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A Case Study on Pill-Sized Robot in Gastro-Intestinal Tract to 
Teach Robot Programming and Navigation 

Abstract 

We present instructional materials to teach bio-medical engineering students about the design 
and control of a capsule robot operating in the human’s GI tract. A design example to 
conceptually build such a micro-robot is first presented, and a laboratory module is then 
developed to demonstrate robot navigation techniques. Medical considerations such as size, 
speed, safety, and functionality of the robot are discussed, and robot building components 
including sensors, actuators, processing, communicating, and power supply are provided. The 
laboratory module is built on the 3D Webots simulation platform. Path planning, collision 
avoidance, and other robot navigation methods are introduced to acquaint bio-medical 
engineering students with modern robotic control techniques.  

Introduction 

Micro/nano-robots for biomedical applications are an emerging area that has received 
advancement during the last decade. Though books/textbooks exist in nanotechnology, there 
are a growing number of articles appearing in journals and conference proceedings in 
biomedical micro/nano-robotics. Medical robotics has been an active research area since the 
80s and an enormous amount of teaching materials is available, particularly in medical 
instrumentation and medical imaging. Contrary to the large amount of teaching and learning 
materials on large-scale medical robots, instructional materials on micro/nano-robotics for 
bio-medical applications are very limited. There is a general lack of learning materials on 
micro/nano-robotics in undergraduate education. We have developed teaching materials 
targeting undergraduate students in bio-medical engineering and related disciplines where 
micro-robotics techniques could be readily applied. 

In this paper, we present a case study on a pill-sized robot in gastro-intestinal (GI) tract to 
teach undergraduate micro-robotics and also principles of robot programming and navigation. 
The case study consists of a design example and a laboratory module. The design example 
proposes a conceptual design of a vitamin pill size robot vehicle that can operate within the 
human’s GI tract. The laboratory module is based on the platform of the Webots simulator. 
The objective of the laboratory modules is to teach students how to program robots to 
navigate in an uncertain environment and how to control the robot. Two main robot 
navigation mechanisms will be demonstrated: the semi-autonomous and autonomous modes. 
In the semi-autonomous mode, humans can interfere with or control the robot through 
communication when needed; while in the autonomous mode, the robot is pre-programmed 
so that it achieves the task and adapts itself to the environment intelligently.  

Design Example of Pill-Sized Robot 

Design Principles 

Medical considerations provide design requirements for capsule robots such as size, speed, 
safety and functionality. The proposed capsule robot aims to effectively visualize the GI tract 
with navigation and tracking capability. The design principle of the capsule robot needs to 
consider both medical constraints and application scenarios.    
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Size: Since the size of the capsule is very important (very large pills make patients 
uncomfortable), the designed capsule must be sufficiently small to be swallowable. This 
limitation dramatically increases design difficulties. The trade-off between size and 
capabilities must be taken into consideration.  The foremost challenging is miniaturization to 
obtain an ingestible device. In order to be swallowable, a capsule robot could fit within a 
cylindrical shape 9 mm in diameter and 23 mm long--the size of commercial pill-cameras 
such as the capsule Sayaka1, is the smallest endoscopy capsule.  

Speed: A standard colonoscopy is completed in approximately 20 min-1 hour2, so it is 
desirable for a locomoting robot to be able to move fast enough to travel through the colon in 
this time. While a fast response time would be preferable, it is impossible to immoderately 
increase speed because of the dissipation of power and patients' safety. 

Safety: When operating within the human body, safety must be taken as the most important 
concern. The capsule’s contact with the walls of the GI tract should cause no more damage 
than a standard colonoscope.  The design of capsule  must be considered with safety and 
biocompatibility. 

Functionality: Some of the early concepts are now on the market. Families of sensing 
capsules provide temperature3,4, pressure3, imaging5,1,3,6, pH data3, drug delivery6, tissue 
sampling3, and polyps detection7  to complement classic diagnostics, and one capsule delivers 
medication. There are also some potential applications, such as obscure bleeding, diagnostic 
pancreatic cancer, esophageal cancer and gastric cancer. It is desirable to design a capsule 
robot  that could combine the above functionalities and locomotion capabilities.  

