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INTRODUCTION 

Since the introduction of passive commercial capsule 

endoscopes, researchers have been pursuing methods to 

control and localize these devices, many utilizing 

magnetic fields [1, 2]. An advantage of magnetics is the 

ability to both actuate and localize using the same 

technology. Prior work from our group [3] developed a 

method to actuate screw-type magnetic capsule 

endoscopes in the intestines using a single rotating 

magnetic dipole located at any position with respect to 

the capsule. This paper presents a companion 

localization method that uses the same rotating dipole 

field for full 6-D pose estimation of a capsule 

endoscope embedded with a small permanet magnet and 

an array of magnetic-field sensors. Although several 

magnetic localization algorithms have been previously 

published, many are not compatible with magnetic 

actuation [4, 5]. Those that are require the addition of an 

accelerometer [6, 7], need a priori knowledge of the 

capsule’s orientation [7], provide only 3-D information 

[6], or must manipulate the position of the external 

magnetic source during localization [8, 9]. Kim et al. 

presented an iterative method for use with rotating 

magnetic fields, but the method contains errors [10]. 

Our proposed algorithm is less sensitive to data 

synchronization issues and sensor noise than our 

previous non-iterative method [11] because the data 

from the magnetic sensors is incorporated independently 

(rather than first using sensor data to estimate the field 

at the center of the capsule’s magnet), and the full pose 

is solved simultaneously (instead of position and 

orientation sequentially).  

MATERIALS AND METHODS 

Localization is performed relative to the robot’s frame, 
, which we place at the location of the rotating dipole 

(i.e., the center of the actuator magnet). The capsule’s 

coordinate frame origin, , which resides at the center 

of the capsule’s magnet, is described by the vector  

(Fig. 1). The rotation matrix, , describes the capsule’s 

coordinate frame relative to the robot’s. Our goal is to 

solve for and . 

     This method assumes the capsule is free to move, but 

that the dipole-field rotation is well beyond the “step-

out” frequency, where the field is rotating too quickly 

for the capsule to rotate synchronously, such that we can 

assume no net motion and decouple the localization and 

actuation of the capsule. In our setup, the field source is  
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Fig. 1 Experimental setup with a spherical-actuator-magnet 

manipulator [12], mounted on the end of a 6-DOF robot. A 

prototype capsule freely rotates and slides in a clear, acrylic, 

lubricated tube. The inset depicts the capsule’s sensor layout 

[11]. Each sensor is labeled with the field component it 

measures and its offset,  in mm, from the internal magnet’s 

center. The grey sensors are not visible from this angle, but are 

at symmetric offsets. 

 

a spherical permanent magnet, which is accurately 

modeled by the point-dipole equation [3]: 

 
 

where  is the field at location ,  is the unit-

normalized  vector,  is the dipole moment of the 

magnet,  is the identity matrix, and  is the 

permeability of free space. 

     We previously developed an array of six Hall-effect 

sensors to surround the magnet inside the capsule to 

estimate the applied field at its location [11] (Fig. 1). 

The sensors are placed at known offsets, , as noted in 

Fig. 1. The position vector, , describing sensor i in the 

robot frame, is  The scalar magnetic-

field projection measured at each sensor is:  

 
 

where  is the sensor’s measurement axis in the capsule 

frame, which is known. The nonlinear least-squares 

Levenberg-Marquardt algorithm in MATLAB was 

implemented to estimate the capsule’s pose by 

comparing the sensor data to the estimated field at each 

of the sensor positions using Eq. 2.  
     The spherical-actuator-magnet manipulator (Fig. 1) 

uses three omniwheels to provide a singularity-free 

rotating dipole field [12]. It is mounted on the end of a 

6-DOF robot. A prototype capsule, 50.5 mm in length 

and 25 mm in diameter, was placed in a lubricated 

acrylic tube in which it is free to move, at a known 

position and orientation with accuracy of 2 mm and 10
◦
, 

respectively, based on visual inspection. 
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     The actuator magnet was rotated at 2 Hz around the 

x, y, and z axes, which resulted in step-out, with the 

actuator magnet’s position held stationary. Data was 

collected at 100 Hz and wirelessly transmitted, in 

batches, at 20 Hz to a computer. Two rotations about 

each axis were combined, for a total of 3 s of data (1800 

sensor measurements) to localize at a given position. 

For positions to test, we chose two orthogonal planes as 

depicted in Fig. 2. 

RESULTS 

The localization results are shown in Fig. 2. The total 

position error in mm and the orientation error in degrees 

are shown next to their corresponding position. The 

orientation error is in terms of the angle-axis 

representation. The average error across all points was 

6.9 mm and 10.7
◦
, the average computation time for the 

least-squares algorithm was 3.4 seconds. As expected, 

the position error tends to increase as the magnet is 

moved farther away from the capsule, due to reduced 

signal-to-noise. For both planes, the radial positions 

(along the r axis) result in more accurate position 

estimates than the axial positions (along the -x axis). We 

do not observe any clear trends in orientation error, but 

this could be partially due to our ground-truth 

orientation error having comparable values. Note that 

the two axial positions are the same in planes A and B, 

so the differences in the localization estimates give an 

indication of the variance that can be expected. This 

method assumes that the capsule has no net motion; 

some of the error is due to our experiments not 

respecting this assumption, as would be true in practice. 

