a forward leap in wireless technology is achieving sustainable, active movement and control of the device’s locomotion[4,15]. However, when extrapolating from the advancements made in conventional (flexible) endoscopy since its introduction -more than 60 years ago- in regular clinical practice, the prospect for wireless devices should be considered as anything but optimistic. Manual push, perhaps the most primitive actuation method, is still used as the mainstream advancement option of conventional/flexible endoscopes[15]. Hence, embarrassment, discomfort and/or frank pain during the advancement phase of a flexible endoscope is the major drawback of this technique[15,16]. 

Nevertheless, the absence of wire in capsule-like endoscopy systems requires drastic measures and has pushed research forward in a more radical manner. Sliker and Ciuti[15] argue that in the next few years, an integrated, magnetically actuated, automated locomotion system will be available for regular clinical use. Furthermore, possibly with an interface application, the clinician will be able to stop and direct the device into points of interest for detailed inspection/diagnosis, and therapy delivery. Hence, passive locomotion will be replaced by externally (magnetically) controlled actuation or a combination of a miniaturization, new battery type or complete battery elimination[17]. Especially the battery-less and/or miniaturization version will eliminate any concerns about the chemicals in the batteries, can produce potential hazards and contaminate the environment when the capsules are improperly disposed of[18,19]. 

One of the major problems of the capsule platform for digestive endoscopy, especially when there is no locomotion control is the adoption of the single-pole lens model; however, integrating multiple cameras has still problems with size and power consumption[20]. Therefore, some ideas around this have led to few experimental developmental platforms that, at this point, should receive particular mention:
NORIKA AND SAYAKA
RF SYSTEM lab. (RF Co., Ltd., Nagano, Japan) was established in 1993 in Nagano. The deep-sea submarine-like capsule, named NORIKA 3 (Figure 1A), was developed in 1997 when RF Co. joined the Japanese Experimental Module Project[21]; the latter was a venture operated by the National Space Development Agency of Japan to monitor the growth of plants in a manned spacecraft[21]. SAYAKA, the first "battery-less capsule", superseding the basic technology of NORIKA 3, was announced to the international market on December 2001; however, it remains still under development (Figure 1B)[22]. The dimension of a capsule camera is 9 mm × 23 mm. A 0.6 mm color lens and a 410000-pixel charge-coupled device (CCD) camera can obtain up to 30 frames per sec (fps), as long as the patient is wearing a vest that transmits microwaves to the capsule[23]. Two tanks with valves are positioned in the center and a there is a capacitor to store electric power and a microwave video signal transmitter[22,23]. Around the camera lens, four white LEDs and magnetic coils for focus adjustment are placed[23]. More importantly, 40% of the volume is free space, which can be used for surgical purposes such as medication spray, laser treatment, pH sensing and more[24]. Mosaicing technology was developed for use with the experimental model Norika 3[25]. Mosaicing is a process by which the final image on the computer display is made by combining multiple images taken from various angles[23,25]. However, no human studies have been conducted with this capsule, which has been described on the web for almost a decade now[12].
SELF-STABILIZING CAPSULE ENDOSCOPE 
An innovative method of imaging of the GI tract by using a self-stabilizing capsule endoscope (SsCE) was first proposed in 2006 (Figure 2A)[26]. SsCE allows the use of a single-pole imager devise for visualizing the wider diameter segments of the digestive tract such as the colon without tumbling and with the ability to passively distend colon walls[27,28]. The capsule coating is designed to dissolve in the colon, which exposes a semipermeable, expandable container attached to the back of the capsule endoscope, while simultaneously turning on the camera (Figure 2B)[27,28]. In a recent experimental study with live canine models, 4 mongrel dogs underwent laparotomy and the implantation of 5-8 suture markers to approximate colon lesions. Each dog had both single-dome CE and ScCE in random order. The average percentages of the marker detection rate for unmodified capsule endoscopy, self-stabilizing capsule endoscopy, and colonoscopy, respectively, were 31.1%, 86%, and 100% (P < 0.01), with both self-stabilizing capsule endoscopy and colonoscopy performing significantly better than the unmodified capsule endoscopy[28].

ODOCAPSULE
Odocapsule, a capsule device to achieve accurate localization of small-bowel lesions and endoscopic video stabilization in capsule endoscopy was proposed in 2010[29] (Figure 3A). It is equipped with 3 miniature legs, each carrying a wheel. These legs are extendable and retractable thanks to a micro-motor and three custom-made torsion springs[30,31]. The wheels are specifically designed to function as micro-odometers by registering each rotation they perform. As the Odocapsule traverses through the small bowel, the wheels turn and their rotations are translated to distance covered by the device from the point of duodenal entry to each area/point of interest. As the legs are expandable in a tripod formation, they allow the device to stabilize itself without obstructing its locomotion and thus offering smooth video capture without missing any pathologies (Figure 3B).

This editorial does not aim to be exhaustive or indeed cover areas presented in details in previous excellent reviews[2,14,15,17,22]. Its main aim is to present the authors’ views on interesting current projects in CE and the vision for potential convergence/integration of various diagnostic/therapeutic platforms.
DRUG DELIVERY CAPSULE PLATFORMS
Coagulation capsule
Various chitosan- and mineral-based haemostatic granules or powders are used for the control of compressible, external haemorrhage in combat casualties and are incorporated in first-aid kits used by the military[32]. Hemospray (TC-325) is a novel hemostatic agent (COOK Medical, Winston-Salem, NC), CE-marked for use in the endoscopic treatment of high-risk, non-variceal upper gastrointestinal (GI) bleeding in Europe and Canada. It is a proprietary inorganic mineral, absorbent powder that has no known allergens and rapidly concentrates clotting factors at the target site, thereby forming an adherent coagulum[32,33]. Currently, its hand-held container - consisting a pressurized CO2 canister, a through-the-scope delivery catheter, and a reservoir for the 21-g powder cartridge- is operated push button in 1- to 2-s bursts[32]. A prototype coagulation capsule (CoCap) has been built and tested which employs an exothermic chemical reaction to generate heat using the interaction of calcium oxide and water[34]. Professor Swain pointed out that it is possible for other thermal/therapeutic applications to be added in the future[35]. Recently, the feasibility of a novel method of controlled colonic insufflation via an untethered capsule in vivo was demonstrated (Figure 4)[36]. It is truly almost self-intuitive to combine the capabilities of various capsule designs (powder carrier, insufflator and imaging/controllability) in one CoCap for use in cases of obscure GI bleeding. These authors believe that the aforementioned ideas will be transformative on how the deal with OGIB in 2020 and allow CE to claim, once more, the role of “disruptive” technology in the medical field. Indeed, there are few capsule products nowadays that can serve as medication carriers to sites in the small-bowel.

Enterion
The Enterion capsule was developed by Phaeton Research, Nottingham, United Kingdom (in association with the Nottingham University spin-off Pharmaceutical Profiles) for targeted delivery of a wide range of different drug formulations into any region of the gut[37,38]. It is a 32-mm long capsule device that contains a drug reservoir with a volume capacity of approximately 1 mL (Figure 5). Enterion has the capability to deliver, through a 9-mm opening, any type of drug formulation (including dry powder, semisolid, suspension or solution formulations) when the spring is released, forcing a piston to move along the shaft of the capsule, thus, emptying the reservoir to specific locations of the GI tract[2,39]. A radioactive marker is placed inside a separate sealed tracer port to allow real-time visualization of the capsule location using gamma scintigraphy[37]. The movement of the piston also operates a switch, which transmits a weak radio signal at a precise frequency. Detection of this signal externally confirms that the capsule has opened successfully[37,38]. The piston motion is stopped near the end of the capsule, which maintains a seal and prevents contact of the internal electronic components with the GI fluids.

InteliSite® Capsule 
The InteliSite capsule (Innovative Devices, LLC, Raleigh, North Carolina, USA) is a 10 mm x 35 mm, radiofrequency activated, non-disintegrating drug delivery device (Figure 6)[37]. The use of radiomarkers (gamma scintigraphy) allows determination of the capsule location[2,37]. The capsule packaging consists of inner and outer sleeves, which have portholes; when the holes align under a magnetic field straighten shape-memory alloy wires, there is release of the drugs[2,37]. To date, limited information is available in the literature on the use of the capsule[2,37].

INTELLICAP SYSTEM
Philips Research in Eindhoven, Netherlands, has developed a prototype called intelliCap[2,37,38]. IntelliCap has a drug reservoir, a drug pump, a pH sensor, a wireless transceiver, and a microcontroller. The combination allows us to measure the local pH, report the data in real time, and have full control over drug delivery, based on a combination of data such as time, pH, or operator intervention[2,37,38].

MICROROBOT FOR TARGETED DRUG DELIVERY
With a stabilizing/holding mechanism that resembles daVinci-like drawings, the micro-robot platform developed by Woods and Constandinou[40,41], allows targeted drug delivery in the next-generation wireless CE. The micro-positioning mechanism allows a needle to be positioned within a 22.5° segment of a cylindrical capsule and be extendible by up to 1.5 mm outside the capsule body (Figure 7A). This is controlled by a single micro-motor and occupying a total volume of just 200 mm3. The holding mechanism is depicted in Figure 7B. Perhaps adrenaline injection directly into a bleeding small bowel angioectasia is not a bream after all.

