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ABSTRACT 

 A medical device is any apparatus, appliance, software, or material intended to be 

used to assist clinicians in diagnosing medical conditions, performing surgical operations, 

or delivering rehabilitation services. The main goal in designing new medical devices is 

to create more precise and less invasive methods. The advancement of medical devices 

has led to many commercialized robotic systems for many applications such as surgical 

operations, planning and simulation, minimal damage precise positioning, minimally 

invasive diagnosis and detection, and new types of surgery treatments.  

 Conventional medical devices are made of rigid materials that limit their ability to 

elastically deform and adapt their shape to external constraints and obstacles. These rigid 

devices are not ideal for many medical applications since they have the potential to 

damage human tissue with minimal unintentional contact. In contrast to conventional 

rigid devices, non-rigid devices contain little or no rigid material and are instead 

primarily composed of fluids, gels, soft polymers, and other easily deformable matter. 

Additionally, non-rigid devices can be derived from the implementation of origami 



techniques to form complex three-dimensional structures which can be optimized for 

working within space constrained environments. 

 The work described in this dissertation aims to advance the field of medical 

devices through the design and development of novel non-rigid diagnostic and 

interventional medical devices. Through the examination of material properties of a 

composition of soft plastic, human fatty tissue was imitated to produce an abdominal 

biopsy phantom for training medical practitioners in CT-guided intervention. Diagnostic 

devices were developed using origami techniques for creating joints actuated by shape 

memory alloy and by 3D printing modular soft robotic pneumatic actuators. Origami was 

also used for developing a foldable structure for housing MRI receiver coils for use in 

interventional intracardiac catheterization to improve medical imaging capabilities during 

ablation of abnormal heart tissue in patients with atrial fibrillation. 
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CHAPTER 1 

INTRODUCTION 

Minimally Invasive Surgery 

 Surgical procedures are typically classified based on their level of invasiveness, of 

which there are three main categories: invasive procedures also known as open surgery, 

minimally invasive surgery, and non-invasive procedures. Minimally invasive surgeries 

encompass surgical techniques that minimize the size of incisions needed and so lessen 

wound healing time, associated pain, and risk of infection [1]. However, it is also well 

documented that minimally invasive surgery introduces an array of difficulties to the 

operating room due to the highly limited workspace, specialized tools requiring 

supplementary training, and significantly reduced visual and haptic information. Despite 

these drawbacks, minimally invasive surgery has seen continued growth and adoption 

rates [2, 3]. A major contributing factor in this continued adoption is the corresponding 

development of medical devices intended for use in minimally invasive surgery. 

 The two main types of minimally invasive surgery are robotic surgery and non-

robotic minimally invasive surgery, also known as endoscopy. Endoscopy is a procedure 

that allows a physician to view the inside of a patient’s body using an endoscope. Most 

endoscopes are thin tubes with a powerful light and tiny camera at the distal end. There 

are many types of endoscopes that vary in length and flexibility depending on the part of 

the body intended for use. Typically, an endoscope has a channel through which the 

physician inserts tools to collect tissue or provide treatment. These tools include biopsy 



 

2 

forceps, catheters, cytology brushes, suture removal forceps, and many others which can 

be used to diagnose a disease or to deliver treatments such as laparoscopic surgery, laser 

therapy, or microwave ablation. A current trend for devices being developed for use with 

minimally invasive surgery is to further increase the scope of applications with the design 

of highly function-specific devices that can be combined with medical imaging 

technology. 

Image-Guided Therapy 

 Imaging has become essential not only for the detection and monitoring of disease 

but also for improving the outcome of therapy. Image-guided therapy helps to improve 

the efficacy and reduce the morbidity of minimally invasive procedures by providing 

intra-operative image based anatomic and physiologic information in real-time [4]. While 

traditional open surgery is based on hand-eye coordination, image-guided therapy 

advances this concept by enhancing what the eye can see with multimodal imaging, and 

what the hand can do with robotic and therapeutic devices. In image-guided therapy, pre-

operative and real-time intra-operative imaging information is displayed, and the 

technologies for imaging, navigation, and therapy are all integrated with complex therapy 

delivery systems to transform invasive procedures into minimally invasive ones. 

Outline of Dissertation 

 This dissertation aims to present the design and testing of several non-rigid 

devices developed for image-guided diagnostic and interventional therapies. These 

devices build in complexity throughout the following chapters, beginning with an origami 

lesion targeting device, and culminating in a soft robotic pneumatic actuator. The design 

process and the experimental validation of each device is discussed. The core focus of 
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this dissertation is to develop novel non-rigid medical devices which ultimately increase 

the efficacy of image-guided minimally invasive procedures. 
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CHAPTER 2 

ORIGAMI LESION TARGETING DEVICE FOR CT-GUIDED INTERVENTIONS 

Image-Guided Interventions 

Image-guided percutaneous biopsy has become an essential practice in modern 

medical care. It has been shown to be an effective, safe and reliable technique [1-4] to 

puncture lesions or provide access for drainages. Nevertheless, various complications still 

arise, including hemorrhaging, hematomas, and injury to surrounding anatomical structures 

[5-10]. The risk of complications may be amplified if the lesion location is difficult to reach 

or if patient positioning is suboptimal. 

 Traditionally, CT-guided procedures are performed using the freehand technique. 

This can be time consuming, especially if the target is small or difficult to reach. In these 

scenarios, numerous needle insertions and CT scans may be required, thus increasing time, 

risk, needle manipulations, tissue damage and radiation dosage. The development of 

guidance, navigation, and robotic systems has dramatically improved the safety and 

efficacy of image-guided interventional procedures. Various laser guidance systems [11-

13] have aimed to improve the puncture accuracy, but these systems require the needle to 

stay axially aligned with the laser beam throughout the insertion and do not provide 

physical support to hold the needle in place. Other guidance systems have aimed to address 

these issues but are only able to accommodate a single needle [14-16]. Most currently used 

navigation systems use electromagnetic [17-27] or optical tracking systems [28-31]. 

Robotic positioning and guidance platforms such as the AcuBot, B-Rob, INNOMOTION, 



 

5 

the Mitsubishi RV-E2 lung biopsy robot, the KUKA LWR robot, the ROBIO EX, and the 

iSYS1 robot system provide accurate and stable needle guidance [31-40], and are 

especially useful in the case of limited space at the skin entry site or a difficult angulated 

access. The main drawbacks in computer navigated and robotic interventions include high 

costs for the development of such systems, complex operation of the devices, and increased 

operation time due to additional procedures including system set-up, instrument 

calibration, registration, and verification of accuracy. Thus, familiarity with these systems 

is important for routine and fast use. For the application of most computer navigated and 

robotic systems, an additional person (technician) is helpful, and the costs for the purchase 

of the system (approximately 100 – 300,000 $) and the additional personnel are often 

unaffordable for smaller hospitals. 

 This chapter presents a disposable origami lesion targeting device that provides a 

cost-effective method for holding and guiding a biopsy needle to a target location during 

CT guided interventions. The device removes the need for additional navigation software 

and patient registration. The proposed solution was evaluated using an abdominal phantom, 

and results of the device workspace and the lesion targeting accuracy are presented. 

Design of an Origami Needle Guide 

Foldable Strucutre for Needle Support 

 The design of the origami lesion targeting device originated from specifications 

suggested by surgeons and MRI interventional radiologists. Suggestions included: 

• Disposable or able to be sterilized for future use 

• Attached securely to patient 

• Allow for in-plane or out of plane needle insertions 
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• Support insertion of multiple needles 

• The device should not require additional software 

 A template-based guidance system was determined to be the most effective way to 

satisfy the suggested design specifications. The origami lesion targeting device (Fig. 2.1a) 

was constructed by laser cutting an origami folding pattern (Fig. 2.1b) from solid bleached 

sulphate, a virgin fiber grade of paperboard. The thickness of the paperboard can be 

adjusted to ensure no bending of the plane occurs upon needle insertion. An RCA grid (Fig. 

2.1c) was applied to the surface of the paperboard and given time to dry before the board 

was turned over and another RCA grid was applied. Once both RCA grids were dry, the 

device was folded into its final form. Double sided mounting tape was applied to the bottom 

of the device to provide an effective method for mounting the device securely to the patient. 

 The folding pattern was designed with computer-aided design (CAD) software, 

AutoCAD, and cut with a Full Spectrum laser cutter. The folding pattern design consisted 

of five panels which fold to form a 50 mm x 100 mm x 100 mm rectangular prism with one 

side left open to serve as a viewing window. The dimensions can be modified to 

accommodate the intended application. The folded panels were held in place with eight 

tabs which fit snuggly into designated slots. 
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(a) Dimensions of the folded origami needle 

guide 

  

(b) Device folding pattern. Solid black 

lines represent cut lines and dashed red 

lines represent fold lines 

  
 

 

(c) Application of RCA mixture in a grid pattern. 

 
Figure 2.1. Design of an origami needle guide. 

 

Radiocontrast Agent Mixture 

 The RCA mixture was developed with three major design criteria in mind. The 

first and most important goal was for the mixture to be bright enough to show up in a CT 

scan. Secondly, the mixture needed to be applied to a surface as a liquid and be able to 

dry into a solid. Lastly, the RCA mixture was designed to have a viscosity which would 

allow it to flow through a 1 mm orifice for extrusion via a syringe in a controlled manner. 

The resulting mixture was 80% Elmer’s glue, 10% water, and 10% barium sulfate 
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measured by mass. Barium sulfate, Hi-LR from HiMedia Laboratiories was chosen as the 

radiocontrast agent due to its exceptional radiopacity [41]. 

Application of Radiocontrast Agent 

 The RCA mixture grid was applied onto the surface of the device by ejecting the 

mixture from a syringe with a 1 mm blunt-tipped needle. The lines of the RCA grid were 

applied in 1 cm increments, and additional gridlines spaced 2 mm apart were raster 

engraved into the top surface of the top and bottom layers to provide an effective means 

of measuring needle insertion locations.  