DISCUSSION 

The accuracy obtained is likely to be sufficient for use 

with our previously published magnetic-actuation 

method [13]. It performs comparable to other 6-D 

localization methods; [7] has an average error of 5 mm 

in a slightly smaller 15 cm sphere. This localization 

method is not capable of localizing a synchronously 

rotating capsule because of the assumption that the 

capsule has no net motion. However, a simple control 

scheme involves pausing actuation at periodic intervals, 

and either increasing the rotation speed of the dipole 

field or rotating it around an orthogonal axis, either of 

which will cause the capsule to stop rotating 

synchronously, and after collecting a few rotations of 

data, continue propelling the capsule in a desired 

manner. No additional movement of the external dipole 

source is necessary. For the reported experiments, we 

arbitrarily chose to use two rotations about three 

orthogonal axes. Further investigation needs to be done 

to determine the relationship between the amount of 

data collected and the resulting accuracy. Subsequent to 

the reported experiments, we built a smaller version of 

the prototype capsule that is 36 mm in length and 13.5 

mm in diameter. Although it is conceivable that the 

hardware size could be further reduced, we believe this 

will be sufficient for clinically realistic trials in future 

work. 

 

Fig. 2 The inset shows the two orthogonal planes tested. The 

capsule’s z axis is aligned with its magnet’s dipole axis m. On 

each plane, dots show positions tested. The position (mm) and 

orientation errors are shown next to the corresponding dot. 

The radial distance r refers to the z axis in plane A and the –y 

axis is plane B.  

REFERENCES 

[1] P. R. Slawinski, et al. Emerging issues and future 

developments in capsule endoscopy. Tech Gastro Endo, 

doi: 10.1016/j.tgie.2015.02.006, 2015.  
 [2] T.D. Than, et al. A review of localization systems for 

robotic endoscopic capsules. IEEE Trans. Bio. Eng., 

59(9):2387–2399, 2012.  
[3] A.W. Mahoney and J.J. Abbott. Generating rotating 

magnetic fields with a single permanent magnet for 

propulsion of untethered magnetic devices in a lumen. 

IEEE Trans. Robotics, 30(2):411-420, 2014  

[4]  S. Song, et al. 6-D magnetic localization and orientation 

method for an annular magnet based on a closed-form an- 

  alytical model. IEEE Trans. Mag., 50(9):5000411, 2014. 

[5] D. M. Pham and S.M. Aziz. A real-time localization 

system for an endoscopic capsule. In IEEE Int. Conf. 

ISSNIP, 1-6, 2014.  
[6] M. Salerno, et al. Magnetic and inertial sensor fusion for 

the localization of endoluminal diagnostic devices. I J 

CARS., (S1):229-235, 2012. 

[7] C. Di Natali, et al. Real-time pose detection for magnetic 

medical devices. IEEE Trans. Mag., 49(7):3524-3527, 

2013.  
[8] M. Salerno, et al. A discrete-time localization method for 

capsule endoscopy based on on-board magnetic sensing. 

Meas. Sci, Technol., 23(1):015701, 2012. 

[9] S. Yim and M. Sitti. 3-D localization method for a 

magnetically actuated soft capsule endoscope and its app- 

lications. IEEE Trans. Robotics, 29(5):1139-1151, 2013.  
[10] M. Kim, et al. Position and orientation detection of 

capsule endoscopes in spiral motion. Int. J. Prec. Eng. & 

Manu., 11(1):31-37, 2010.  
 [11] K. M. Popek, et al. Localization method for a magnetic 

capsule endoscope propelled by a rotating dipole field. 

IEEE Int. Conf. Robotics & Auto., 5328-5333, 2013.  
[12] S. E. Wright, et al. A spherical-magnet end-effector for 

robotic magnetic manipulation. IEEE Int. Conf. Robotics 

& Auto., 2015, to appear. 

[13] A. W. Mahoney and J. J. Abbott. Control of untethered 

magnetically actuated tools with localization uncertainty 

using a rotating permanent magnet. IEEE Int. Conf. 

Biomedical Robotics & Biomech., 1632-1637, 2012.  