Another micro-robot that could be used for drug or other therapy delivery employs actuated legs with compliant feet lined with micro-pillar adhesives - inspired by gecko and beetle foot hairs - to be pressed into the intestine wall to anchor the device at a fixed location[41]. The investigators envisage the use of this capsule as second-line procedure, “after images of the conventional capsule examination are analyzed by a clinician to map areas of interest in the intestine and identify any problematic regions that may require a closer look”[41].

MAGNETICALLY ACTUATED SOFT CAPSULE ENDOSCOPE 
A magnetically actuated soft capsule endoscope (MASCE) has been developed by Yim and Sitti (Yim S, Sitti M. 3-D Localization Method for a Magnetically Actuated Soft Capsule Endoscope and Its Applications. Robotics, IEEE Transactions 2013 Oct; 1139-1151. Yim S, Sehyuk, and Sitti M. Design and rolling locomotion of a magnetically actuated soft capsule endoscope. Robotics, IEEE Transactions 2012; 28: 183-194), for diagnostic and therapeutic medical applications in the stomach. It has a characteristic ability to deform both passively and actively. Passive deformation is possible because its cover is made from elastomer-based compliant structures. This prevents any possible tissue damage during swallowing and/or the peristaltic movement. Active deformation is possible on the axial direction by external magnetic actuation. This provides an extra degree of freedom that enables various advanced functions such as axial position control, drug releasing, drug injection, or biopsy. For example in the developed prototype the axial magnetic attraction compresses a drug chamber between two internal magnets so as to release a drug through holes at a critical pressure. 
Furthermore, the magnetic actuation enables the soft capsule endoscope to roll on the surface of the stomach. Advantages of the rolling ability include smooth and continuous locomotion and stable steering because the capsule is always anchored to the tissue surface while moving, it allows improved tissue surface diagnosis and tissue targeting capability for therapeutic procedures, and it provides a more complete view of the 3-D stomach tissue wall; thus reducing the possibility of missing problematic tissue areas of the stomach wall.
EUROPEAN PROJECTS
Nemo 
A consortium funded by EU 6th Framework Programme (FP) during 2006-2010, worked on NEMO (Nano based capsule-Endoscopy with Molecular Imaging and Optical biopsy) project (http://fcs.itc.it/NEMO/) with main aim to develop an advance cancer screening method friendly enough to significantly increase compliance, simplify the diagnostic pathway and increase the sensitivity and specificity of early detection[35,42]. The concept of the NEMO approach was to combine capsule endoscopy with nano-based molecular recognition that would highlight cancerous and precancerous lesions in the GI tract, thus considerably increasing the accuracy and ease of diagnosis[43]. The consortium aimed to merge few technological platforms: nanotechnology for targeting and marking possible lesion; capsule endoscopy for detecting the marked disorder; capsule manoeuvring technologies to move the autonomous NEMO capsule backwards and forwards in the gastrointestinal tract as well as miniaturization and low power technologies[20]. 

A major task of the project was to develop nanocontainers, labeled with targeting agents and filled with dyeing material. The administered nanocontainers will be tailored to react with the target and mark the intestinal lesion. Another task was to develop a capsule based on narrow band imaging, combining specific optical filters with light emitting diodes (LEDs). The overall clinical outcomes from the NEMO project are summarized in ftp://ftp.cordis.europa.eu/pub/lifescihealth/docs/nemo.pdf[43].

Versatile Endoscopy Capsule for gastrointestinal TuMor Recognitions and therapy 
Versatile Endoscopy Capsule for gastrointestinal TumOr Recognitions and therapy (VECTOR) (http://www.vector-project.com) was another project funded by EU FP6 during 2006-2010, aiming to develop a miniaturized robotic wireless endoscope for both diagnosis and therapy in the human digestive tract, with particular focus on the diagnosis and treatment of gastrointestinal cancer and its precursors[44]. VECTOR delivered different versions of prototype capsule endoscopes, for different clinical needs. An impressive prototype was a tele-operated robotic capsule with eight legs, capable of walking within the colon at a speed of about 3 cm per minute against peristalsis[45]. Main limitation of this capsule was the difficulty to include a power source, because most of the space within the capsule was covered by the electro-mechanic components used for moving the robotic legs. The fabrication of such a robotic spider-like capsule is described in a meso-scale engineering case study[46].

Another prototype included a submersible capsule prototype equipped with four propellers for locomotion. This capsule was intended mainly for stomach inspection. Reliable locomotion and steering within the stomach was possible after ingestion of clear water[47]. A wirelessly powered version of this prototype, based on wireless energy harvesting techniques, was later proposed for longer lasting operation. Another alternative investigated for in-vivo capsule navigation was based on externally applied magnetic fields. The magnetic field was generated by a permanent magnet attached to a robotic arm operated above the body[48]. In the context of VECTOR project magnetic control was also applied in the context of therapeutic capsules, designed to apply a customized haemostatic endoscopic clip (OTSC® clip, Ovesco Endoscopy AG, Germany) to the bowel wall[49]. 
TROY 
Another project funded by EU FP6 during 2006-2009 was TROY (endoscope capsule using ultrasound technology) (http://cordis.europa.eu/documents/documentlibrary/125822911EN6.pdf). Its objective was to prove the concept of a diagnostic system for prevention and early warning of superficial cancer and pre-malignant precursor lesions in gastrointestinal tract using ultrasound technology. The outcome of the project was a WCE platform that instead of a camera with an optical imaging sensor, uses miniaturized ultrasound probes to create 3D computer generated images. The validation of this platform was performed with a synthetic bowel simulator with realistic tissue response.  
SUPCAM 
The SUPCAM project (http://www.supcam.eu) was funded by EU FP7 during 2012-2014 for the development of a spherical endoscopic capsule which can be safely - and accurately - guided along the colonic lumen from the outside, through an electromagnet, in completely wireless mode[50]. Being designed for the evaluation of the colon, this capsule is not for ingestion, but to be administered as a suppository. The endoscopic device will have the appearance of a small (~2 cm in diameter) spherical capsule (there are in fact 2 layers, the inner sphere and the outer sphere) with a compact external control system, easily manageable by the medical operator in order to support him in the diagnosis of colon rectal diseases[51]. The external device will be compact and adapted to be transported and made suitable the room of the majority of common outpatient settings, similarly to an ultrasound scanner. So far, this new system has been presented in international scientific meetings and there is data on the effectiveness of the magnetic control system with laboratory simulations[51] as well as with a phantom colon model[52]. To the best of our knowledge, no data on animal models are available yet.

OTHER CAPSULE ENDOSCOPE DESIGNS
Mermaid capsule 
A magnetically propelled fish-inspired capsule endoscope has been proposed as another navigable solution[53]. This capsule is called Mini Mermaid (MM1) it has a size of 12 mm × 45 mm and a flexible silicone fin at its back with a small magnet attached at its end. It can change velocity and direction by adjusting the waveform of the electric current running in magnetic coils controlling the motion of the fin. Its velocity can reach dozens of cm per second, while its battery can last for eight to 10 h. It has been applied safely for the examination of the whole digestive tract of a human, after providing him with doses of polyethylene glycol and water. 
Multiple cameras endoscopy capsule 
In order to maximize the diagnostic yield of CE, Gu et al[54] proposed recently an ingenious spherical device – called the MicroBall – with multiple (six) cameras (Figure 8). Although this platform allows no controllability of the capsule movement, it promises a more accurate revision of the GI tract and reduction of the false negatives by multiple cameras with ‘smart’ image capture strategy, employing not only movements sensitive control but camera selection as well[54]. 
Robotic biopsy
The concept of a robotic biopsy device was certainly influenced by the Crosby capsule. To date, the proposed devices consist of modules for the complete process of biopsy, which includes monitoring the intestinal wall by a tissue monitoring module, aligning onto a polyp by an anchor, and sampling of the polyp tissue by a biopsy module. The latter is constructed to remember the guillotine opening of the Crosby capsule and its control/actuation –in the prototypes and conceptual models- is left to the control of the physician[14,15,35,55]. 
Motility tracking system
Motility Tracking System (MTS) is swallowable, small magnetic pill (6 mm × 18 mm, density 1.8 g/cm3) coated with a plastic capsule[56]. The small electronic pill, when ingested by the patient, emits a signal during its entire transit through the GI tract. Its movements are tracked by a detector plate of 16 magnetic field sensors (4 × 4) with a frequency of 10 Hz. Data from each sensor with an iterative algorithm are used to calculate the position and orientation of the magnetic pill[56,57]. The first generation, radiation-free pill (MTS-1), has been introduced for description of gastrointestinal motility in adults. The current version, Motility Tracking System-2 (MTS2), is also known as 3D-Transit (Figure 9) and is able to track multiple pills simultaneously[57]. This signal is recorded and subsequently downloaded to a data management station. 