Application Scenarios 

The proposed capsule is a self-contained micro-system that can perform sensing and 
actuating function in the GI tract. Sensing function includes temperature, pressure, imaging, 
pH data and tissue biopsy. Actuating function is that the capsule robot has the ability to move 
in 2-dimensions, moving forward and turning, which enables it to implement  tracking in the 
stomach.  Since it is not economical to consider a medical doctor waiting all the time during 
the all endoscopy process which can take around 5-208 hours, the following scenario is 
proposed for the application of the robotic endoscopic capsule. At first, the capsule robot 
(with the tracking mode) is swallowed by the patient with the standard out of hospital process 
and gets a map and approximate position of all GI tract regions with potential problems. In 
tracking mode, the capsule robot could finish the GI tract faster than the standard commercial 
capsule camera. Next, the robotic capsule (with navigation mode) is swallowed by the patient. 
The capsule could be activated and controlled by a clinician to anchor itself in the desired 
place that needed to conduct a detailed temperature,  imaging, pressure, pH data and tissue 
biopsy. Locomotion capability of the capsule robot will allow the clinician to adjust the 
forward and turning position of the capsule. These operations could be also realized remotely 
by the doctor  through wireless internet. 

Conceptual Design 

Actuators: As outlined above, the actuator must be safe to use inside the human body. It 
would be preferable that the actuator has large strain capability, produces high output force, 
draws low power, and is small in size. 
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The selection of the actuators has been discussed9. Piezoelectric materials were considered 
for their small size, high output force, quick speed, and low power consumption. However, 
the need for a high driving voltage raises questions as to its biocompatibility. Combined with 
its small strain capability, this was determined to be reasonable cause to look at other 
actuators. 

Polymer actuators have become increasingly popular in robotics. The large strain capability 
and its biocompatibility are attractive. Unfortunately, these actuators are slow, relatively 
bulky, incapable of high output force, and consume large amounts of power. 

The next actuator considered was shape memory alloy (SMA). This type of actuator had all 
the qualities necessary for this device with two exceptions. SMA is heat-activated and thus 
has very low efficiency and slow response time. In addition, this means that the device 
dissipates a lot of power. Despite this drawback, it was decided that SMA would be sufficient 
for the purposes of a capsule prototype. The issue of power consumption will be addressed as 
the project progresses further. 

Our conceptual design of the capsule robot is inspired from the earthworm-like locomotive 
mechanisms proposed by Kim et al.10. In order to realize a 2-dimensional locomotive 
mechanism, four spring-type SMA actuators are required to have long stroke and a strong 
enough force to overcome resistance force due to deformation of small intestine. The 
developed actuator is integrated with clampers mimicking claws of insects and an earthworm-
like locomotive mechanism is proposed. The SMA actuators can be controlled to contract  
and stretch  by passing current through the wire. When all four SMA are actuated in the same 
rhythm, the capsule robot moves forward or backward.  Turning capability can be achieved 
by actuating the left  and right SMAs in the opposite rhythm. Based on the design of actuators, 
the capsule robot have the ability to move in 2-dimensional, moving forward and turning, 
which enables it to implement  tracking and navigation  in the GI tract.  

 

Figure 1. The endoscope capsule robot. 

The capsule robot measures 10 mm in diameter and 22 mm in length, see Figure 1. The outer 
shell of the device is biocompatible material. The SMA coiled wire is attached to an adhesive 
pad. An optical dome is embedded in the front of the capsule. An inner shell contains five 
modules: vision module, sensors module, communication module, CPU module and battery.  

Vision Module: Unlike PillCam, which uses CMOS (complementary metal-oxide 
semiconductor) image sensors, this device uses a CCD (charge-coupled device) image sensor. 
This results in superior image quality but with much greater power consumption due to the 
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intense digital signal processing involved. The CCD image sensor is compassed by four 
illumination light emitting diodes (LEDs) with different wavelengths. 