Lesion Targeting Equations 

 Fig. 2.2 depicts a 2D schematic diagram of a needle trajectory through the device 

to a target lesion. From the schematic, several equations can be derived to determine the 

proper coordinates (x1, y1, x2, y2) in the top and bottom layers of the device through 

which to insert the needle to hit the target lesion. Table 2.1 defines the variables used in 

the targeting equations. From a CT scan, the physician can determine the desired 

insertion angle θ and the approximate width, length, and depth (Tx, Ty, Tz) the target is 

from the origin of the device. Given the target depth Tz, the vertical distance from the 

target layer to the bottom layer z2 can be found by  

𝑧2 = 𝑇𝑧 − 𝑧1 (1) 

Knowing the insertion angle, the horizontal distance from the second insertion location to 

the target xb can be found by  

𝑥𝑏 =
𝑧2

tan 𝜃 
 (2) 
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The target width Tx is the sum of the horizontal distance from the origin to the insertion 

location on the bottom layer x2 and the horizontal distance from the bottom layer insertion 

location to the target xb, so x2 can be found by  

𝑥2 = 𝑇𝑥 − 𝑥𝑏 (3) 

The horizontal distance from the origin to the top layer insertion location can be found in 

a similar manner by 

𝑥𝑎 =
𝑧1

tan 𝜃
 (4) 

𝑥1 = 𝑥𝑎 − 𝑥2 (5) 

The insertion coordinates y1 and y2 can be found using the same equations, replacing x with 

y and Tx with Ty. The insertion depth can be found by 

𝑑 =  √(𝑥𝑎 + 𝑥𝑏)2 + (𝑧1 + 𝑧2)2 (6) 

 

Table 2.1 Variables in Needle Insertion Location Equations (1) – (6) 

Variable Description 

T Target point; T = (Tx, Ty, Tz) 

O Origin of device 

θ Insertion angle 

x1, x2 Horizontal distance from origin to insertion locations 

z1, z2 Vertical distance from top layer to bottom layer, vertical distance from 

bottom layer to target 

xa, xb Horizontal distance from top layer insertion location to bottom layer 

insertion location, horizontal distance from bottom layer insertion 

location to target 

d Needle insertion depth 
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Figure 2.2. Schematic diagram of a needle insertion trajectory. 

 

System Workflow 

 The workflow of a typical procedure using the device is described below. 

1. Perform a diagnostic CT or ultrasound scan of the target area to locate the target lesion 

to determine positioning of the patient and the approximate skin entry point or region. 

2. Place the needle guide on the patient and perform another CT scan to visualize the 

location of the target lesion with respect to the needle guide. 

3. Measure the approximate transverse, axial, and sagittal distances from the origin of the 

needle guide to the target lesion on the CT console or workstation. 

4. Use the needle insertion location equations (1) – (6) to determine the insertion locations 

and the insertion depth. (This step may be semi-automated) 

5. Insert the needle into the calculated locations of the needle guide by measuring distance 

from the origin using the 1 cm spacing between the gridlines, stopping insertion just 

after traversing the skin. 

6. Perform another CT scan in the same respiratory cycle to confirm the needle is aligned 

with the target lesion. If yes, continue to step 7. If no, repeat steps 3 – 6. 

7. Continue pushing the needle the entire calculated insertion depth to contact the target 

lesion. 
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8. Perform another CT scan to confirm the target lesion is on track to be sampled 

(depending upon forward throw gun versus one snap gun). If yes, collect sample and 

remove the needle from the patient. If no, retract the needle and repeat steps 6 & 7. 

Validation of Targeting Accuracy 

 An abdominal phantom was used to perform lesion-targeting experiments (n = 30) 

to validate the accuracy of the needle guide (Fig. 2.3a). The phantom consisted of a 3D 

printed outer shell with a soft plastic filling designed to match the density of human fatty 

tissue. The phantom contained various soft 3D printed tumors located throughout the 

abdominal cavity which were used as targets for needle insertions. The needle guide was 

positioned in the ventral insertion window of the phantom and the origin of the needle 

guide was aligned with the CT laser to assure proper craniocaudal angulation. After 

initial scans, the insertion locations and the insertion depth were calculated, and the 

biopsy needle (18-gauge x 200 mm) was inserted. Using confirmation scans, transverse, 

sagittal, and coronal distance errors were calculated from coordinates of CT images based 

on the distance between the needle tip and the center of the target tumor (Fig. 2.3d). Total 

error was calculated as the root mean square (RMS) distance of the transverse,sagittal, 

and coronal errors. 
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Device Analysis and Validation 

Workspace Analysis 

 Fig. 2.4 shows the possible needle trajectories in the transverse plane provided by 

the gridlines on the origami lesion targeting device. The discrete potential insertion 

locations correspond to RCA gridlines. The RCA grids provide a high density of discrete 

guidelines, while the puncturable device material offers a continuous workspace for 

potential needle insertions. 

(a) 3D printed abdominal phantom for 

quantification of the lesion targeting error 

(b)  Needle being inserted into the 

phantom using the origami needle guide 

  
 (c)   CT image showing needle insertion 

through the origami needle guide into the 

abdominal phantom 

(d)  Targeting errors were measured in 

transverse, sagittal, and coronal directions 

of the needle relative to the target lesion 

 
 

Figure 2.3. Abdominal phantom used for lesion targeting with the origami needle 

guide. 
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Figure 2.4. Illustration of possible needle trajectories in the transverse plane. The 

brown square represents the lesion targeting device, the red circle represents the 

target lesion, and the blue lines represent the needle trajectories. 

 

Phantom Study 

 The results of the needle insertion experiments performed on an abdominal 

phantom are displayed in Fig. 2.5. Preliminary results showed successful CT-guided 

biopsy needle placements in an abdominal phantom. The mean targeting accuracy over 

all experiments was 2.51 mm (SD 0.59 mm, n=30). Voxel size for the images used in 

these calculations was 0.43 mm x 0.43 mm x 1.0mm. Fig. 2.5a displays a box and 

whisker plot comparing the targeting error between the sagittal, transverse, and coronal 

axes, Fig. 2.5b depicts the radial error, and Fig. 2.5c shows a Bland-Altman plot of the 

sagittal and transverse error measurements. The results show that the error was relatively 

evenly distributed around the target. 
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(a) Quartile plot of sagittal, transverse, coronal and total targeting error 

 
(b) Plot of radial error. Solid rings every millimeter, dashed rings every 0.5 mm 

 
(c) Bland-Altman plot of sagittal and transverse error measurements 

 
Figure 2.5. Plots of the lesion targeting error in phantom studies.  

 

Discussion 

 The origami lesion targeting device provides several potential benefits for CT-

guided percutaneous biopsy. One primary advantage is that since the device attaches to 
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the patient, it allows for the needles to move with the movement of the patient, thus 

potentially reducing the risk of tissue laceration by rigidly held needles. Another major 

benefit is that the device allows for multiple needles to be inserted, making it applicable 

for composite ablation using multiple electrodes. Furthermore, the device has the 

potential to guide off-axial needle insertion for highly inaccessible lesions that require 

multiple plane angulations. In addition to the potential benefits, the device can be 

manufactured quickly and inexpensively, making it disposable and therefore ideal for the 

surgical environment.  

 The device does not achieve as high of a degree of targeting accuracy as state-of-

the-art computer-aided and robotic navigation systems. However, it provides smaller 

hospitals with an effective alternative where computer-aided and robotic navigation 

systems are not available. Moreover, the device does not require system set-up, 

instrument calibration, registration, and familiarity with the system to obtain optimal 

accuracy, as required with computer-aided and robotic systems.  

 Our preliminary evaluation exposed several limiting characteristics. The fixed 

nature of the needle guide may be disadvantageous in situations where the target lesion 

moves with time, such as with pulmonary lesions during respiration. Change to free-hand 

insertion as necessary may be prohibited without removing the needle from in-vivo and 

detaching the device from the patient. The flat surface of the device makes it unsuitable 

for accessing lesions which require a lateral approach, limiting it to be used mainly for 

abdominal procedures. Another limitation is that the large footprint of the device can 

make it difficult to be used with ultrasound. In future work, the device will be evaluated 

with in-vivo insertion and options for mitigating the effects of respiratory movement of 
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the target will be explored. The ability to guide multiple needles and off-axial needle 

insertion will also be evaluated.  Iodine-based radiocontrast agents as well as other 

biocompatible materials will be explored. Additionally, the biocompatibility and 

hemocompatibility regulatory issues of having the needle traverse the material must to be 

certified. Given the limitations of the methodology, more rigorous testing in a specific 

clinical application would be necessary to compare this device with established systems. 

A novel device for assisting with CT-guided needle insertions is presented. The 

device was fabricated by laser cutting the structure from a sheet of medical grade 

paperboard, 3D printing two radiocontrast agent grids on to the surface and folding the 

structure into a rectangular prism with a viewing window. The device was evaluated 

through CT imaging and targeting of lesions for needle insertions in an abdominal imaging 

phantom. The results of the lesion targeting experiments showed a mean targeting error of 

2.53 mm (SD 0.59 mm, n=30). The main advantages of the device are that it attaches to 

the patient (potentially reducing the risk of laceration), it supports insertion of multiple 

needles (making it particularly suitable for composite ablations), and it can guide off-axial 

needle insertion. The low-cost and disposability characteristics make the device well-suited 

for interventional settings. 
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CHAPTER 3 

RAPID PROTOTYPING OF CUSTOM RADIOCONTRAST AGENT MARKERS 

Radiocontrast Agent Skin Markers  

 Contrast agent skin markers are commonly used to identify areas of interest or to 

provide points of reference for a physician during image-guided procedures. Prior to 

accessing an internal lesion site of a patient for the purpose of inspection or therapeutic 

treatment, it is essential to learn the precise spatial information concerning the lesion site 

with respect to a reference position on the surface of the patient’s body to avoid or alleviate 

damage of healthy tissues and enhance the outcome of such a medical treatment. A 

practicable method for attaining information concerning the spatial positioning of the 

lesion site is to apply a skin marker which gives a discriminative or distinctive view 

concurrently with imaging of the internal lesion, and to image the skin marker and the 

lesion site through a tomographic method so that the spatial interrelation between the 

images is determined.  