Wireless motility/pH capsule - SmartPill 
The wireless motility/pH capsule (WMC or SmartPill) is data recording device that enables the simultaneous assessment of regional and whole gut transit. It has been approved by the FDA for the evaluation of patients with suspected gastroparesis and chronic idiopathic constipation[58,59]. SmartPill measures the temperature, pH, and pressure while traveling through the GI until exiting the body through the anus. Validated patterns in pH and temperature recordings allow for accurate measurement of gastric emptying, small bowel transit, colonic transit, and whole gut transit times[60]. Clinical trials showed it to be a suitable alternative to scintigraphy and radiopaque marker studies in measuring gastric emptying, small bowel, colonic, and whole gut transit times[59,61]. The WMC should be considered the transit study of choice for individuals suspected of having altered transit in more than one region of the gastrointestinal tract.
Lab-in-a-pill 
This capsule has resulted by a collaboration between the Universities of Glasgow, Edinburgh and Strathclyde, and the Institute for System Level Integration in Scotland[2,37]. The capsule device, called Lab-on-a-Pill, measures 16 mm × 55 mm and weighs 13.5 g[37,62], with temperature, pH, conductivity, and dissolved oxygen sensors. The initial aim is to develop new tools to help the Government in its objective for screening colon cancers in all people aged over 50 years. The eventual device will allow wireless detection of markers for bowel cancer, a disease that is common in many countries. However, there have been no trials carried out using this capsule with the exception of artificial gut trials[37]. 
Tethered capsule endomicroscopy
The system developed by Gora et al[63,64] involves a capsule containing optical frequency domain imaging (OFDI) technology - a rapidly rotating laser tip emitting a beam of near-infrared light - and sensors that record light reflected back from the oesophageal mucosa. The capsule is attached to a string-like tether that connects to the imaging console and allows a physician or other health professional to control the system[65]. Following ingestion, the capsule is carried down the oesophagus by natural peristalsis. OFDI images are taken throughout the capsule’s transit down and up the esophagus.

Check-Cap
Check-Cap (Check-Cap, Mount Carmel, Israel) is a new technology in development for colon imaging[66]. It is proposed that tiny X-ray Radar device (the exposure to radiation is described as minimal, i.e., total dose equivalent to a single plain abdominal radiograph) creates a 3-D reconstructed image of the colon[67]. The major advantage of this platform is that no prior colon cleansing is needed, although the patient is still required to drink an oral contrast solution to label faecal material[67,68]. Eventually, the capsule transmits data to a wrist-worn recorder[66]. It is understood that the clinical performance of Check-Cap device is under investigation. 
Sonopill
A £5-million grant by the Engineering and Physical Sciences Research Council (EPSRC) went to Sonopill, an ambitious Dundee University-led project aim to incorporate diagnostic and therapeutic ultrasound along with optical imaging, all deployed in capsule format[69]. It is aspired that this will complemented by other sensors, e.g., for pH measurement and auto-fluorescence imaging (AFI) for multimodal diagnosis[70]. In the longer term, the investigators aim to produce a family of diagnostic and therapeutic capsules, with the patient pathway defined according to diagnostic information assembled. Essentially, the Sonopill aims to push that technology further by proving in practice the complementary role of ultrasound and visual imaging with studies of multimodal diagnosis and therapy.
Endoscopic capsule robots using reconfigurable modular assembly
In order to enhance the locomotion capabilities and the functionalities of current capsule endoscopy platforms, Yoo et al (Yoo SS, Rama S, Szewczyk B, Pui JW, Lee W, Kim L. Endoscopic capsule robots using reconfigurable modular assembly: A pilot study. International Journal of Imaging Systems and Technology 2014; 24: 359-365) proposed a modular system of robotic capsules containing steerable locomotive elements that are capable of assembling into a larger and more complex robot via mutual docking. Docking is based on permanent magnets for energy efficiency purposes. Such robots could provide abilities that are lacking from current capsule endoscopes. A prototype was developed to demonstrate how a camera-enabled wireless capsule endoscope can be enhanced with navigation capabilities by docking on it three capsules with angular and rotational servos acting like legs. Such a modular robot can be used for thorough inspection of regions of the GI tract. Issues to be addressed before such a capsule is applicable in clinical practice, include the use of biocompatible polymer materials for enhanced friction in the slippery environment of the GI tract, energy conservation, e.g., using wireless power transmission, water proofing, and miniaturization.   
Inchworm-like micro-robot
A prototype miniaturized navigational capsule endoscope capable of sliding like an inchworm was developed by Kim et al (Kim B, Lee S, Park JH, Park JO. Inchworm-like microrobot for capsule endoscope. In: Robotics and Biomimetics, ROBIO 2004. IEEE International Conference; IEEN, 2004: 458-460), and validated in vitro. The capsule is equipped with four actuators and clampers that mimic insect claws (Scherge M and Gorb S. Biological Micro- and Nano- tribology, Nature’s Solutions. Springer, 2000: 79-150) It clamps the contact surface and the body moves forward during the contraction of a rear linear actuator. The clamper releases the contact surface and slides forward as the front linear actuator is contracting. In this spirit, another locomotion mechanism inspired by earthworms, is based on repeated elongations and retractions of a clamping device (An earthworm-like locomotive mechanism for capsule endoscopes. Intelligent Robots and Systems. 2005 IEEE/RSJ International Conference; 2005: 2997-3002).
NANOTECHNOLOGY
Microrobots are 10 μm - 1 mm scale robots offering great new potential in medicine and nanotechnology is defined as any process performed at nanoscale. Electronics are constantly miniaturized and increase performance. Inevitably capsule endoscopy devices will follow the same trend as they did in the past leading to integration of multiple sensors (i.e., temperature, pH, iron detector, etc.) while maintaining power efficiency. Furthermore, such miniature endoscopy devices could attach to the intestinal mucosa while getting power support from human body heat allowing them to operate for long monitoring periods. Finally with the advent of nanotechnology medicine in recent years it will slowly be incorporated to capsule endoscopy devices allowing them to deliver smart drugs (i.e., targeted drug therapies), diagnosis and treatment to specific parts of the digestive tract. 
CONCLUSION
In conclusion, several analogues could be drawn for the field of medicine/gastroenterology and other sciences as well. Therefore, we believe that the mainstream small bowel endoscopy in the third decade of the new millennium should be provided by an enhanced version of the capsule-based based platform, such as the one proposed by Iakovidis et al[71]. Just like aeronautical engineering – for more than a century now – has not significantly moved away from the conceptual design/idea of its most famous aviation pioneers, the Wright brothers, these authors believe that the shell of the capsule device – with some optimizations, e.g., spherical capsules would go easier through stenotic parts – will prevail over time. Furthermore, the speed (and control of the device), the functional characteristics (definition, 3-D application and therapy) and the indications for obtaining it will change over time. 
Bio-mimetic/bio-inspired approaches, such as the spider and fish -like capsules[46,53], are promising approaches not only with respect to navigation within the digestive tract, but also for treatment, not only with application of haemostatic clips or drug delivery[2,37,38,40,41], but also for small operations, including biopsies or small dissections. 
In conclusion, we should relish the challenges that lie ahead; in an environment like the small-bowel, the requirement is not to make micro-capsules; instead the attention should focus on how to utilize the existing carrier shape and size, but with miniaturized components such as microscopic batteries, that will leave internal space and provide enough power for internal lens rotation (just like the deep sea submarines), space for microscopic labs (lab-in-a-pill) and other sensing capacities and –hopefully- deliver powder medication for bleeding. 
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equation (1.3). The difference between the maximum swelling/expanding pressure  and the peristalsis 
pressure .should be less than the net pressure,  so that no harm is caused to the colonic walls:  



 (1.3) 
 



where: 



peristaltic pressure in the colon, Pa; 



The mean peak amplitude of antegrade propagating pressure waves is 41.8+/-2.3 mmHg with a range of 5-169 
mmHg [55]. It can be seen that the difference between the swelling pressure and the peristaltic pressure should 
be lower than . However, it is important to simultaneously include in this analysis the antegrade propagating 
wave. TheUHIRUH�� WKH� VWDELOL]LQJ� FRPSRQHQW� ZDV� GHVLJQHG� WR� FUHDWH� PD[LPXP� VZHOOLQJ� SUHVVXUH� RI� ��� �� ���
mmHg, because if this pressure is higher than the antegrade propagating pressure, severe constipation or 
perforation might result [56]. The self-stabilizing capsule before assembly is shown in Fig.4 



 



 
Fig. 4: The self-stabilizing capsules before assembly. The expandable component made from permeable PGA 



mesh filled with superabsorbent polymer granules was attached to the CE prototype containing the batteries, the 
imager, and the lens. Subsequently, the entire implement was put in a gelatin capsule. 



 



The self-stabilizing component selected for the final prototype was a woven, bioabsorbable liquid-permeable, 
flexible polyglactin 910 mesh (Vicryl, Ethicon Inc, Somerville, NJ, USA) filled with superabsorbent polymer 
granules (Favor PAC, Evonik Industries, Stockhausen, Germany).  