Sensors Module: Sensors convert physical properties such as light, pressure, or temperature 
into electrical signals. The capsule robot embedded sensors, including  temperature, pressure 
and pH data. 

Communication Module: The communication module can then both transmit and receive the 
signal to communicate with outside the console.  The RF antenna is utilized to receive 
external operation signal, such as activation, motion commands and switch operation modes. 
Transmitter block  sends the data, which is gathered from the sensors module, to the outside 
console .  

CPU Module: The system’s brain, the CPU, on one hand, digitizes the signals  which  are  
provided by the sensors and vision modules. On the other hand, the CPU performs additional 
processing of execution commands, which operates  the SMA actuators in control principle.  

Power Supply: The capsule robot  is powered by silver oxide batteries, which can provide 
over 5 hours of continuous video recording. In battery-powered devices, the battery itself is 
likely the largest system component. Therefore, designers must minimize both supply voltage 
and current consumption while using high-efficiency topologies to achieve the required 
system performance. 

 

Figure 2. Inside of the endoscope capsule robot. 

As a conceptual design, one-third of the capsule will house the power supply and propulsion 
system, one third will house the electronics including guidance, data transmission and control, 
and one third will house the hardware associated with sensing capabilities such as imaging, 
see Figure 2. 

Navigation and Control Design 

In the case of a capsule endoscope robot, the specific aspect of cognition directly linked to 
robust mobility is navigation competence. Given partial knowledge about its environment and 
a goal position or series of positions, navigation encompasses the ability of the robot to act 
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based on its knowledge and sensor values so as to reach its goal positions as efficiently and as 
reliably as possible. 

First we discuss two key additional competences required for capsule endoscope robot 
navigation. Given a map and a goal location, path planning involves identifying a trajectory 
that will cause the robot to reach the goal location when executed. Path planning is a 
strategic problem-solving competence, as the robot must decide what to do over the long term 
to achieve its goals. 

The second competence is equally important but occupies the opposite, tactical extreme. Give 
real-time sensor reading, obstacle avoidance means modulating the trajectory of the robot in 
order to avoid collisions.  

Path planning overview11: The robot's environment representation can range from a 
continuous geometric description to a decomposition-based geometric map or even a 
topological map. The first step of any path planning system is to transform this possibly 
continuous environmental model into a discrete map suitable for the chosen path planning 
algorithm. Path planners differ as to how they affect this discrete decomposition. We can 
identify three general strategies for decomposition: 

1. Road map: identify a set of routes within the free space. 

2. Cell decomposition: discriminate between free and occupied cells. 

3. Potential field: impose a mathematical function over the space. 

Path planning: For the GI tract example, we use potential field strategy for path planning. 
The potential field method treats the robot as a point under the influence of an artificial 
potential field U(q). The robot moves by following the field, just as a ball would roll downhill. 
The goal acts as an attractive force on the robot and the obstacles act as repulsive forces. The 
superposition of all forces is applied to the robot, which, in most cases, is assumed to be a 
point in the configuration space. Such an artificial potential field smoothly guides the robot 
toward the goal while simultaneously avoiding known obstacles. The basic idea behind this 
method is that the robot is attracted toward the goal, while being repulsed by the obstacles 
that are known in advance. 

The capsule could traverse the whole GI tract by implementing the above algorithm. But in 
this scenario, we only take into consideration the environment obstacles that are known to the 
capsule in advance. During path execution the robot's actual sensor values may disagree with 
expected values due to map inaccuracy or dynamic environment. Environment dynamics 
become more significant, making the path planning techniques described above become 
inadequate for grappling  with the full scope of the problem. Therefore, it is critical that the 
capsule modify its path real time based on actual sensor values. This is the competence of  
obstacle avoidance which we discuss below. 

Obstacle avoidance: It is the behavior to avoid potential collisions with obstacles in the 
environment. If the front sensor detects obstacles in front of the robot, the robot avoids the 
detected obstacle by circumnavigating it.  P
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For the GI tract example, the data rate can be dynamically adjusted by the following events: 1) 
change of sections in the gastrointestinal tract (GI tract) (esophagus, stomach, small intestine, 
large intestine), 2) detection of tissue anomaly, 3) upon request by the physician. Taking into 
account the aforementioned events, we propose that the capsule endoscope robot can operate 
in two working modes: tracking mode and navigation mode.  