 Contrast agent skin markers are generally developed by combining a contrast agent 

with some sort of medium. Contrast agents are substances typically used to enhance the 

visibility of internal structures. X-ray based imaging techniques such as computed 

tomography (CT), projectional radiography, and fluoroscopy use radiocontrast agents to 

enhance imaging capabilities, while magnetic resonance imaging (MRI) uses gadolinium-

based contrast agents which work by altering the magnetic properties of nearby hydrogen 

nuclei. Radiocontrast agents are typically iodine or barium-sulphate-based compounds. 
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Iodinated contrast agents are the main type of radiocontrast used for intravenous 

administration, while barium sulfate is mainly used in the imaging of the digestive system.  

 Previous reports have described the use of angiocatheters [1, 2] or thermoplastic 

resin shells [3] as markers. These markers are produced by dispersing a radiopaque material 

throughout the walls of the catheter or shell. These techniques, however, provide only an 

approximate estimate of cancer extension and are extremely difficult to use. In comparison, 

skin markers have been shown to provide precise information about tumor location, while 

offering ease of use [4-9]. Various radiopaque skin markers include pellets, crosshairs, and 

grids [10]. In addition to creating custom 2D skin markers, it is show that 3D markers 

which can be used to facilitate needle targeting of lesions can be developed. 

 In the following sections, details of the development of custom radiocontrast skin 

markers are presented, including radiocontrast agent mixture design, printing the 

radiocontrast agent mixture, and developing various 2D radiocontrast agent skin markers 

and 3D radiocontrast agent needle guides. CT images of the custom radiocontrast agent 

skin markers and needle guides were taken to verify the visibility of the contrast agent. 

Printing performance was quantified in terms of line width variation, infill percentage, and 

roundness.  

System Design 

Development of a Custom Radiocontrast Agent Mixture 

 The radiocontrast agent mixture was developed with three major design criteria in 

mind. The first and most important goal was for the mixture to be bright enough to show 

up in a CT scan. Secondly, the mixture needed to be able to be stored and extruded as a 

liquid and transition into a solid upon exposure to air. Lastly, the radiocontrast agent 
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mixture required a viscosity which would allow it to be extruded through a 1 mm diameter 

orifice in a controlled manner. The resulting mixture was 80 wt % Elmer’s glue, 10 wt % 

barium sulfate, and 10 wt % water, which gave sufficient visibility within the CT images 

and adequate viscosity for printing. Barium sulfate (Hi-LR) from HiMedia Laboratories 

was chosen as the radiocontrast agent due to its exceptional radiopacity [11].  

Design of a Method for Printing Radiocontrast Agent Mixture 

 To increase manufacturability and to decrease fabrication time, the radiocontrast 

agent mixture was printed. A Fisher Scientific syringe pump (Fig. 3.1a) was used to extrude 

the mixture from an EXELINT 50 mL Luer Lock Tip syringe at a constant rate of 200 

mL/hr. A 5 mm diameter tube connected the syringe to a 1 mm blunted needle which was 

mounted to the head of a Full Spectrum laser cutter. The needle was mounted vertically on 

the head of the laser cutter, leaving 1 mm of spacing between the needle tip and the printing 

substrate (Fig. 3.1b). The laser cutter uses computer numeric control (CNC) to move the 

extruder head along the path of the desired shape (Fig. 3.1c). Since the syringe pump and 

CNC are controlled separately, the pump was manually turned on and off when the print 

job started and finished. Fig. 3.2 shows a schematic diagram of the experimental setup. 

(a) Syringe pump (b) Needle tip mounted to laser 

cutter head 

(c) Printing radiocontrast 

agent mixture 

   
Figure 3.1. Radiocontrast agent mixture printing setup. 
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Figure 3.2. Schematic diagram of the experimental setup. 

 

Printing Custom Radiocontrast Agent 

 The radiocontrast agent markers can easily be customized for a specific patient or 

procedure as the desired shape of the marker is drawn using AutoCAD. Fig. 3.3 shows the 

AutoCAD drawings of a circle, a solid square, and an angle pattern at with lines at 10º 

intervals. The CAD files were uploaded to the laser cutter software, RetinaEngrave, where 

the specific CNC tool path was defined, and the laser power was turned off. Notice how 

the solid square and the angled pattern are a single connected line. This is because the 

mixture is being extruded the entire time from start to finish of the CNC job. This puts a 

significant limitation on the designs that can be printed and is a major area of focus for 

future work on this project. 

(a) Circle (b) Solid square (c) Angle pattern 

   

Figure 3.3. AutoCAD drawing of various CT markers. 

 The two most important aspects regarding the fabrication of the custom 

radiocontrast agent markers are the volume of material required and the time taken to print 
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the various CT markers. The 3D printing literature suggests that the key variables to 

consider are the critical nozzle height hc, the flow rate Q, nozzle diameter Dn, and the 

nozzle movement speed vn [12-14]. Wang and Shaw gave an equation to estimate critical 

nozzle height as 

ℎ𝑐 =
𝑄

𝑣𝑛𝐷𝑛
      (1) 

Yang et al. found that the nozzle height is suitable to be the same as the nozzle diameter. 

The extrusion rate and the nozzle movement speed affect the 3D printing simultaneously, 

both affecting the amount of extrusion per unit length per unit time. Khalil et al. show that 

for a given flow rate Q and a given time t the volume extruded from the nozzle system V 

can be calculated as 

𝑉 = 𝑄𝑡   (2) 

Assuming the extruded volume forms a cylindrical strut of uniform diameter D with a 

length L, 

𝑉 =  𝜋 (
𝐷

2
)

2

𝐿          (3) 

For a given time t and movement speed vn, 

𝐿 = 𝑣𝑛𝑡     (4) 

Combining Eqs. (1) – (3) yields 

𝑣𝑛 =
4𝑄

𝜋𝐷2        (5) 

 

Combining Eqs. (2) and (5) yields 

𝑉 =
𝑄∗𝐿

𝑣𝑛
  (6) 
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 The printing of the radiocontrast agent was evaluated by characterizing the 

roundness of the printed circle, the infill percentage of the solid square, and the print 

resolution standard deviation. To calculate the deviation in roundness, a single trace 

covering the full rotation was made, and at N equally spaced angles θi, a measurement Ri, 

of the radius or distance between the center of rotation and the surface point is taken. A 

least-squares fit to the data gives the following estimators of the parameters of the circle: 

∆ = 𝑅𝑖 − 𝑅 − 𝑎 cos 𝜃 − 𝑏 sin 𝜃𝑖    (7) 

where 

𝑅 =
1

𝑁
∑ 𝑅𝑖

𝑁
𝑖=1        (8) 

𝑎 =
2

𝑁
∑ 𝑅𝑖 cos 𝜃𝑖

𝑁
𝑖=1     (9) 

𝑏 =
2

𝑁
∑ 𝑅𝑖 sin 𝜃𝑖

𝑁
𝑖=1   (10) 

 Table 3.1 shows the nomenclature for the symbols used in the equations above. 

Table 3.1. Symbol Nomenclature for RCA Printing Equations 

Symbol Variable Unit 

hc Nozzle height mm 

Q Flow rate mL/s 

Dn Nozzle diameter mm 

vn Nozzle movement speed mm/s 

V Extruded volume mL 

t Time s 

D Diameter of cylindrical strut mm 

L Print length mm 

θi Angle degrees 

Ri Radius mm 

N Number of measurements none 

 

Development of 2D Radiocontrast Skin Markers and 3D Radiocontrast Needle Guides 

 The radiocontrast agent was printed onto a medical grade paper. Fig. 3.4 shows the 

completed prototypes of the various radiocontrast agent markers. After printing the 
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radiocontrast agent in the desired pattern onto the substrate, double sided adhesive was 

applied to the bottom of the substrate to provide an effective means of attaching the markers 

to a patient. Figs. 3.4a and 3.4b show the 2D circular and square skin markers, respectively. 

Fig. 3.4c shows the 3D skeletal pyramid which demonstrates the ability to print several 2D 

patterns on separate substrates and combine them together to develop novel 3D structures. 

The 3D skeletal pyramid was folded from four separate sheets of paper, three of which 

contained printed radiocontrast agent. 

(a) Circular skin marker (b) Solid square skin marker (c) 3D skeletal pyramid 

needle guide 

   
Figure 3.4. Various radiocontrast agent skin markers. Dashed lines highlight the printed 

radiocontrast agent. 

 

System Analysis and Evaluation 

Evaluation of Nozzle Diameter and Nozzle Movement Speed 

 The nozzle diameter directly governs the print resolution and the time taken to print 

markers. Various nozzle diameters were evaluated to compare the time taken to print the 

solid square marker. As shown in Fig. 3.5, the smaller the nozzle diameter, the greater the 

time taken to print the solid square marker. There was a significant increase in time from 

the 1.0 mm nozzle to the 0.5 mm nozzle. For our application, the 1.0 mm nozzle provided 

the best print resolution without sacrificing significant print time. 



 

30 

 
Figure 3.5. Time taken to print the solid square marker with various nozzle diameters. 

 

Radiocontrast Agent Printing Evaluation 

 Using Eqs. (7) – (10), the deviation in roundness was calculated to be 0.23 mm (N 

= 30).  

The infill percentage was calculated by measuring the area of the space unfilled by 

radiocontrast agent within the solid square shape and subtracting it from the total area of 

the shape. The infill percentage was calculated to be approximately 99.9%.  

 The average line thickness of the printed radiocontrast agent lines was calculated 

by measuring the average line thickness of the 32 lines on the skeletal pyramid 3D needle 

guide. The lines were each 10 mm in length and measurements were taken at 10 different 

locations along the lines, for a total of 320 measurements. Fig. 3.6 shows a scatter plot of 

the average thickness of the 32 different lines. The average line thickness was calculated 

to be 1.56 mm with a standard deviation of ± 0.19 mm.  
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Figure 3.6. Scatter plot showing the measurements of the average line thickness of the 

32 different lines printed on the skeletal pyramid needle guide. 