Initially, the mesh was thermally processed to obtain oval shape (side length=2cm, radius=2cm) followed by 
cutting a slit (5mm) through which the polymer (§�����PO��ZDV�LQVHUWHG�LQWR�WKH�RYDO-shaped mesh. Subsequently, 
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hoop stress [50]. Fig. 3 illustrates a simple model of the pressure P_(expan.) exerted upon the expansion of the 
stabilizing component on the colonic walls during peristalsis. 



There are two possible scenarios in the colon. In the first scenario only expansion is present but no peristaltic 
activity. In this case the following assumption is made: 



 (1.1) 
 



 
Fig. 3: Pressure in the colon during expansion. 



 



The net pressure that the walls of the colon can bear, Pnet can be calculated using equation (1.2) [51], assuming 
that the pressure applied on the walls would mainly result in a hoop (tensile) stress and in a negligible longitudinal 
stress:  



 (1.2) 



 



where: 



 Net pressure that the walls of the colon can bear upon expansion, Pa; 



 Maximum swelling/expanding pressure on the    walls of the colon upon expansion, Pa; 



 Hoop (tensile) stress of the colon, N/m2; 



 Thickness of the colonic walls, m; 



 Inner radius of the colon, m;  



The colon tensile strength is 81 to 139 g/mm2 [52]. Using equation (1.2), we estimated the maximum  of 13.9 
kPa (104 mmHg). Previously, it was found that during colonoscopic air insufflations colon perforation can occur at 
intraluminal pressures greater than 140 mm Hg (or 18.67 kPa) [53, 54]. The estimated  of 104mmHg is well 
below the reported critical value of 140 mmHg which can perforate the colon. 
The second scenario assumes expansion and peristalsis acting simultaneously. Thus, the net pressure applied 
on the walls of the colon is the difference between the maximum swelling/expanding pressure applied by the 
stabilizing component, and the pressure exerted on the device by the colonic walls, and is shown in 
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Figure 2 Self-stabilizing capsule endoscope.
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(RF), visible waves, x-ray and gamma ray have been explored in 
literature because of their high penetrability through human tissue 
[6]. Arshak & Adepoju [13] used an empirical signal propagation 
model to measure received signal strength indicator (RSSI) related 
with distance between transmitter and receiver. Shah et al [14] used a 
lookup table to estimate position. Furthermore, Lujia et al [15] 
improved RSSI calculations taking into consideration tissue 
absorption and antenna orientation. More interestingly, Kuth et al 
[16] used x-ray and image processing to detect the location of the 
capsule. Wilding et al [17] proposed a method based on gamma 
scintigraphy technique to locate a drug delivery capsule. While the 
EW methods are characterized by improved ease of use compared to 
MFS, they suffer with large errors in position accuracy and many of 
them have to ignore important factors to simplify the modeling and 
calculations.   



To overcome the aforementioned disadvantages and implications of 
the EW approaches, we propose a new wireless capsule with 
localization capabilities that takes into consideration size limitations, 
robustness, efficiency and ease of use. In the following paragraphs, 
the components and principles of this novel design are presented in 
detail.  



III. PROPOSED CAPSULE 
OdoCapsule is the name we selected for this proposal and that’s for 



a good reason; it stands for odometer and capsule. An odometer is a 
familiar instrument that measures covered distance in vehicles. And it 
is the same principle that functions in the core of OdoCapsule when 
measuring distance. In contrast to other research proposals 
(paragraph II), OdoCapsule does not address the lesion localization 
problem indirectly, that is calculating the capsule position through 
triangulation of distance from external receivers. Instead, it offers the 
distance of a lesion from unchanged anatomical landmark i.e. the 
duodenum.  



It is well known that the GI tract of the human constantly curls, 
twists and changes its shape [22], [48]. Therefore, the distance 
(vector) between the capsule and external points of reference (e.g. 
receivers) is not a reliable measurement for accurate lesion 
localization. On the contrary, measuring the distance from the start of 
the small bowel (i.e.pyloric opening) is independent of any shape 
achieving robust localization. Especially when device-assisted 
enteroscopy is contemplated, it is crucial for the operator to know not 
just the approximation of the location of lesion in a 3D space, but the 
accurate distance of a lesion from a stable anatomical landmark, such 
as the pyloric opening to the small-bowel 



OdoCapsule is an ongoing research project that started in 2010. In 
[18], we introduced the concept; more recently, in [19] we presented 
a more advanced version of the capsule in ex-vivo experiments using 
porcine intestine, which has attracted considerable interest in the 
medical field [51]. In contrast to other proposed capsules we tried to 
maintain the dimensions of the OdoCapsule within that of existing 
commercially available capsules. OdoCapsule’s proposed diameter is 
13mm and length 30mm i.e., slightly bigger than Given®Imaging’s 
PillCamSB (11mm x 26mm). Fig 4. details the internal components 
of the OdoCapsule. 



In Table I the technical specifications of the components 
are presented. 



 
 



 
 
 
 



 
 
 
 
 
 



 
 



 



 



 
Fig. 4 OdoCapsule components 



 



OdoCapsule incorporates a pH sensor and 3 legs –placed at 120° 
intervals– equipped with wheels. The proposed length of each leg is 
15mm. The rest of the CE components have been re-positioned to 
achieve a compact, yet functional, design. The camera is CMOS 
VGA technology with an array of 1300x1040 pixels and a built-in 
JPEG encoder. It can capture up to 15 fps. Ιn order to accommodate 
the data rate specifications of the low-energy RF transceiver 
(800kbps) we programmed the camera to capture at 3 frames/sec in 
VGA mode (640x480 pixels). Based on these requirements the data 
rate of the camera is 3x640x480x8bit = 7,372,800 bits. This is still 
beyond the capacity of the RF transceiver specifications. Ηοwever 
using JPEG compression on the raw data we can achieve 10-fold 
reduction so that data can fit into the data rate (737.28 kbps / 800 
kbps) while preserving good image quality. Data are sent from the 
camera via an 8-bit parallel port to the micro-controller, which 
performs buffering, packetization and finally transmission via the SPI 
interface to Zarlink's wireless transceiver. 



In the following two paragraphs, IV and V, we describe in detail 
the leg mechanism and the odometer concept, respectively. 
  



TABLE I 
TECHNICAL SPECIFICATIONS FOR ODOCAPSULE PARTS 



Electronic Parts Manufacturer 
CMOS camera Toshiba CMOS camera (TCM8240MD) 
Illumination 4 LED lights Agilent (HSMW-C191) 



Printed circuit board Custom printed  
Microcontroller Texas Instruments Microcontroller MSP430 
RF Transceiver Zarlink ZL70102 



Motor Fraulhaber Brushless Flat DC-Micromotor Series 
1307 



pH sensor ISFET sensor 
Batteries 2 Lithium coin batteries (CR1025 Energizer) 
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>  R E PL A C E   T H I S  L I N E   W I T H   Y O U R   PA PE R   I D E N T I FI C A TION NUMBER (DOUBLE-CLICK HERE TO EDIT) <    3  (R F ) ,  vi s i bl e   wa v e s ,   x - ra y   a n d   g a m m a   ra y   h a v e   b e e n   ex p l o r ed   in   lite r a tu r e   be c a us e   of   t he i r   hi gh  pe n et r ab i l i t y   t h r o u g h   h u m an   t i ssu e   [6 ] .  Ar s h a k   &  Ad e p o j u   [1 3 ]   us e d   an   em p i r i cal   si g n al   p r o p ag at i o n   mo d e l   to   m e a s u r e   re c e i v e d   s i g n a l   s t re n g t h   i n d i c a t o r  ( R S S I)   re l a t e d   wi t h   di s t a nc e   be t w e e n  tr a n s m itte r   a n d   r e c e iv e r .   Sh a h   et   a l   [1 4 ]   us e d  a   lo o k u p   ta b le   to   e s tim a te   p o s itio n .  Fu r t h e r m o r e ,   Lu j i a   et   a l   [1 5 ]   im p r o v e d   R S S I   c a lc u la tio n s   ta k in g   in to   c o n s id e r a tio n   tis s u e   ab so r p t i o n   an d   an t en n a  o r i en t at i o n .   Mo r e   i n t e r e s t i n g l y ,   Ku t h   et   a l   [1 6 ]   us e d  x - ra y   a n d   i m a g e   p ro c e s s i n g   t o   d e t e c t   t h e   l o c a t i o n   o f   t h e   cap su l e.   Wi l d i n g   et   a l   [1 7 ]   pr opos e d  a   m e t hod  ba s e d  on  ga m m a   sci n t i g r ap h y   te c h n iq u e   to   lo c a te   a   d r u g   d e liv e r y   c a p s u le .   Wh i l e   t h e   EW   m e t h o d s   ar e  ch ar act er i zed   by  im p r o v e d   ease  o f   u se   co m p ar ed   t o   MF S ,   t h e y   s u f f e r   w i t h   l a r g e   e r r o r s   i n   p o s i t i o n   a c c u r a c y   a n d   m a n y   o f   th e m   h a v e   to   ig n o r e   im p o r ta n t  f a c to r s   to   s im p lif y   th e   m o d e lin g   an d   cal cu l at i o n s.      