Tracking Mode: Tracking mode is that the capsule endoscope robot is operated with the 
behavior of following the wall in the GI tract. In the tracking mode, the capsule robot could 
get a map and approximate position of all track regions with potential problems without being 
supervised. Most of the time, the capsule robot utilizes the forward gait with a constant speed. 
When some predefined events occur, we may adjust the speed. For instance, when the sensors 
detect a dramatic change data rate, the capsule robot will decrease the speed or anchor to get 
more information. 

Navigation Mode: In the navigation mode, the capsule could be activated and controlled by a 
clinician to anchor itself in the desired place to conduct a detailed temperature,  imaging, 
pressure, pH data and tissue biopsy. Locomotion capability of the capsule robot will allow the 
clinician to adjust the forward and turning position of the capsule. These operations can be 
also realized remotely by the doctor  through the internet. 

Laboratory Module to Simulate Pill-Sized Robot in GI Tract 

The process of an ingested capsule communicating wirelessly with an external control 
console is shown in Figure 3. The capsule is swallowed by the patient and traverses 
esophagus, stomach, small intestines, and big intestinal. In the tracking mode, the capsule 
captures the information of the GI tract and transmits the data to the external console through 
on-board communication module. The external console could get a map and approximate 
position of whole GI tract regions with potential problems. In the navigation mode, the 
clinician could drive the capsule robot to the desired places that are needed to acquire more 
detailed information. 
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Figure 3. An ingested capsule communicates wirelessly with an external control console. 

We built a biomedical environment in Webots simulator to imitate the GI tract. The tracking 
and navigation operation modes are simulated. For the tracking mode, we simulate a scenario 
of the capsule passing through the GI tract and getting a map of the whole GI tract, as shown 
in Figure 4. 

The capsule is activated when it reaches the esophagus. The vision module starts to work and 
gets real-time video sequences, as shown in Figure 4 a. Figure 4 b shows the capsule is 
approaching the stomach. And Figure 4 c and Figure 4 d show the capsule is tracking in the 
stomach and small intestines respectively. 

  

Camera

Esophagus

Stomach

c   

Figure 4. The capsule is operating in the tracking mode. 

In the navigation mode, the capsule can operate either in the autonomous mode or remote 
control mode. For the autonomous mode, the capsule first operates the same procedures as 
the tracking mode. When the capsule detects the inimical tissue, it will anchor for a while in 
order to gather more information. Then the capsule resumes tracking mode. In Figure 5, the 
capsule is operating in the autonomous mode  while detecting an inimical tissue.  
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Figure 5. The capsule is operating in the autonomous mode. 

After the analysis of the data which is gathered by implementing the autonomous mode, the 
capsule may operate in the remote control mode by a doctor. The doctor can navigate the 
capsule to the regions which could have inimical tissues. More detailed information could be 
gathered through the camera of the capsule and transmitted to the external console. As shown 
in Figure 6, the capsule is driven to a region which has an inimical tissue through a relatively 
short path. 

 

Figure 6. The capsule is operating in the remote control mode. 

Conclusion 

Wireless capsule endoscopy represents a significant technical breakthrough for the 
investigation of the GI tract, especially in the light of disadvantages of other conventional 
techniques. Capsule endoscopy has the potential for use in a wide range of patients with a 
variety of illnesses. In this paper, we present instructional materials to teach bio-medical 
engineering students on the design and control of a capsule robot navigating in a human’s GI 
tract. A conceptual design was presented taking into account medical considerations and 
application scenarios. Navigation and control design was then presented for the capsule robot 
to track and navigate in the tract. We also developed a laboratory module on the platform of  
the Webots simulator. Future work includes the implementation of the instructional materials 
in undergraduate bio-medical engineering courses, and pilot testing. 
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