Table 3.2 shows the calculated radiocontrast agent mixture volume and the time required 

to print the circle, solid square, and skeletal pyramid needle guide. 

Table 3.2. Radiocontrast Agent CT Marker Print Characteristics 

Shape 
Extrusion 

Rate (mL/s) 

Speed 

(mm/s) 

Length 

(mm) 
Print Volume (mL) 

Print Time 

(s) 

Circle 0.056 30 157 0.29 5.23 

Square 0.056 30 2500 4.67 83.33 

Pyramid 0.056 30 1600 2.99 53.33 

 

Radiocontrast Agent Marker CT Images 

 The three prototype radiocontrast agent markers were each imaged in a CT scanner 

with 0.6 mm slice thickness. Fig. 3.7 shows a single slice of each of the prototypes. The 

slices in Figs. 3.7a and 3.7b were taken in the coronal plane while the slice in Fig. 3.7c was 

taken in the transverse plane. The dark waves in the Fig. 3.7b are due to the bending of the 

paper, which was a result of the radiocontrast agent mixture seeping into the paper and 
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degrading the structural integrity. Thicker paper or a wax coating would help to mitigate 

this negative effect. The solid square has some beam hardening artifacts that would likely 

also be mitigated with a substrate of greater resistance to warping upon interaction with a 

liquid. 

 

Discussion 

 The development of a method for printing a custom radiocontrast agent mixture 

provides several potential benefits for CT-guided procedures. One primary advantage is 

the ability to print various markers of various sizes to provide the most optimal marker 

given the specific patient and procedure. Another major benefit is the ability to fold flat 

printed patterns into 3D structures which can serve to guide and support needle insertions. 

In addition, the markers can be fabricated quickly and inexpensively, making them 

disposable and therefore ideal for the surgical setting.  

 This study did not evaluate the use of the proposed skin markers in a clinical setting. 

Thus, the toxicity of the radiocontrast agent was not examined. This is a major area for 

future study because contrast agents can cause mild to severe reactions. Also, barium 

sulfate, the contrast agent used in this study, is typically delivered orally, where iodine-

(a) Circular skin marker (b) Solid square skin marker (c) Skeletal pyramid needle guide 

   
Figure 3.7. CT images of various radiocontrast agent markers. 
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based contrast agents are typically delivered intravenously. Future studies will aim to 

experiment with creating skin markers from iodine-based contrast agents. 

 Another major limitation of this study was the inability to control both the laser 

cutter CNC and the syringe pump together. This limited printing of the radiocontrast agent 

mixture to designs that are made from a single connected line. Future work will aim to 

connect the control circuit of the syringe pump to an external control unit which can sync 

together the control of the laser cutter CNC with the control of the syringe pump. In 

addition, once the syringe pump has been turned off, mixture continues to leak from the 

nozzle as the pressure built up in the tubing dissipates. Some sort of mechanism to instantly 

stop the extrusion would be beneficial for printing more complex patterns. 

 A novel method for printing a custom radiocontrast agent mixture is presented. The 

custom radiocontrast agent mixture was shown to be clearly visible within CT images, able 

to be stored in a liquid state and transition into a solid upon extrusion, and sufficiently 

viscous to flow through a tube and out a 1.0 mm nozzle in a controlled manner. The 

radiocontrast agent mixture was successfully printed via a syringe pump and CNC to allow 

for rapid development of patient-specific CT markers. In addition to printing 2D CT skin 

markers, it was shown that the substrate on which the radiocontrast agent mixture is printed 

can be folded into novel 3D structures which can serve to guide and support needle 

insertions. The resulting radiocontrast agent markers were shown to have clear visibility 

within CT images with minimal artifacts. The printing ability was evaluated to have 1.56 

mm (SD 0.19 mm, n = 30) printing resolution, 99.9% infill in a solid shape, and a deviation 

in roundness of 0.23 mm (n = 30).  
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CHAPTER 4 

CT-GUIDED ABDOMINAL BIOPSY TRAINING PHANTOM 

Percutaneous Biopsy 

Percutaneous core-needle biopsy is widely considered a reliable method for 

accurate diagnosis of various medical conditions [1-4]. CT guidance considerably 

expands the scope of lesions amenable to percutaneous biopsy [5, 6]. A study conducted 

by Welch et al. [7] analyzed 1,000 biopsies of various types guided with CT and showed 

that 93% of cases were diagnosed accurately. The high spatial and contrast resolution of 

CT images can help to localize biopsy targets almost anywhere in the human body [8]. 

This creates a high demand for trained medical practitioners with expertise in CT-guided 

procedures. Complications associated with biopsies such as hemorrhage and perforation 

[9-12] can be reduced through proper biopsy training. 

 An abdominal biopsy phantom was designed to provide a means for training and 

demonstrating image-guided needle biopsy procedures that require a constant visual 

reference for needle placement. The CIRS abdominal biopsy phantom is an industry 

standard, so the proposed phantom was compared with the CIRS phantom [13]. Table 4.1 

shows a comparison of the features of each of the abdominal phantoms. The key 

advantages that the proposed phantom offers are: (1) the ability to electromagnetically 

(EM) track lesion locations; (2) the capability to customize the size and shape of the 

phantom as well as the locations of the lesions to match patient-specific anatomy; and (3) 

the low cost of manufacturing. 
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Table 4.1. Comparison of CIRS Abdominal Phantom and the Proposed Abdominal 

Phantom  

 CIRS phantom Proposed phantom 

Shell Urethane Polylactic acid (PLA) 

Lesions No tracking EM tracking 

Filling Zerdine, 1550 m/s (nominal) Super soft plastic/plastic softener 

Customizable No Yes—patient-specific customization 

Suitable for CT Yes Yes 

Price ~ $2000 USD < $100 USD 

 

Abdominal Phantom Design 

Shell Design 

 The shell of the phantom was designed in SolidWorks (Fig. 4.1a) and printed in 

polylactic acid (PLA) (Fig. 4.1b), a biodegradable thermoplastic, on a Makerbot 

Replicator printer. The shell model was designed to include two windows for needle 

insertion: one for insertion through the top, and one for insertion through the side. Fig. 

4.1c shows the 3D printed shell with caps covering the windows. The window caps 

provide stability to the structure during filling pouring and transportation of the phantom. 

(a) CAD model (b) 3D printed shell (c) Shell with window 

caps 

   
Figure 4.1. 3D printed abdominal phantom shell.  
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Lesion Design 

 Phantom lesions were designed in SolidWorks (Figs. 4.2a & 4.2b) and 3D printed 

in Formlabs’ flexible material on a Form 2 printer (Fig. 4.2c). The spherical lesions have 

a 2 cm diameter and a 5 mm diameter cylindrical hole to allow for insertion of an 

electromagnetic (EM) tracking coil (Fig. 4.2d). They contain a hollow center between the 

outer wall and the inner cylindrical tube to allow the lesion to be more easily penetrated 

(Fig. 4.2b).  

 Specific locations for twelve lesions were randomly determined in the CAD 

model (Fig. 4.2e). 

(a) Custom lesion CAD model (b) Lesion CAD model cross-section 

  
(c) 3D-printed custom lesion (d) Tracking coil housed within lesion 

  
(e) Abdominal phantom CAD model with defined lesion locations. 

 
Figure 4.2. Custom lesion CAD model and 3D printed prototype. 
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Spine Model 

 A CAD model of a section of the human spine (Fig. 4.3a) was acquired from [14] 

and used to print a 3D model from PLA on a Makerbot Replicator printer (Fig. 4.3b). The 

spine model was scaled to the approximate size of an adult human spine and included 

inside the abdominal phantom. 

(a) Spine CAD model (b) 3D printed spine model 

  
Figure 4.3. Spine CAD and 3D printed model. 

 

Soft Plastic Filling Composition and Characteristics 

 The aim for the abdominal phantom filling was to simulate a true human abdomen 

by matching the density of the filling to that of the human abdominal tissue. According to 

[15], the density of human fatty tissue is approximately 911 kg/m3 and the density of 

human muscle tissue is approximately 1100 kg/m3. 

 The filling of the abdominal phantom was created from a mixture of super soft 

plastic [14], plastic softener [14], and a small amount of mineral oil (2%). The soft plastic 

and plastic softener were mixed together to create a gelatin-like material and the mineral 

oil was used to prevent the soft plastic from being too sticky. Density and penetrability 

were measured on ten different plastic mixture compositions with soft plastic to plastic 
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softener ratios ranging from 1:1 to 10:1 (Fig. 4.4a) to determine the composition that 

most closely resembled the human abdomen.  

 The ten filling samples were each cut into a uniform shape of a cylinder of 50 mm 

diameter and 33 mm height. The density was calculated by measuring mass and volume 

directly and dividing mass by volume. The penetrability was measured by dropping a 

weighted needle into the plastic mixture samples (Fig. 4.4b). A resistive force of 

approximately 0.5 N was chosen after consultation with an interventional radiologist to 

select a reasonable force to penetrate through abdominal organs. To achieve the 0.5 N 

force, a mass (50 g) was mounted to the end of the needle using a 3D-printed mount. To 

compare the experimental results to the industry standard in abdominal phantoms, the 

penetration depth of a CIRS abdominal biopsy phantom was tested. 

(a) Ten samples of various ratios of super soft plastic 

and plastic softener 

(b) Penetrability measurement 

experimental setup 

  
Figure 4.4. Soft plastic mixture composition experiments. 

 

Abdominal Phantom Prototype and CT Scan 

 Once the optimal abdominal phantom filling composition was selected based on 

the experimental results shown in section 3.1, the phantom prototype was created. 

Twelve lesions were placed inside the phantom, with each location matching exactly to 

the dimensions of the CAD model (Fig. 4.5). The phantom was constructed in four layers 

of plastic filling in order to place the lesions at various heights. The prototype only 
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contained one EM tracking coil to prove the concept of EM tracked lesions, but future 

prototypes have the potential to contain an EM tracking coil in every lesion. The 

abdominal phantom prototype was scanned inside of a computed tomography (CT) 

scanner to observe its visibility in CT images. 