To   ove r c om e   th e   af o r em en t i o n ed   di s a dva nt a ge s   a nd  i m pl i cat i o n s  o f  

th e   E W   ap p r o ach es ,   we   p r o p o s e   a  n ew   w i r el ess  cap su l e  wi t h  

lo c a liz a tio n   c a p a b ilitie s   th a t  ta k e s   in to   c o n s id e r a tio n   si ze  l i m i t at i o n s,  

ro b u s t n e s s ,   e f f i c i e n c y   a n d   e a s e   o f   u s e .   In   t h e   f o l l o w i n g   p a ra gr a phs ,  

th e   c o m p o n e n ts   a n d   p r in c ip le s   o f   th is   nove l   de s i gn  a r e   pr e s e nt e d  i n 

de t a i l .   

III.   P

RO P O S E D  

C

AP S UL E

 

Od o C a p s u l e   is   th e   n a m e   we   s e l e c t e d   f o r   t h i s   p r o p o s a l   a n d   t h a t ’ s   f o r  

a  g o o d   r easo n ;   i t  s ta n d s   f o r   o d o m e te r   a n d   c a p s u le .  An   o dom e t e r   i s   a  

fa m i l i a r   i n st r u m e n t   t h a t   m e a su r e s   co v er ed   di s t a nc e   in   ve hi c l e s .   A nd  i t 

is   t he   sam e  p r i n ci p l e  t h at   fu n c t i o n s   in   th e   co r e  of   Od o C a p s u l e   wh e n  

me a s u r i n g   di s t a nc e .   In   c o n t ra s t   t o  ot he r   r e s e a r c h  pr opos a l s  

(p a r a g r a p h   II ) ,   Od o C a p s u l e   doe s   not   a ddr e s s   t he   le s io n   lo c a liz a tio n  

pr obl e m   in d ir e c tly ,  th a t  is   cal cu l at i n g   th e   c a p s u le   p o s itio n   th r o u g h  

tr ia n g u la tio n   o f   di s t a nc e   f r om   ex t er n al   r ecei v er s.   I ns t e a d ,   it  of f e r s   t he  

di s t a nc e   of   a   l e s i on  fr o m   unc ha nge d  a na t om i c a l   l a ndm a r k  i . e .   t he  

duode num .    

It   i s   w e l l   k n o w n   t h a t   t h e   G I  t ra c t   o f   t h e   h u m a n   co n st an t l y   cu r l s,  

tw is ts   a n d   ch an g es   its   s h a p e   [2 2 ] ,   [4 8 ] .   Th e r e f o r e ,   th e   d is ta n c e  

(v e c t o r )   be t w e e n  th e   c a p s u le   an d   ex t er n al   p o i n t s   of   r e f e r e nc e   ( e. g .  

re c e i v e rs )   is   n o t  a   re l i a b l e   me a s u r e me n t   fo r   accu r at e  l esi o n  

lo c a liz a tio n .   On   t h e   c o n t r ar y ,  me a s u r i n g   t h e   d i s t a n c e   f r o m  t h e   st ar t   o f 

th e   s m a ll  b o w e l  ( i.e .p y lo r ic   o p e n in g )  is   in d e p e n d e n t   of   a ny  s ha pe  

ach i ev i n g   r o b u st   lo c a liz a tio n .   Es p e c i a l l y   w h e n   d e v i c e - assi st ed  

en t er o sco p y   i s  co n t em p l at ed ,   i t   i s  cr u ci al   f o r   t h e  o p er at o r   t o   k n o w   n o t  

ju s t  th e   a p p r o xi m a t i on  of   t he   l oc a t i on  of   l e s i on  i n  a   3D   s pa c e ,   but   t he  

accu r at e  d i st an ce  o f   a  l esi o n   f r o m   a  st ab l e  an at o m i cal   l an d m ar k ,   su ch  

as  t h e  p y l o r i c  o p en i n g   t o   t h e  sm al l - bow e l  

Od o C a p s u l e   is   a n   o n g o in g   r e s e a r c h   p r o je c t  th a t  s ta r te d   in   2 0 1 0 .  I n  

[1 8 ] ,   we   i n t r o d u c e d   t h e   c o n c e p t ;  mo r e   r e c e n t l y ,   i n   [1 9 ]   we   p r e s e n t e d  

a  mo r e   a d v a n c e d   v e r s i o n   o f   t h e   c a p s u l e   in   ex - vi vo  e xpe r i m e nt s   us i ng 

por c i ne   in te s tin e ,  w h ic h   h a s   a ttr a c te d   c o n s id e r a b le   in te r e s t  in   th e  

me d i c a l   f i e l d   [5 1 ] .  In   c o n t ra s t   t o   o t h e r  p ro p o s e d   c a p s u l e s   we   t r i e d   t o  

ma i n t a i n   t h e   d i me n s i o n s   o f   th e   Od o C a p s u l e   wi t h i n   t h a t   o f   ex i st i n g  

co m m er ci al ly   a v a ila b le   cap su l es.   O do C ap su l e’ s  p r o p o sed   d i am et er   i s 

13m m   an d   le n g th   30m m  i . e . ,  sl i g h t l y   bi gge r   t ha n  G i ve n

®

Im a g i n g ’s  

Pi l l C a m SB   (1 1 m m   x   2 6 m m ) .

 

Fi g   4 .  d e ta ils   th e   in te r n a l   co m p o n en t s  

of   th e  O do C ap su l e .  

In   Ta b l e   I   th e   te c h n ic a l  s p e c if ic a tio n s   o f   th e   c o m p o n e n ts  

ar e  p r es en t ed .  
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OdoCapsule components

 

 

OdoCapsule incorporates a pH sensor and 3 legs –placed at 120° 

intervals– equipped with wheels. The proposed length of each leg is 

15mm. The rest of the CE components have been re-positioned to 

achieve a compact, yet functional, design. The camera is CMOS 

VGA technology with an array of 1300x1040 pixels and a built-in 

JPEG encoder. It can capture up to 15 fps. Ιn order to accommodate 

the data rate specifications of the low-energy RF transceiver 

(800kbps) we programmed the camera to capture at 3 frames/sec in 

VGA mode (640x480 pixels). Based on these requirements the data 

rate of the camera is 3x640x480x8bit = 7,372,800 bits. This is still 

beyond the capacity of the RF transceiver specifications. Ηοwever 

using JPEG compression on the raw data we can achieve 10-fold 

reduction so that data can fit into the data rate (737.28 kbps / 800 

kbps) while preserving good image quality. Data are sent from the 

camera via an 8-bit parallel port to the micro-controller, which 

performs buffering, packetization and finally transmission via the SPI 

interface to Zarlink's wireless transceiver. 

In the following two paragraphs, IV and V, we describe in detail 

the leg mechanism and the odometer concept, respectively. 

   

TA B LE   I   TECHNICAL SPECIFICATIONS FOR ODOCAPSULE PARTS  El e c tr o n ic   P a r ts   Ma n u f a c t u r e r  CM O S   c a m e r a   To s h ib a   C M O S   c a m e r a   ( TC M 8 2 4 0 M D )  Il l u m i n a t i o n   4  L E D   l i g ht s   A g i l e n t   ( H S M W - C1 9 1 )  Pr i n t e d   c ir c u it  b o a r d   Cu s t o m   p r i n t e d    Mi c r o c o n t r o l l e r   Te x a s   I n s tr u m e n ts   Mi c r o c o n t r o l l e r   MS P4 3 0  RF   T r a n s c e i v e r   Za r l in k   ZL 7 0 1 0 2  Motor  Fr a u l h a b e r   B r u s h l e s s   F l a t   D C - Mi c r o m o t o r   Se r i e s   13 07  pH   s e ns or   IS F E T   s e n s o r  Ba t t e r i e s   2  L it h iu m   c o in   b a tte r ie s   ( C R 1 0 2 5   En e r g i z e r )       
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IV. MECHANISM FOR RETRACTING AND EXTENDING LEGS 
The brushless micromotor is in charge of retracting or extending 
the three (3) legs. Before the procedure begins the capsule is 



deactivated, the motor is off and each leg is extended outwards of the 
capsule body because the torsion spring is deflected to its free angle 



of 35o degrees. Right before the patient swallows the capsule, the 
motor is activated and retracts the legs by pulling in the cables (see 



cables in Fig. 4) to make the capsule swallowable. At the same time, 
the latches (see latches in Fig. 4) are turning to lock the legs in their 



new position while the micromotor is turned off for power efficiency. 
From physiology [20] we know that pH in the stomach has a level of 
1.5 while its level in the intestine (small and large) jumps to around 
7.5. This difference is detected by the capsule’s pH sensor and the 



micromotor releases the legs and it turns off once again. In the small-
bowel, the springs deflect to their free angle (35o degrees) again and 
the legs are fully released. The diameter of the extended capsule is 
30.2 mm, which is sufficient for full contact with the mucosa of an 



average human intestine (20.5-30.0 mm in diameter [50]). Peristaltic 
forces are exerted to the capsule and they push the capsule while 
friction forces between the wheels and mucosa rotate the wheels. 