48


	HSMR-2015-Proceedings-FINAL
	HamlynSymposium2015CoversV2
	Proceedings front pages-HSMR-11Jun15
	Proceedings
	Table of Contents
	MR and Ultrasound-Guided Interventions
	MR-Conditional Robot for Transcranial Focused Ultrasound in Infants 
	K. Price, V. Sin, C. Mougenot, T. Looi, S. Pichardo, A. Waspe, J. Drake
	Needle-Guiding Robot for Percutaneous Intervention: Comparative Phantom Study in a 3T MRI Scanner 
	E. Franco, M. Rea, W. M. W. Gedroyc, M. Ristic
	Magnetic Bi-component Millirobot for Targeted Drug Delivery
	Fused MRI-Ultrasound Guidance for Robot-Assisted Laparoscopic Prostatectomy: System Architecture and First Clinical Use 
	O. Mohareri, G. Nir, J. Lobo, R. Savdie, P. Black, S. E. Salcudean
	Continuum Robots and Navigation  
	Comparison of Optimisation Algorithms for a Tubular Aspiration Robot for Maximum Coverage in Intracerebral Hemorrhage Evacuation 
	Y. Guo, J. Granna, K. D. Weaver, R. J. Webster III, J. Burgner-Kahrs
	A Linearly Actuated Catheter Robot for Intelligent Steering Control based Tension and Catheter Shaping Tracking
	J. Back, R. Karim, K. Rhode, K. Althoefer, H. Liu
	Concentric Tube Robot Kinematics Using Neural Networks 
	C. Bergeles, F.-Y. Lin, G.-Z. Yang
	Cardioscopic Imaging to Guide Manual and Robotic Surgery Inside the Beating Heart
	C. Kim, A. Ataollahi, I. Berra, P. E. Dupont
	Navigation and Training 
	Development and Validation of a Training and Assessment Tool for Robot Assisted Radical Prostatectomy - a Multi-institutional Study 
	C. Lovegrove, G. Novara, K. Guru, A. Mottrie, B. Challacombe, M. Brown, J. Raza, R. Popert, H. Van der Poel, J. Peabody, P. Dasgupta, K. Ahmed
	Clinical Translation of Real Time Cautery Navigation for Breast Surgery
	T. Ungi, G. Gauvin, A. Lasso, C. T. Yeo, J. Rudan, C. J. Engel, G. Fichtinger
	Challenges in Multimodal Image-guided Targeted Prostate Biopsy 
	A. Shah, O. Zettinig, E. Storz, T. Maurer, M. Eiber, N. Navab, B. Frisch
	Cognitive Camera Robot for Cognition-Guided Laparoscopic Surgery 
	M. Wagner, A. Bihlmaier, P. Mietkowski, S. Bodenstedt, S. Speidel, H. Wörn, B. Müller-Stich, H. G. Kenngott
	Motorized 2-DOF Spherical Orienting Mechanism for Laser Micromanipulation in Trans-oral Laser Microsurgeries 
	N. Deshpande, L. S. Mattos, D. G. Caldwell
	Robust, Low-cost, Modular mm-scale Distal Force Sensors for Flexible Robotic Platforms 
	J. Gafford, R. Wood, C. Walsh
	Micro-IGES Robot for Transanal Robotic Microsurgery 
	H. H. King, J. Shang, J. Liu, C. Seneci, P. Wisanuvej, P. Giataganas, N. Patel, J. Clark, V. Vitiello, C. Bergeles, P. Pratt, A. Di Marco, K. Kerr, A. Darzi, G.-Z. Yang
	Beware Credentialing Based on Fundamentals of Laparoscopy: “The Eyes are Open, The Hands Move, But the Prefrontal Brain Has Not Departed”
	K. Shetty, D. R. Leff, G.-Z. Yang, A. Darzi 
	Experimental Comparison of Force Feedback vs Tactile Sensory Substitution for Suture Tension Perception 
	A. Spiers, S. Baillie, C. Roke, A. Pipe
	Development of a High-Fidelity Pediatric Cleft Palate Phantom and Feasibility Testing using a da Vinci ® Surgical System 
	D. Podolsky, D. Fisher, K. Wong, T. Looi, R. Patel, J. Drake, C. Forrest
	Transoral Steerable Needles in The Lung: How Non-Annular Concentric Tube Robots Can Improve Targeting 
	P. J. Swaney, H. B. Gilbert, R. J. Hendrick, O. Commichau, R. Alterovitz, R. J. Webster III
	Poster Presentations 
	Vision-guided Learning by Demonstration for Adaptive Surgical Robot Control
	H. Rafii-Tari, A. Vandini, L. Zhang, A. Hughes-Hallett, G.-Z. Yang
	Occupational Radiation Exposure during FEVAR: A Stage-By-Stage Analysis; Targets for Robotic Intervention
	Augmented Visualization for Robotic Prostatectomy
	Computer Assisted Laparoscopy Robot - A Low-Cost Lightweight Design
	Towards Robotic Needle Steering for Percutaneous Radiofrequency Ablation in the Liver: Procedure-Specific Workspace Analysis
	Validation of the RobotiX Mentor Robotic Surgery Simulator
	Re-Thinking Patient Specific Instrumentation and Robotics in Orthopaedics: A New Mechatronic Approach
	Design of a Robotic Implant for in-vivo Esophageal Tissue Growth

	Analysis of the Instrument Vibrations and Contact Forces Caused by an Expert Robotic Surgeon doing FRS Tasks
	Practical Dry Calibration with Medium Adaptation for Fluid-Immersed Endoscopy
	Recognition of Intentional Violations of Active Constraints in Cooperative Manipulation Tasks

	all_papers_v4_with_pn-05jun15
	HSMR2015 Author Index-v1-03Jun15

	HamlynSymposium2015CoversV2