 
Figure 4.5. Completed abdominal phantom prototype with 12 lesions and 3:1 soft plastic 

to plastic softener composition. 

 The tracking coils used in this study were homemade and inexpensive to make (< 

$5). The cost of the entire prototype was approximately $60, which is a low cost for an 

effective method to train medical practitioners (Table 4.2). 

 

Tracking Coil Software 

 An Aurora EM Tracking System [16] was used to track both the lesion inside the 

phantom and the tip of a needle. The previously acquired CT images of the abdominal 

phantom were imported into OncoNav navigation software, which displayed the axial, 

sagittal, and transverse planes of the imported image set. The software allowed the user to 

Table 4.2. Breakdown of Custom Abdominal Phantom Costs 

Item Shell Lesions Spine Filling In-house designed EM tracker Total 

Cost ~$5 ~$5 ~$2 ~$40 ~$5 ~$57 
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select a target point (target lesion) and the tip of the needle was indicated with crosshairs 

to help guide the user to the target location. 

Needle Insertion Data 

 Five medical trainees practiced inserting a needle into the lesions of the 

abdominal phantom using CT guided imaging. Each trainee completed 10 trials of 

attempting to insert a needle into a lesion randomly selected by the experimenter. Each 

trial was measured by how many insertions/retractions it took for the trainee to hit the 

target lesion. 

Abdominal Phantom Evaluation 

Abdominal Phantom Soft Plastic Filling Characteristics 

 The density values of the filling samples ranged from 888 kg/m3 to 967 kg/m3 

(Fig. 4.6a). The density of human fatty tissue lies within the soft plastic mixture density 

range, but future work is required to achieve a higher density to match that of human 

muscle tissue. The 3:1 soft plastic mixture was chosen for the prototype because it most 

closely resembled human fatty tissue.  

 The penetration depth of the CIRS abdominal biopsy phantom was 22 mm. The 

penetration depth in the filling samples decreased as the soft plastic to plastic softener 

ratio increased (Fig. 4.6b). The plot of the relationship shows that the penetration depth 

began to approach an asymptote around 10 mm. 
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Abdominal Phantom CT Scan 

The CT scans of the phantom prototype showed that the shell of the phantom and 

its internal filling and lesions were clearly visible in CT images. The tracking coil created 

a bright spot in the CT image (Fig. 4.7), improving the visibility of the lesions to assist 

the practitioner in guiding the needle to the target lesion. 

 
Figure 4.7. CT scanned image of abdominal phantom. 

 

 

 

(a) Density (kg/m3) vs plastic mixture ratio (b) Average penetration depth (mm) vs 

plastic mixture ratio with the industry 

standard CIRS abdominal phantom 

penetration depth displayed as a dashed 

line. 

  
Figure 4.6. Soft plastic and plastic softener mixture properties. Plastic mixture is a 

composition of soft plastic and plastic softener (n:1). 
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Tracking Coil Software 

 The OncoNav software successfully tracked the lesion and needle tip locations in 

CT scans of the abdominal phantom (Fig. 4.8). 

Needle Insertion Experiments 

 In the 50 trials, 50 out of 65 total needle insertions to target lesions were 

successful, which was a success rate of 76.9%. 

 
Figure 4.8. Lesion and needle tracking in OncoNav software. Crosshairs indicate 

tracked needle tip location. 

 

Discussion 

 The abdominal phantom prototype developed in this study provides an 

inexpensive method for physicians to practice needle insertion with CT image guidance 

and EM tracking assistance. The CT images only need to be obtained once to be used for 

practice in office settings, making this device very suitable for interventional radiology 

training. The inner filling was designed to have a similar density to that of human fatty 

tissue to closely mimic an actual human body as closely as possible. The penetrability of 

the filling was analyzed to observe the relationship between the mixture composition 

ratio and the penetrability. In future work, the penetrability of human tissue will be 

measured to compare with experimental results from the proposed phantom. CT images 

of the abdominal phantom were taken to observe the visibility of the shell, the lesions, 

and the filling in CT images. The CT images were imported into OncoNav navigation 
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software and used for biopsy training with medical practitioners. The needle insertion 

lesion-contact data showed a 76.9% success rate in making contact with the target lesion 

upon insertion. Further research will aim to compare our data to needle insertion data on 

other industry standard abdominal phantoms as well as human tissue. Overall, the 

proposed abdominal phantom prototype provides a low-cost device to train physicians in 

CT-guided needle insertion procedures. 
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CHAPTER 5 

CARDIOVASCULAR CATHETER WITH AN EXPANDABLE ORIGAMI 

STRUCTURE 

Radiofrequency Ablation for Atrial Fibrillation  

Atrial fibrillation (AF) is a heart rhythm disorder characterized by rapid or 

irregular electrical activity in the atria. The atrial electrical signals bombard the 

atrioventricular (AV) node, allowing some signals to pass through the AV node to the 

ventricles, producing a rapid, irregular heart rate and often causing symptoms of 

palpitations, shortness of breath, or fatigue [1]. Over 750,000 people are hospitalized 

each year as a result of AF, and the condition contributes to an estimated 130,000 deaths 

each year [2]. These numbers are expected to rise as the average age of the U.S. 

population increases [3, 4].  

 Electrophysiology (EP) therapy is rapidly growing as a means for diagnosis and 

treatment of cardiac rhythm disorders. During treatment of AF, a specialized 

mapping/ablation catheter is inserted through the femoral artery (FA) and guided to the 

source of arrhythmia in the heart [5]. The catheter is then used to measure electrical 

voltages at various locations throughout the chambers of the heart. The collected 

information is used to create a spatial voltage distribution for locating the abnormal tissue 

causing the arrhythmia [6]. The abnormal tissue is then electrically inactivated through 

the transmission of radiofrequency energy [7]. This method, known as radiofrequency 

ablation (RFA), can restore the patient’s regular heart rhythm. Both the RFA treatment 
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phase and the mapping diagnostic phase of EP procedures are heavily dependent on the 

electrophysiologist’s ability to navigate the catheter to the intended location.  

 This chapter presents a novel expandable structure allowing for potential imaging 

and treatment electronics to be mounted to a catheter-based device. The origami folding 

method and a mathematical model are presented to demonstrate the ability to 

manufacture an expandable origami structure to suit specific patient anatomy and clinical 

instruments. A prototype of the expandable origami structure was scanned inside an MRI 

scanner to demonstrate the MRI compatibility of the design. 

Device Design 

Geometry/Mathematical Model 

 An optimal shape design for the origami structure was determined by evaluating 

the geometry and the available space for storing electronics. Nomenclature is shown in 

Table 5.1 for the below equations and symbols. The structure is a square grid comprised 

of n x n smaller individual squares (8 x 8 in the prototype displayed in Fig. 5.1). The 

height, h, of the fully stowed configuration is limited by the (1a) is given by  

ℎ =
𝑑

𝑛
 (1) 

where d is the diameter of the fully expanded configuration (Fig. 5.1d) and n is the 

number of folds across the horizontal or vertical direction. The maximum allowable 

height of the stowed configuration is considered because the structure could get stuck in 

the aortic arch if the height is too large. Fig. 5.2a shows an MR image of the aortic arch 

with an overlaid image of the stowed origami structure as it passes through the aortic 

arch. The area, As, of the fully stowed configuration (perpendicular to the axis of the 

catheter) can be determined by  
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𝐴𝑠 =  (ℎ + 𝑡 ∗ 4𝑛)2 (2) 

where t is the material thickness. The diameter of the FA limits the maximum allowable 

stowed area. The surface area, Ae, of the fully expanded configuration is   

𝐴𝑒 = (
𝜋

4
) 𝑑2  (3) 

The diameter of the left atrium (LA) limits the maximum allowable expanded surface 

area. Fig. 5.2b highlights the areas in the FA and LA where the origami structure will be 

stowed and expanded. The expanded surface area to stowed area ratio, Ra, is defined by 

𝑅𝑎 =
𝐴𝑒

𝐴𝑠
 (4) 

It is necessary for this ratio to be as large as possible to optimize the shape of the flasher 

and obtain the maximum achievable SNR.   
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Table 5.1. Symbol Nomenclature for Origami Structure Equations 

h Height of the fully stowed configuration 

d Diameter of the fully expanded configuration 

n Number of folds across the horizontal or vertical direction 

As Area of the fully stowed configuration (perpendicular to catheter axis) 

Ae Surface area of the fully expanded configuration 

t Thickness of material 

Ra Expanded surface area to stowed area ratio  

f Frequency 

Q Quality factor 

L Inductance 

C Capacitance 

R Resistance 

SNR Signal to noise ratio 

Pcenter Mean signal of a 40 x 40 pixel region at the center of the phantom 

image 

SDcorner Standard deviation of the signal of a 40 x 40 pixel region at the corner 

of the image 
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(a) 0% expanded (b) 30% expanded 

  
(c) 70% expanded (d) 100% expanded 

  
Figure 5.1. Origami structure expansion. 

(a) MR image showing the aortic arch 

with the stowed origami structure 

overlaid 

(b) MR images highlighting the area 

constraints of the origami structure. The blue 

highlights the area of the left atrium, where 

the catheter will be expanded, and the red 

highlights the area of the femoral artery, 

where the catheter will be stowed. 

  
Figure 5.2. Anatomy that the origami structure interacts with.  
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Mechanical Fabrication  

 The expandable origami structure was fabricated by folding a 40 mm x 40 mm 

sheet of biocompatible polycaprolactone into an iso-area flasher origami pattern [8] (Fig. 

5.3).  The material properties of the expandable structure allow it to be flexible enough to 

fold down to fit inside the body vasculature, yet stiff enough to expand once inside the 

heart chamber. After the structure has been deployed inside the heart and has captured the 

images, it is pulled out of the heart while still in the expanded configuration. The 

structure collapses on itself in the process, rendering it unusable for future imaging.  