These rotations are translated to covered distance using the odometer 
system discussed in detail in paragraph V. This information along 



with the video feedback is transmitted through the RF transmitter to a 
receiver worn by the patient, which is the standard procedure used by 
most commercial capsules. Finally, when the capsule exits the small-
bowel and enters the large-bowel, there is a significant momentary 
reduction in the pH, which is again detected by the pH sensor [20]. 



The micromotor is then momentarily activated to retract the legs and 
resume the compact diameter (13mm) of the capsule. 



A. Analysis of forces – Measuring the friction coefficient  
An analysis of the forces acting upon the capsule is shown in Fig. 



6. Miftahof [21] estimated the amplitude of the peristaltic force P to 
be 17.2 g/cm in the axial direction and 26.9 g/cm in the radial 
direction. For the proposed capsule, the peristaltic force P results into 
an axial force Pax = 510mN and a radial force Prad = 807mN. To be as 
accurate as possible, we followed the same force analysis described 
by Glass et al [22] and Woods et al [23] in similar CE projects.  



The total force !!"!#$ is equally distributed among the 3 points of 
contact (wheels). The force analysis follows below: 



 
!!"!#$ = ! +!" = !!!" + !!"# +!!!



= 3 ∙ !"# + 3 ∙ !"#$ +!"!!!(1) 
 



We also know that in order for each wheel to be able to rotate the 
following requirement must always apply: 



 



!!"#$%#&' !< !
!!" +!"#$%&



3 !!!(2) 
 



with the following additional conditions: 
 



!!"#$%&! =
!!"# +!"#$%&



3 !!!!(3)! 
 



!!"#$%#&' = !!! ∙ !!"#$%&!!!!(4) 
 



where µ is the friction coefficient of the wheels with the mucosa and 
θ is the angle of weight in relation to the main axis of the capsule. 



Substituting (3) and (4) into (2) we end up with the following 
requirement for the friction coefficient: 



 



!! < !! !!" +!"#$%&!!"# +!"#$%&
!!(5) 



 



Plotting this function (Fig. 5) gives the maximum allowed friction 
coefficient, µ = 0.4963, for which (2) is always true and therefore the 
wheels keep turning.  



 
Fig. 5 Plot for equation (5): friction coefficient vs. angle of 



capsule’s weight. The maximum coefficient friction to satisfy (2) 
is the minimum value (0.4963) on this plot. 



The required value for such a coefficient friction can be achieved 
by fabricating the wheels with a biocompatible polymer 
polydimethylsiloxane, (e.g. PDMS, Sylgard 184, Dow Corning) [22]. 
Although in the above calculations the static friction has been 
neglected, for the sake of simplicity, we know from [22] that it can 
reach up to a level of 10mN for the specific polymer material. 
Additionally, to limit the static friction the wheels have been 
designed with notches (see Fig. 4) to let the mucosal surface liquid 
go through while sustaining adhesion. As mentioned before, the 
validity of this design has been tested in a previous experiment using 
a porcine intestine in a Tyrode’s solution [19]. 



!
Fig. 6 Exerted peristaltic forces in the axial and radial 



direction (shown in blue) and the reacted forces (shown in red) 



B. Spring specifications 
One of the key parts is the torsion spring for each leg. The 



purpose of the spring is dual: a) to provide continuous contact with 
mucosa so that the wheels can rotate, and b) to dynamically adjust its 
deflection angle based on the radial force Frad (see Fig. 6).  When no 
radial force is exerted to the spring (Frad = 0), the spring is deflected 
to its free angle (35o degrees). As Frad increases, the spring 
compresses and therefore the leg is retracted. Finally, when Frad 
reaches its maximum value (Frad = 807mN), the spring is fully 
compressed to 0o degrees. To accommodate these requirements the 
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Plotting this function (Fig. 5) gives the maximum allowed friction  coefficient, µ = 0.4963, for which (2) is always true and therefore the  wheels keep turning.     Fig. 5 Plot for equation (5): friction coefficient vs. angle of  capsule’s weight. The maximum coefficient friction to satisfy (2)  is the minimum value (0.4963) on this plot.  The required value for such a coefficient friction can be achieved  by fabricating the wheels with  a biocompatible polymer  polydimethylsiloxane, (e.g. PDMS, Sylgard 184, Dow Corning) [22].  Although in the above calculations the static friction has been  neglected, for the sake of simplicity, we know from [22] that it can  reach up to a level of 10mN for the specific polymer material.  Additionally, to limit the static friction the wheels have been  designed with notches (see Fig. 4) to let the mucosal surface liquid  go through while sustaining adhesion. As mentioned before, the  validity of this design has been tested in a previous experiment using  a porcine intestine in a Tyrode’s solution [19]. 
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Fig. 6 Exerted peristaltic forces in the axial and radial 

direction (shown in blue) and the reacted forces (shown in red) 

B. Spring specifications 

One of the key parts is the torsion spring for each leg. The 

purpose of the spring is dual: a) to provide continuous contact with 
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deflection angle based on the radial force F
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 (see 

Fig. 6
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Figure 3 Odocapsule.
[image: image7.emf]


946 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 60, NO. 4, APRIL 2013



Fig. 1. Microrobot concept design capable of resisting peristaltic pressure
through an integrated holding mechanism and delivering 1 ml targeted medica-
tion. Holding mechanism shown partially open and the needle fully extended to
1.5 mm outside the capsule body.



A. Movement Analysis of the GI Tract



Once swallowed, the WCE will pass through the elementary
canal. The particular section of interest for diagnosis and treat-
ment is the small intestines as this section is very difficult to
access. The small intestines comprise of the duodenum, the je-
junum, and the ileum. These three sections make up the longest
part of the alimentary canal at 6.25 m [9]. The duodenum is
C-shaped and its mouth, the ileocolic valve, extends from the
stomach giving this section a degree of stability. The jejunum
and the ileum are free to move; however, their natural state is
collapsed.



In order to process foodstuff, a liquid mixture called chyme,
the small intestines use a series of movement patterns. These
patterns, segmentation, and peristalsis [10] cause the chyme
to progress through the tract. Segmentation is a contraction
of the duodenum for the purpose of mixing food. There are
two processes involved: they are eccentric contractions and
concentric contraction. The first generates very little intralu-
minal pressure and the second can generate pressures as high as
20 mmHg [10]. The frequency of the contractions is depen-
dent on eating patterns, becoming stronger as chyme is being
processed. Peristalsis is the process of moving chyme through
the intestinal tract from the stomach to the colon by means of
a series of muscle contractions acting in a wave pattern. The
muscle contraction acts in two planes: circumferential and lon-
gitudinal. Miftahof [11] has developed a mathematical model
to describe the dynamics of the electromechanical wave phe-
nomenon of a segment of the gut. They report that the active
force of contraction in the longitudinal direction should have an
amplitude of 26.9 g/cm and an amplitude of 17.2 g/cm in the
circumferential direction. For a conventional WCE with dimen-
sions of 11.0 mm diameter × 25.0 mm long, the circumferential
and longitudinal amplitudes translate into 421.8 and 911.9 mN,
respectively. These estimated forces have been used as a guide
in the design analysis of the holding mechanism.



B. Resisting Peristalsis and Geometrical Constraints



There are three methods employed for halting the progress
of a WCE by enabling it to resist the natural movement from
peristalsis. One utilizes microactuator mechanisms embedded



TABLE I
OVERALL TECHNICAL REQUIREMENTS



within the capsule, such as the paddling-based microrobot de-
veloped by Park et al. [12]. The second approach exploits ex-
ternal magnetic fields to control the position of the capsule,
and the third approach applies a stimulus to GI tract to inhibit
peristalsis [13].



There has been much development in the field of magnetic
control of WCE such as the magnetic shell employed by Carpi
et al. [14]. This system looks to modify existing WCE with the
addition of a magnetic shell. The shell can be used to guide
the WCE by means of an external magnetic field; however, this
system requires large equipment to perform the procedure and
there is also an increase in the diameter of the WCE.



To overcome peristalsis, a holding mechanism compact
enough to fit within the microrobot yet leaves sufficient space
for medication and other features are required. There have been
a number of systems employed by researchers to stop the micro-
robot, such as insufflation of the tract using balloons or expand-
ing legs [15]. However, these systems exhibit limitations. In the
case of the expanding legs, they are driven by a leadscrew, which
is powered by a micromotor. The leadscrew and the micromo-
tor are axially aligned with the microrobot. This configuration
requires a substantial amount of space and presents problems of
force translation through the legs due to the lever effect.



C. Target Technical Specifications



The overall geometry of the microrobotic system will be
greatly influenced by the limitations imposed by swallowing
and on its ability to navigate natural obstacles such as the ileo-
colic valve without becoming an obstruction. A patient’s ability
to swallow a required volume will vary from person to per-
son; therefore, a standard volume must be chosen which will
be suitable for the majority of patients. Research carried out
by Connor et al. shows that a volume of 3.0 cm3 can be swal-
lowed [16]. This maximum target volume will be required to
house all the components necessary to perform targeted ther-
apy and microscale diagnosis. Table I lists the overall technical
requirements for the microrobot platform.



D. System Operation Overview



The main sequence of events required to perform a procedure
to deliver targeted therapy to the GI tract can be seen in Fig. 2.
The procedure starts with the patient ingesting the WCE. Once











Figure 4 Coagulation capsule.

A
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Fig. 2. Flow diagram showing the key stages of operation for a procedure to deliver targeted therapy to the GI tract using a remotely operated WCE.



Fig. 3. (a) Holding mechanism concept which utilizes a vertically orientated
micromotor to give the WCE the ability to overcome peristalsis and (b) 3-D
internal view of the gear train.



the capsule passes through the stomach and enters the small
intestines, it can begin to transmit images to the operator via an
RF link. The real-time images and sensor data will be displayed
on an external PC. The operator will use the data to identify an
already defined target site. Once the target site has been reached,
the operator will remotely deploy the holding mechanism. The
operator can now rotate the needle into any one of 16 prede-
fined positions; the position will be based on observational data
received just before the deployment of the holding mechanism.
The needle can now be advanced into the GI tract wall and
the medication released. The targeting mechanism is designed
such that it gives the operator the ability to reposition the needle
before the medication is delivered. Finally, the capsule will be
dispelled through natural peristalsis movement.



III. HOLDING MECHANISM



The holding mechanism in Fig. 3(a) uses a single micromo-
tor to open and close two legs. The two legs are connected to a
central support via two pinned leg ties. The two-legged design
utilizes a micromotor, which is orientated in a vertical position
[see Fig. 4(a)]. The micromotor is connected to a bevel gear set,
which allows the micromotor’s rotation to be translated through
90◦. The bevel gear drives a gear train of spur gears which drive
the legs in and out [see Figs. 3(b) and 4(b)]. This novel config-
uration reduces the micromotor’s revolution per minute (RPM).
The reduction in RPM will result in a multiplication of the
micromotor’s torque; this will give the legs the strength re-
quired to distend the GI tract wall and hold the microrobot in
place.



Fig. 4. Holding mechanism design showing: (a) 13 teeth and 48 teeth bevel
gears set and (b) gear train and legs in the fully extended position. The central
spur gear is driven by the 48 teeth bevel gear.



To secure the microrobot in place, the holding mechanism will
be required to expand to a size which is sufficiently large that it
resists the natural movement from peristalsis. This is achieved
through an increase in circumference of the microrobot. The
holding mechanism begins with a circumference of 34.5 mm;
however, when activated the mechanism increases in size to
produce a circumference of 60.4 mm, which is an increase of
75%. This can be further increased to 71.25 mm by simply
modifying the profile of the legs to increase the surface area in
contact with the GI tract wall.



The method by which the legs open and close poses the
potential risk of tissue becoming trapped in the mechanism;
however, the orientation of the legs combined with their smooth
rounded ends will act to prevent the naturally collapsed GI tract
wall from penetrating the capsule’s leg cavity.



The advantage of the vertical configuration of the micromotor
is that it allows for a very compact design (270 mm3) resulting
in the most efficient use of space. The two legs, central support,
leg ties, and the microrobot case will absorb the load from the
GI tract wall. The compact gearing allows the rate at which the
legs are deployed to be controlled by the ratio of the gear train.



A. Gear Train



For the holding mechanism to operate at a safe speed, the
micromotor will require the gear train to slow it down. The
chosen micromotor is manufactured by Faulhaber and already
has an integral gearbox, which reduces the 20 000 r/min by a
factor of 13:1. This results in a starting RPM of 1538 r/min,
which is significantly high; therefore, further reductions will be
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Fig. 9. Graph showing the individual perpendicular component forces
Fp1 , Fp2 , Fp3 , Fp4 , and Fp5 generated by the GI tract acting on the hold-
ing mechanism and the total combined load Fp , which will act to prevent the
holding mechanism from operating.



Fig. 10. Needle positioning mechanism assembly with material removed for
clarity. Needle shown in the fully retracted position.



mechanism has been designed to withstand the estimated force
the GI tract wall can generate. A system validation including in
vivo measurements is required to verify these results.



The 6-point loads have been used to confirm the stability of
the mechanism through FEA analysis. Using the FEA process,
the thickness of the arms was optimized; however, the areas that
contact the GI tract wall may be increased in future trials to limit
any potential trauma to the GI tract wall.



IV. TARGETING AND DRUG DELIVERY MECHANISM



A. Needle Positioning Mechanism



A single micromotor orientated along the axis of the micro-
robot’s body is used to drive the needle positioning mecha-
nism (see Fig. 10). The needle positioning mechanism utilizes a
1.5-mm diameter × 10.5-mm-long micromotor manufactured
by Namiki, a needle funnel, a movable needle, a needle cam,
and two opposing ratchets. Also, features integral to the micro-
robot’s body are required (protrusions). The sequence of oper-
ation is to first position the needle angularly followed by the
extension of the needle and delivery of the medication; then the



Fig. 11. Needle positioning mechanism: (a) needle funnel, (b) ratchet driving
the needle funnel, which has material removed, and (c) needle funnel arm
engaged with a protrusion.



needle is retracted. The supply of medication will be stored in a
sealed section of the body and be delivered through the needle
by means of a piston. Rapid delivery of the medication will be
achieved through the activation of a conical shape memory al-
loy (SMA) compression spring. Activating the spring by means
of the Joules effect will remove the need for a bulky complex
trigger system to release the spring.



The needle positioning mechanism is capable of positioning
the needle at a number of points in a 360◦ envelope; however,
for the purpose of prototyping 16 fixed positions equally spaced
have been chosen. The angular positioning of the needle is
achieved by the anticlockwise rotation of the micromotor while
the advancement and retraction of the needle is achieved by the
clockwise rotation of the micromotor.



B. Positioning the Needle



Maneuvring the needle to a selected position is achieved by
applying a negative voltage to the micromotor. The negative
voltage will cause the micromotor to rotate in an anticlock-
wise direction. The needle funnel as shown in Fig. 11(a) rotates
anticlockwise by virtue of a ratchet, which is mounted on the mi-
cromotor’s driveshaft. The ratchet engages with a set of sprung
legs which are integral to the needle funnel [see Fig. 11(b)] . The
needle is engaged with the needle funnel and is carried round
with it.



When the needle funnel is rotating anticlockwise, an arm
which protrudes from the side of the needle funnel rides over
the top of a plurality of protrusions [see Fig. 11(c)] on the inside
face of the body. The function of these protrusions is to prevent
the needle funnel from rotating clockwise when the motor is
reversed. It achieves this by engaging the end of the arms with
a parallel surface of the protrusion [see Fig. 11(c)] preventing
any further movement clockwise and aligning the needle with
one of the 16 fixed ports on the microrobot’s body.



C. Operating the Needle



Applying a positive voltage to the micromotor reverses its
direction, this disengages the needle funnel ratchet from its
sprung legs and engages the needle cam ratchet with a set of
sprung legs that are integral to the needle cam (see Fig. 12).



When engaged, the ratchet drives the needle cam in a clock-
wise direction. The needle is engaged with a track in the needle
cam by means of a driving peg mounted on the side of the nee-
dle (see Fig. 12). The track is shaped to convert the rotational











Figure 5 Enterion capsule.
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the patented Enterion capsule (www.
enterion.co.uk), developed by Phaeton 
Research. The capsule (see figure 5) is 
32 mm long and 11 mm in diameter. It 
can hold up to 1 ml of liquid or pow-
der, which it can expel at a target site in 
the body. The capsule contains a small 
amount of gamma-emitting tracer, 
allowing precise tracking in real time 
using an external gamma camera. 
When the capsule reaches the target 
area, an external electromagnetic field 
actuates the capsule’s piston, eject-
ing the payload. The shell then passes 
harmlessly out of the body. Another 
piston-based capsule, developed at the 
University of New York, extracts sub-
stances from a target location in the GI 
track in a similar fashion.13



Research
The commercial successes we’ve 



described center on capsule endoscopy 
and very simple sensing applications. 
However, swallowable-capsule research 
is becoming more and more ambitious, 
encompassing far more complex and 
interesting developments. In particular, 
the evolution of MEMS is profoundly 
affecting what you can do in a device 
small enough to be swallowable.



Controlling locomotion
One of the simplest locomotion 



devices is a microbot that mimics a 
worm’s rhythmic contractions through 
the linear movement of four surfaces on 
opposite sides.14 These moving surfaces 
make contact with the intestinal wall 
and push the capsule forward. Another 
method of motion involves the electri-
cal stimulation of the small-intestine 
wall.15 The capsule moves along the 
small intestine by emitting electric 
pulses that activate the motor nerves, 
causing muscle contraction. The Uni-
versity of Colorado is developing a 
Vortex Drive system, which generates 



tiny puffs of air to provide propulsion, 
and could potentially drive a capsule 
through the intestine.16



Tracking location
One way to determine rough location 



is to place an antenna array around the 
body and measure signal strengths at 
each antenna, as Given Imaging has 
proposed. As we mentioned before, 
the Enterion capsule uses a radioactive 
tracer and a gamma camera to provide 
more accurate positioning. Another 
recently developed location system 
involves ultrasound signals.17 The 
capsule can emit ultrasound waves for 
external detection, or it can echo waves 
emitted externally.