 Once the base of the structure was assembled, a coil of 5 mm width copper was 

applied near the edge of the apparatus to form a receiver coil (Fig. 5.4a).  Figures 5.4b, 

5.4c, and 5.4d show prototypes of expandable structures containing 2, 4, and 8 imaging 

coils, respectively, to illustrate the potential for parallel imaging using this structure. This 

simple fabrication method allows for ease of prototyping as well as a straightforward 

proof of concept. 

Step 1 Step 2 Step 3 Step 4 

    

Step 5 Step 6 Step 7 Step 8 

    
Step 9 Step 10 Step 11 Step 12 
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Step 13 Step 14 Step 15 Step 16 

    
Figure 5.3. Instructions for folding expandable origami structure. Step 1: Cut out a 

circular sheet of paper. Step 2: Fold the 4 horizontal valley (HV) folds and the 3 

horizontal mountain (HM) folds. Step 3: With the same sheet of paper and in the same 

orientation, fold the 4 vertical mountain (VM) folds and the 3 vertical valley (VV) 

folds. Step 4: Fold VM3 to VM2. Step 5: Fold HM2 down to HM3. Step 6: Turn over 

to bottom side. Step 7: Fold top half of back vertical mountain 2 (BVM2) to back 

vertical mountain 3 (BVM3). Step 8: Turn over to top side and pull left and right 

halves of HM2 apart until top layers separate from underlying layer. Step 9: Fold right 

half of HM2 to HM1. This should form a central square under the first layer of folds 

(illustrated in yellow box). Step 10: Fold HM2 to VM3 and fold HM3 and VM4 

together between them, forming the diagonal bottom right (DBR) fold. Step 11: Fold 

HM2 to VM2 and fold HM1 and VM1 together between them, forming the diagonal 

top left (DTL) fold. Step 12: Turn over. Step 13: Fold BHM2 to BVM2 and fold 

BHM1 and BVM1 together between them, forming BDTL. Step 14:  Fold BHM3 to 

BVM2 and fold BHM4 and BVM3 together between them, forming BDBR. Step 15:  

Push the outside corners together and keep orientation of previous folds. Step 16: 

Continue pushing corners together until top and bottom edges come together. 

 

 

 

(a) 1 coil (b) 2 coils (c) 4 coils (d) 8 coils 

    

Figure 5.4. Origami structure containing varying numbers of imaging coils. 
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Tuning and Matching Electronics 

 The imaging coil was connected to a tuning-matching circuit (Fig. 5.5a) sealed in 

a box at the proximal end of the stylet through a micro-coaxial cable [9, 10]. The circuit 

was tuned and matched based on a single coil topology to prove the concept of the 

origami structure incorporated with imaging electronics. A network analyzer was then 

used to tune the embedded circuit to 128 MHz (3T Larmor frequency) and used to match 

the circuit to the universal standard of 50-ohm resistance (Fig. 5.5b).  

 The second order RLC circuit consists of a resistor that consumes energy and 

induces a damping effect during the resonance.  The energy is stored in the capacitor and 

inductor, both of which determine the resonance frequency of the circuit.  Referring to 

[11], the resonance frequency of the system can be written as 

𝑓 =
1

2𝜋√𝐿𝐶
 (5) 

where L and C are the inductance and capacitance of the circuit respectively.  From Eq. 

(5) alone, there are infinite combinations of the L and C to generate a specific resonance 

(a) Circuit diagram of the tuning-matching 

circuit. The circuit was tuned based on a single 

coil topology to prove the concept of the 

origami structure incorporated with imaging 

electronics. 

(b) Network analysis displaying the 

reflection efficiency of the coil 

resonance frequency tuned to 128 

MHz for 3T Larmor frequency 

 

 
Figure 5.5. Tuning-matching circuit tuned to the Larmor Frequency. 



 

56 

value. However, it is worth noting the quality factor, acting as another important 

consideration of designing the RLC circuit, which can be written as 

𝑄 =
1

𝑅
√

𝐿

𝐶
 (6) 

 A larger Q value correlates to a larger amount of magnetic energy that can be 

stored by the micro coil.  Therefore, a trade-off between L and C need to be made in the 

tuning-matching of the coil. The quality factor of the imaging coil circuit was calculated 

to be 8.533. 

MRI Compatibility Test 

 An MR image that has been negatively affected by the presence of a non-

compatible device or object has a lower SNR. Certain devices or objects may not cause 

artifact disturbances due to either being solely constructed of compatible materials or by 

a large physical separation. Active devices (which contain electrically powered 

components or are otherwise capable of producing electromagnetic (EM) field emissions) 

can cause SNR reduction if their emitted fields are picked up by the scanner receive coil. 

To evaluate the effect on MR image SNR of the system and the effect of the shielding, 

every active component of the system intended to be used within the scanner room was 

tested independently before the system was tested.  

 The implemented test method was adapted from the protocol put forward by 

Chinzei [12] for electrical and electronic components. According to the standard defined 

by Chinzei, the acceptable level of SNR reduction is up to 10 %. However, this value is 

intended as a guideline rather than a strict qualifier of compatibility. In practice, the 

acceptable level of SNR reduction is dependent on the intended method of application. A 
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very low degree may be required for the determination of soft tissue boundaries from an 

image, but a much less stringent requirement may be necessary for image guided gross 

positioning of instruments. 

 The implemented test method was conducted as follows: 

1. A container was filled with CuSO4 solution (1.25 g/l concentration) and scanned with 

a spin echo and a gradient echo sequence; these images were used as the control image. 

The image sequence parameters must be maintained constant throughout the duration of 

the subsequent testing. 

2. The origami structure was placed next to the phantom without power connected and 

the phantom was scanned with the same scan sequence combination. 

3. In the same configuration, a further scan was taken with the origami structure closed 

and connected to the scanner. 

4. In the same configuration, a further scan was taken with the origami structure 

expanded and connected to the scanner. 

5. DICOM format images were produced. The SNR of an image is calculated using 

Equation 7, where Pcenter is the mean signal of a 40 x 40-pixel region at the center of the 

phantom image and SDcorner is the standard deviation of the signal of a 40 x 40-pixel 

region at the corner of the image. The variation of SNR is calculated by subtracting the 

SNR value of the corresponding control image. 

𝑆𝑁𝑅 =
𝑃𝑐𝑒𝑛𝑡𝑒𝑟

𝑆𝐷𝑐𝑜𝑟𝑛𝑒𝑟
 (7) 

 The method requires the origami structure in the bore to be connected to the 

scanner with the flasher actuated at different stages (e.g. stowed, expanded). As such, the 
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full system including the auxiliary tuning and matching electronic hardware must be 

included in the scanner room during the test.  

Device Analysis and Evaluation 

Geometry/Mathematical Model 

 The geometric evaluation of the expandable origami structure was used to create a 

mathematical model for determining the optimal dimensions of the structure. Fig. 5.6 

shows plots displaying the relationship of height (Fig. 5.6a), stowed area (Fig. 5.6b), and 

expanded surface area (Fig. 5.6c) to the expanded diameter and the number of folds.  

Using these plots, the ideal shape of the expandable structure based on the curvature of 

the aortic arch, the inner diameter of the guide catheter, and the diameter of the LA can 

be defined. The average diameter of the FA at the hip is approximately 8.2 ± 0.14 mm 

[13].  The average diameter of the LA is approximately 27 – 38 mm in women and 30 – 

40 mm in men [14]. Using this data, appropriate values for the height h, the stowed area 

As, and the expanded area Ae can be found using equations 1, 2, and 3. h is calculated 

from equation 1 to be 4.25 mm using an estimated diameter d matching that of the 34 mm 

average diameter of the LA in humans  [14] and using n = 8 as in the prototype shown in 

this report. As is calculated via equation 2 to be an estimated 196 mm2 using a material 

thickness t of 0.25 mm. Ae is calculated via equation 3 to be approximately 1120 mm2. 

The expanded surface area to stowed area ratio Ra is therefore estimated to be 5.71 using 

equation 4 (Table 5.2).  
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(a) Stowed height (b) Stowed area (c) Expanded surface 

   
Figure 5.6.  Plots displaying (a) stowed height, (b) stowed area, and (c) expanded surface 

area against expanded diameter and the number of folds contained across the width of the 

structure. 

 

Table 5.2. Origami Structure vs Mechanical Constraint Case Study  

Structure Dimension Mechanical Constraint Calculated Value Equation Used 

H (Height) Aortic arch curvature 4.25 mm 1 

As (Stowed Area) FA inner diameter  196 mm2 2 

Ae (Expanded Area) LA inner diameter 1120 mm2 3 

Ra (Area Ratio) FA and LA inner 

diameters  

5.71 4 

 

MRI Compatibility Test 

 The SNR reduction of the expandable origami structure was examined. The 

experiment was conducted in a 3T Siemens MRI scanner. The results are shown in Fig. 

5.7. The maximum SNR reduction in the origami catheter was 0.54% with the turbo spin 

echo (TSE) sequence, and 0.46% with the True fast imaging with steady-state free 

precession (True FISP) sequence. Even though the SNR reduction varies in different scan 

conditions, they are all within the acceptable level of 10% proposed by Chinzei [12], 

showing good compatibility of the individual components. This experiment demonstrates 
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the usability of the expandable origami structure with its individual electronic 

components in the MR environment. 

 

Discussion 

 Treatment of cardiac arrhythmia through catheter ablation can permanently 

resolve the condition and significantly improve patients’ quality of life.  The expandable 

origami structure for storing MRI imaging coils on the tip of a catheter offers an 

improved method for treatment of cardiac arrhythmia, but further studies are required to 

validate the safety and the capabilities of the structure. The expandable structure must be 

able to integrate with the catheter through either some effective means of attachment or 

through direct fabrication of the two parts as one. In vivo animal trials and human pilot 

studies must be conducted to confirm the devices ability to safely deploy inside the LA 

and safely retract from the body. The shape of the structure will be compared to other 

 
Figure 5.7. Results from SNR reduction experiment.  Image sequence parameters: TSE 

– TR/3600ms, TE/120ms, Flip Angle/180 degrees, number of slice/5mm, 

spacing/5mm, resolution/256X256, Field of View (FOV)/300mm, Band 

Width/130Hz/px; True FISP – TR/22ms, TE/10ms, Flip Angle/30 degrees, number of 

slice/5mm, spacing/5mm, resolution/256X256, Field of View (FOV)/300mm, Band 

Width/130Hz/px. 
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potential shapes to determine the safest structure. For example, a voluminous structure 

could potentially offer more safety as opposed to a flat structure because it would not 

contain sharp edges. Further MRI scans must be performed to validate the devices ability 

to perform real time cardiac imaging. 

 This chapter presents the design of a novel expandable origami mechanism that 

aims to assist in diagnostic and therapeutic stages of EP treatments.  The expandable 

structure was developed by folding a thin sheet of biocompatible polycaprolactone into 

an iso-area flasher and the embedded electrical circuit was constructed by applying 

imaging coils around the structure.  The circuit was tuned and matched via network 

analysis to the Larmor frequency of a 3T MRI at 128 MHz.  Equations relating expanded 

surface area and stowed area were derived from basic geometry to optimize the shape of 

the flasher based on patient anatomy. SNR reduction results demonstrate that the imaging 

coil is MRI compatible. Future experiments performing actual cardiac imaging are 

required to validate the efficacy of the device. 
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CHAPTER 6 

MR CONDITIONAL SMA-BASED ORIGAMI JOINT 

Minimally Invasive Surgery with Magnetic Resonance Imaging 

Minimally invasive surgery (MIS) has quickly become one of the most promising 

fields for surgical procedures. The goal of MIS is to minimize incisions to reduce 

postoperative pain and blood loss, speed recovery, and lessen scarring [1, 2]. MIS 

procedures have been enabled by the advance of microfabrication of various medical 

devices. However, a major drawback to this technique is the increased costs due to 

investment in the equipment required and the use of disposable instruments [3]. The cost 

of disposable MIS devices can be significantly reduced through simplification of 

fabrication techniques. Origami provides distinct efficiency in creating three-dimensional 

geometry without assembly by folding a single sheet of material [4]. The implementation 

of origami structures into minimally invasive surgical instruments is a promising new 

field that has numerous applications [5-8]. Recently, there has been an emerging field 

using origami to create compliant mechanisms, which can provide alternative ways to 

develop joints that achieve a particular range of motion [9, 10]. Devices that can provide 

precise navigation through curved anatomical pathways are crucial during these types of 

surgery, which makes the dexterity of origami structures especially useful in MIS [11]. 

Magnetic resonance imaging (MRI) provides high contrast visualization of soft 

tissue, making it ideal for image-guided procedures. Currently, most MRI is diagnostic 

due to the inherent limitations present within a strong magnetic field. However, research 
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shows that MRI can be used for intraoperative procedures such as navigating catheters in 

cardiovascular interventions [12]. The American Society for Testing and Materials 

(ASTM) standard F2503-13 [13] classifies devices for the MR environment. MR 

conditional items are those that have been demonstrated to pose no known hazards in a 

specified MRI environment.  

In this study, a chain of compliant rolling-contact element joints [14] was 

designed. The origami joints were derived from curved-folding origami techniques that 

enable the capability of being assembled from a single sheet of material. Many traditional 

endoscopes contain a series of pin joints for manipulation [15]. The origami joints used in 

this study aimed to reduce the complications that arise in pin joints such as backlash and 

wear. The origami joints can be completely assembled from a single sheet of material, 

greatly reducing the cost of fabrication by eliminating assembly of various components.  

The origami joints were actuated using shape-memory alloy (SMA). SMA is an 

alloy that can recover an apparent permanent strain once heated to its activation 

temperature [16]. SMA is in the martensite phase at lower temperatures and can  

be easily deformed. When the SMA is heated, it returns to its pre-deformed shape set at 

the austenite phase [17]. Previous similar studies have shown to provide around 3 N of 

force using SMA [18]. Real-time active water cooling can be used with SMA to avoid 

tissue burning and to increase actuation bandwidth [19]. 

The geometry of the joint was analyzed to derive equations that define the 

location of the end-effector position. Mathematical software was used to model the 

resulting equations to visualize the physical range of the joint. The desired position of the 

end-effector could then be found by utilizing inverse kinematics.  
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The origami joint chain was introduced into the MRI environment to evaluate its 

MRI compatibility. The ability of the device to be MR conditional allows it to be used in 

MRI-guided surgical procedures, making it a valuable additional tool to assist surgeons in 

navigating anatomical pathways. 

The novel contributions in this chapter include: 1) For the first time, a joint chain 

was developed based on origami principles and smart actuators, 2) the joint chain was 

low-cost and disposable as it was assembled from a single sheet of material, and 3) the 

joint chain was MR conditional. 

Origami Joint Design 

Origami Folding Plan of the Joint Chain 

The flat printed folding pattern of a chain of four origami joints is presented in 

Fig. 6.1a. The design can be laser cut, significantly reducing fabrication time. Black lines 

represent where the structure is cut, and red lines represent where it is folded. The folding 

pattern of a single origami joint is shown in Fig. 6.1b. Two rolling surfaces are connected 

by flexible bands, which forms a functional joint (Fig. 6.1c). A link connects each joint 

with an orientation of 90 degrees to the next adjacent joint, which provides for multiple 

degrees of freedom. The joint and link structures were designed so that a lumen is 

available for a catheter or other instruments to go through the joint chain. The position of 

the structure can be modeled using forward kinematic equations. 
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Kinematic Model for Planar Origami Joint 

The kinematics of the origami joint were used to describe the joint chain’s end 

effector position in relation to the angle of deflection of each joint. A mathematical 

model was derived by building up from a single joint to a chain of n joints (Fig. 6.2). 

The point of contact between the two halves of a single origami joint with relation 

to its deflection angle was determined from the total deflection θ of the joint and the 

radius of the cam R (Fig. 6.2a). Nelson et al [14] determined that the structure of the 

origami joint is modelled by a cylindrical cam. The equation of the length L of a single 

panel is shown by 

 𝐿 = 2𝑅 sin
𝜃

2
      (1) 

(a) Folding pattern of an origami chain of four joints 

 

(b) Folding pattern for a single origami 

joint 

(c)  Final folded form of a single origami 

joint [14] 

  

Figure 6.1. Origami joint folding pattern.  



 

68 

Using the Pythagorean Theorem,  

𝑅2 = 𝐷2 + (
𝐿

2
)

2

     (2) 

Substituting for L and rearranging, 

𝐷 = 𝑅√1 − (sin
𝜃

2
)

2

          (3) 

D was then be used to determine the relationship between the angle of rotation of the 

joint, α, and the (x, y) coordinates of the point of contact between the two rolling 

elements in the origami joint (Fig. 6.2b). From Fig. 6.2 and the law of sines, 

sin(90+𝛼)

𝑅
=

cos 𝛼

𝑅
=

sin 𝛽

𝐷
          (4) 

Solving for β and substituting for β, 

𝛽 = sin−1 (
𝐷

𝑅
cos 𝛼)        (5) 

𝑐 + (90 + 𝛼) + sin−1 (
𝐷

𝑅
cos 𝛼) = 180        (6) 

Solving for c, 

𝑐 = 90 − 𝛼 − sin−1 (
𝐷

𝑅
cos 𝛼)           (7) 

Then using the law of sines again, 

𝑟 =
𝑅 sin 𝑐

cos 𝛼
=

𝑅 sin 90−𝛼−sin−1(
𝐷

𝑅
cos 𝛼)

cos 𝛼
    (8) 

Substituting for D, 

𝑟 =
𝑅 sin 90−𝛼−sin−1(√1−(sin

𝜃

2
)

2
cos 𝛼)

cos 𝛼
    (9) 

Let γ be the numerator of r. 

 𝛾 = 𝑅 sin 90 − 𝛼 − sin−1 (√1 − (sin
𝜃

2
)

2

cos 𝛼)     (10) 
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r can be expressed as   

𝑟 =
𝛾

cos 𝛼
             (11) 

x and y are found in terms of r by 

𝑥 = 𝑟 cos 𝛼             (12) 

𝑦 = 𝑟 sin 𝛼             (13) 

Thus, when given the coordinates to the origin of the origami joint (𝑥𝑜 , 𝑦𝑜), one can find 

the coordinates (𝑥, 𝑦) of the point of contact of the joint. Take, for example, Fig. 6.2c, 

which shows the geometry of a chain of two origami joints in a two-dimensional plane (a 

structure with one degree of freedom). The coordinates of the points of contact between 

each joint, (𝑥𝑛, 𝑦𝑛) can be determined by finding the origin coordinates (𝑥𝑜𝑛
, 𝑦𝑜𝑛

) and 

adding the results from (12) and (13). Assuming the first origin coordinates are (0, 0) the 

next origin coordinates for the next joint in the chain is determined by 

𝑥𝑜2
= 𝑥1 + 𝑡1 cos 𝛼1                (14) 

𝑦𝑜2
= 𝑦1 + 𝑟1 + 𝑡1 sin 𝛼1            (15) 

Where t is the thickness of each link (Fig. 6.2c). The point of contact of the second joint 

is at 

𝑥2 = 𝑥𝑜2
+ 𝑟2 cos(−90 + 𝛼1 + 𝛼2)         (16) 

𝑦2 = 𝑦𝑜2
+ 𝑟2 sin(−90 + 𝛼1 + 𝛼2)          (17) 

For n joints, the point of contact of the n-th joint is at  
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𝑥𝑛 = ∑ [
𝛾𝑖

cos 𝛼𝑖
cos ((𝑖 − 1) (−

𝜋

2
) + ∑ 𝛼𝑗

𝑖

𝑗=1

)]

𝑛

𝑖=1

+ ∑ [𝑡𝑖 cos ((𝑖 − 1) (−
𝜋

2
) + ∑ 𝛼𝑗

𝑖

𝑗=1

)]

𝑛−1

𝑖=1

+ ∑ [
𝛾𝑖

cos 𝛼𝑖
cos ((𝑖 − 2) (−

𝜋

2
) + ∑ 𝛼𝑗

𝑖−1

𝑗=1

)]

𝑛−1

𝑖=2

 

(18) 

𝑦𝑛 = ∑ [
𝛾𝑖

cos 𝛼𝑖
sin ((𝑖 − 1) (−

𝜋

2
) + ∑ 𝛼𝑗

𝑖

𝑗=1

)]

𝑛

𝑖=1

+
𝛾1

cos 𝛼1

+ ∑ [𝑡𝑖 sin ((𝑖 − 1) (−
𝜋

2
) + ∑ 𝛼𝑗

𝑖

𝑗=1

)]

𝑛−1

𝑖=1

+ ∑ [
𝛾𝑖

cos 𝛼𝑖
sin ((𝑖 − 2) (−

𝜋

2
) + ∑ 𝛼𝑗

𝑖−1

𝑗=1

)]

𝑛−1

𝑖=2

 

(19) 

 

 

 

 

 

 



 

71 

(a) Origami joint cam (b) Geometry to determine D from the angle 

of rotation of the origami joint 

  

(c) 2-D geometric representation of the rotation in space of a chain of origami joints 

 

Figure 6.2. Geometric analysis of the origami joint structure. 