Tracking movement
The ESO-Pill monitors the bolus 



transit time in the esophagus.18 Current 
techniques for diagnosing esophageal 
motility disorders include catheter-
based impedance monitoring and radi-
ography of radio-opaque liquid. The 
capsule, developed at the University of 
Calgary, contains a capacitive MEMS 
accelerometer. After conditioning the 
signal from the accelerometer, the cap-
sule transmits the signal to an external 
module for processing. Through suc-
cessive mathematical integrations, the 
propagation velocity and the capsule’s 
displacement can be retrieved. The 
first-generation capsule is limited to 
the esophagus because acceleration 
levels in the stomach exceed micro-
accelerometers’ monitoring range.



Integrating multiple sensors
The IDEAS (Integrated Diagnostics for 



Environmental and Analytical Systems, 
www.elec.gla.ac.uk/groups/nano/mst/
IDEAS_BROCHURE.pdf) project uses 
system-on-a-chip technology to inte-
grate all electronic functionality onto 
one chip.19 The project also employs 
the biological lab-on-a-chip technique 
to enable microscale implementation of 
chemical and biological processes. The 
team claims to have invented Labora-
tory in a Pill, which combines SoC and 
LOAC technologies.



The capsule contains a range of 
classic sensors for temperature, con-
ductivity, and pH in conjunction with 
a chemical sensor for measuring dis-
solved oxygen in the intestine. It sam-
ples intestinal fluids through a series 
of microchannels. A low-frequency 
inductive link provides real-time data 
transfer to an external module, while 
batteries provide power. A specific 
communication protocol (based on 
TCP/IP) was developed for wireless 
data transfer to a remote clinician. 
This protocol may be easily adapted 
for GSM or 3G networks. Figure 6 
shows the latest prototype of the 35-
mm pill.



In early 2007 Wireless bioDevices 
(www.wirelessbiodevices.com), a spin-
off of the IDEAS project, became the first 
company to specialize in swallowable 
biosensors. The company’s pill targets 
the early diagnosis of bowel cancer and 
contains a sensor to detect intestinal 
bleeding.



RF antenna
(receives external
activation signal)



Radiotracer port
(tracks capsule
position in the



gastrointestinal tract)



Heater
(heats up and



triggers the spring) Electronics Actuation spring
(pushes out the drug 
from the reservoir)



Drug reservoir
(holds 1 ml)



11 mm



32 mm



PistonFigure 5. The Enterion drug delivery  
capsule. (image courtesy of 
Pharmaceutical Profiles)











Figure 6 InteliSite capsule.
A
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Providing therapy
VECTOR (Versatile Endoscopic Capsule 



for Gastrointestinal Tumor Recognition 
and Therapy, www.vector-project.com), 
funded under the European Union Sixth 
Framework Program, is an ambitious 
integrated project. Running from 
September 2006 until August 2010, 
it’s investigating the use of complex 
robotic systems for advanced therapy 
inside the human body. Using the lat-
est microelectronics and nanotechnol-
ogy advances, it intends to make sig-
nificant advances in the diagnosis and 
treatment of digestive cancers. Novi-
neon Healthcare Technology Partners 
GmbH is leading a consortium of 19 
companies, research groups, and med-
ical clinicians.



The capsule, called a “robotic bee-



tle” (see figure 7), would contain an 
endoscopy system employing ultra-
sound transducers and bioanalytical 
and mechanical sensors. Robotic arms 
would obtain tissue samples and pro-
vide treatment such as targeted drug 
releasing and thermal tissue destruc-
tion. The project is also studying a loco-
motion system that uses retractable legs 
to control capsule movement; a clini-
cian would maneuver the capsule using 
live video navigation.



I ntegrated biomedical technology 
might well be the key to the first 
major scientific revolution of the 
21st century, comparable to the 



semiconductor revolution of the late 
20th century. Advances in areas such 
as nanotechnology, microrobotics, 
micro power generation, and materials 
science will present more interesting 
and exciting opportunities for capsule 
research projects to exploit. As capsule 
hardware evolves so too will comput-
ing and communication capabilities. 



Full integration of multiple capsules 
with implants of other kinds and 
external diagnostic equipment will 
move swallowable-capsule technol-
ogy toward body sensor networks for 
pervasive patient monitoring. In the 
years to come, capsules will become 
smaller and perform more complex 
diagnostic and therapeutic functions 
in the human body.
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Figure 6. In the IDEAS (Integrated 
Diagnostics for Environmental and 
Analytical Systems) project’s Laboratory 
in a Pill, a plastic shell encapsulates the 
device electronics. (image courtesy  
of the IDEAS team)



Figure 7. An artists’ impression of the Vector (Versatile Endoscopic Capsule for 
Gastrointestinal Tumor Recognition and Therapy) capsule, which would use its 
imaging lens and mechanical arms to perform therapy. (image courtesy of Mats  
A. Heide, Sintef)
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Figure 7 The micro-positioning mechanism used capsule body (A) and holding mechanism.
A
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Fig. 14. Original and reconstruction WCE images.



TABLE IV
COMPARISON BETWEEN DIFFERENT COMPRESSION ALGORITHMS



a: additions, s:shifts



Fig. 15. Chipset die photo.



transmission. So, the power consumption restriction during the
data transmission period is not so strict as that during the period
of acquiring images. The wireless transceiver only works during
the data transmission period. It can provide 3 Mbps MSK trans-
mitting and 64 Kbps OOK receiving with power consumption
of 3.9 mW and 12 mW respectively [16]. The wireless power



TABLE V
CHIPSET PERFORMANCE SUMMARY



TABLE VI
CHIPSET POWER CONSUMPTION



Fig. 16. Micro-ball prototype.



receiving chip has also been fabricated in 0.18 1P6M tech-
nology with a die area of 1.5 mm 1.5 mm [17]. It can provide
stable DC power to the whole MCEC.
For verifying the feasibility of the MCEC, a six cameras en-



doscopy prototype system has been implemented. A PCB cube
with six cameras can be sealed into a transparent biocompatible
plastic shell to form a ‘Micro-Ball’. It is shown in Fig. 16. The
current size of the Micro-Ball is mainly determined by the flash
memory chip size. If small size flash memory chip can be got, a
more compact Micro-Ball can be implemented and be used for
the GI tract endoscopy.
The Data Reader uses an ARM processor as the controller.



The WPT module and emitting coils are custom designed. It is
shown in Fig. 17.
The prototype system can be used for acquiring images.



Fig. 18 shows the Micro-Ball prototype’s power consumption
diagram of acquiring a frame of 480 480 image with the
proposed image compression and without compression. The
remarkable difference between the two situations is marked by
the red circle. It can be seen that the number of program oper-
ations is significantly decreased after image compression. The
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d a t a t r a n s m i s s i o n p e r i o d i s n o t s o s t r i c t a s t h a t d u r i n g t h e p e r i o d

o f a c q u i r i n g i m a g e s . T h e w i r e l e s s t r a n s c e i v e r o n l y w o r k s d u r i n g

t h e d a t a t r a n s m i s s i o n p e r i o d . I t c a n p r o v i d e 3 M b p s M S K t r a n s -
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Fig.16.Micro-ballprototype.

receivingchiphasalsobeenfabricatedin0.18 1P6Mtech-

nologywithadieareaof1.5mm 1.5mm[17].Itcanprovide

stableDCpowertothewhole

MCEC

.

Forverifyingthefeasibilityofthe

MCEC

,asixcamerasen-

doscopyprototypesystemhasbeenimplemented.APCBcube

withsixcamerascanbesealedintoatransparentbiocompatible

plasticshelltoforma‘Micro-Ball’.ItisshowninFig.16.The

currentsizeoftheMicro-Ballismainlydeterminedbytheflash

memorychipsize.Ifsmallsizeflashmemorychipcanbegot,a

morecompactMicro-Ballcanbeimplementedandbeusedfor

theGItractendoscopy.

TheDataReaderusesanARMprocessorasthecontroller.

The

WPT

moduleandemittingcoilsarecustomdesigned.Itis

showninFig.17.

Theprototypesystemcanbeusedforacquiringimages.

Fig.18showstheMicro-Ballprototype’spowerconsumption

diagramofacquiringaframeof480 480imagewiththe

proposedimagecompressionandwithoutcompression.The

remarkabledifferencebetweenthetwosituationsismarkedby

theredcircle.Itcanbeseenthatthenumberofprogramoper-

ationsissignificantlydecreasedafterimagecompression.The
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Figure 8 MicroBall.
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Figure 9 Motility tracking system.