 

Shape Memory Alloy Actuation  

 The origami joints were actuated with shape-memory alloy (SMA) springs made 

of nitinol wire. The SMA springs were conditioned so that when heat is applied, they 

return to their tightly wound memory shape. Each joint contained two SMA springs: one 

on both the right and left sides. When an electrical current is applied to one of the SMA 
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springs, it returns to its memory shape, which causes the other spring to stretch (Fig. 

6.3a). This effectively actuates the joint in one direction.  The direction of actuation of 

the joint was regulated by controlling the current applied to each spring. The size of the 

origami joint prototype shown in Fig. 6.3b was approximately 12 mm x 12 mm x 12 mm 

and the cost is less than one US dollar. 

(a) Progression of actuation of a two origami joints from 0° - 20° 

 

(b) Size comparison of an origami joint 

prototype to a human pinky 

(c) CAD model of origami joint chain 

 
 

Figure 6.3. Origami joint prototypes and CAD model. 

 

Electronic Circuitry 

 Each origami joint was connected to four cables that provide electricity to actuate 

the two springs. The cables were fed through the central lumen of the device. An open-

loop control circuit was developed based on H-bridge electronics and pulse width 

modulation (PWM) to regulate the input current to achieve a desired bending angle 

output.  
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Origami Joint SMA Performance Analysis 

 The performance of the SMA was analyzed through experiments which compared 

current vs bending angle, current vs temperature, current vs force, and response time vs 

angle at various currents. Upon loading and unloading the SMA with current, hysteresis 

was observed and recorded. The force generated was measured by actuating the joint with 

weights hanging from one side of the structure. As more current was applied, more 

weight could be lifted. The actuation angle was measured using a protractor, and the 

SMA temperature was measured using a temperature probe. 

Origami Joint Material Properties 

 The prototype in Fig. 6.3 was constructed by folding the origami pattern in Fig. 

6.1 from cardstock and further strengthened by inserting a photopolymer. The mechanical 

properties of the photopolymer are given in Table 1.  

Table 6.1. Photopolymer Properties 

Mechanical Properties Measurement Method 

Ultimate Tensile Strength 38 MPA ASTM D 638-10 

Young's Modulus 1.6 Gpa ASTM D 638-10 

Elongation at Failure 12% ASTM D 638-10 

Flexural Modulus 1.25 Gpa ASTM C 790-10 

Thickness 1 mm n/a 

 

Origami Joint Performance Evaluation 

Origami Joint SMA Performance Results 

The performance results of the SMA are shown in Fig. 6.4. The results show that 

the degree of bending was approximately ±9 degrees per joint with the current limited to 

1.5 A. The SMA reached a temperature of approximately 150 degrees Celsius at a current 
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of 1.25 A. The joint had a response time of < 4 seconds and an actuation force of 0.5 N 

with 1.25-A current. The results of the observed hysteresis of the SMA upon loading and 

unloading of current is shown in Fig. 6.4e. The results indicate that the bending angle, 

actuation force and SMA temperature had a predictable response curve with respect to 

the applied current, making the origami chain feasible for use in endoscopic applications 

with future improvements. 

(a) Current vs bending 

angle 

(b) Current vs force (c) Current vs temperature 

   

(d) Response time vs bending angle (e) Hysteresis of loading /unloading 

  
Figure 6.4. Performance of the SMA actuation in a single origami joint. 
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MRI Compatibility Evaluation 

 The origami joint was tested using a 3T MRI scanner according to ASTM F2503-

13 [13]. The scientific rationale was first employed based on the component materials of 

the joint. The joint was then tested for the static magnetic field-induced displacement 

force (ASTM F2052) and torque (ASTM F2213) by suspending the manipulator at the 

entrance of the MR system bore by a string and measuring the string deflection angle and 

observing the torque. The RF field-induced heating (ASTM F2182, ISO TS 10974) and 

gradient field-induced heating and vibration (ISO 10974) were performed by direct 

observation. The gradient and RF field-induced voltage tests (ISO TS 10974) were also 

performed by direct observation. By these experiments, the origami joint was validated as 

MR conditional in a 3T environment. MR images were taken of the prototype and the 

results showed a minimal artifact size of <1 mm measured from the boundary of the joint 

(Fig. 6.5a). The signal-to-noise ratio (SNR) reduction was measured by comparing a 

baseline measurement with no device present to measurements with the device present at 

power levels of 0%, 25%, 50%, 75%, and 100% using gradient echo (GE) and spin echo 

(SE) sequences. The results provided in Fig. 6.5d show a SNR reduction of less than 

10%.  
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Discussion 

 MR conditional surgical devices provide a means for interventional procedures 

with the guidance of high-quality imaging. The structure of the MR conditional flexible 

SMA-based origami joint chain was fabricated from a single sheet of material, which 

makes it a low cost and disposable surgical instrument. The origami joints were actuated 

via SMA springs that were attached to the sides of the joints. There was a lumen 

integrated into the joints through which a camera, catheter, or some other surgical 

instrument can be threaded. The geometry of the structure was analyzed and a 2-D end-

effector range plot was produced. The mechanical performance evaluation resulted in ±9 

degrees of bending in the origami joint with just 1.5 A of current. The device was tested 

(a) MRI images of an origami joint 

chain 

(b) Photo of the control box inside the MRI 

scanner 

  

(c) Block diagram displaying the 

control of the joint chain inside the 

MRI 

(d) SNR reduction of gradient echo (GE) and 

spin echo (SE) sequences 

 
 

Figure 6.5. Origami joint chain MRI analysis. 
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according to the ASTM standards [13], and the resulting images exhibited minimal 

artifacts, verifying it as an MR conditional device. Future work includes experimenting 

with various materials to make the structure more rigid, performing horizontal loading 

and parasitic motion analyses, and further miniaturizing the design by approximately 

50% to match industry standard endoscopes. This chapter presented a novel application 

of origami and SMA to produce an MR conditional joint that has potential applications in 

endoscopy. 
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CHAPTER 7 

MODULAR FORCE-APPROXIMATING SOFT ROBOTIC PNUEMATIC 

ACTUATOR 

Soft Robots 

Endoscopes are widely used in diagnosis and treatment of human diseases to 

provide visualization of lesions within internal organs with high resolution [1, 2].  They 

can be inserted through natural body orifices to access internal organs, rather than 

through incision [3]. Both illumination and detection elements must be navigated through 

difficult anatomical pathways, requiring a combination of flexibility and stiffness [4]. A 

high degree of stiffness can lead to dangerous complications such as perforation of soft 

tissue or organs [5]. There is enormous potential for research to improve the safety of 

instruments used to travel along complicated trajectories through the human anatomy. 

Soft robots offer a unique solution due to their inherent compliance and various actuation 

methods. 

Soft robots have made a significant impact in the field of medical devices in 

applications ranging from wearable tactile-sensing materials [6-11] to implantable soft 

robotic devices [12, 13], to pneumatic actuators [14-18]. Inspired by biology, soft robots 

aim to actively and safely interact with their environment through high compliance [19-

21]. Traditional, rigid-bodied robots are typically unsafe for human interaction and are 

designed to perform a single task efficiently, but often with limited adaptability. In 

contrast to rigid-bodied robots, soft robots have a continuously deformable structure, 
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allowing them to better absorb the energy from a collision [22]. Soft robots exhibit 

unprecedented adaptation and sensitivity, making them ideal for navigating through 

confined spaces. Cianchetti et al. present a single chamber soft robotic module for 

minimally invasive applications that produces 120º bending angle upon inflation [23]. 

The aim of this work is to explore various pneumatic actuator shapes to produce the 

maximum achievable bending angle with a single chamber module. 

In this study, a modular, soft-robotic pneumatic actuator for potential applications 

in endoscopy was designed and fabricated. The soft robot was actuated with air pressure, 

making it suitable for use in MRI. The actuator was fabricated quickly and economically 

with a fused deposition modelling (FDM) 3D printer, greatly reducing manufacturing 

time and cost. The actuator design comprised of a curled resting position to achieve a 

greater bending angle upon actuation. It permitted only one degree of freedom, but the 

modular design allowed for multiple actuators to be connected in various configurations 

to achieve multiple degrees of freedom. The relationship between the actuator end 

effector displacement, inflation pressure, and external forces was modelled via a 

polynomial regression and a feedforward neural network.  End effector displacement was 

measured via electromagnetic (EM) tracking, inflation pressure was measured via a 

pressure gauge, and external force was measured via manually applied loading. As this 

work was aimed at providing a proof of concept, practical safety concerns such as 

biocompatibility and sterilization were not evaluated. Future work will include 

biocompatibility design as well as modelling loading in various directions, distributed 

loading and torque.  
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Pneumatic Actuator Design 

Modular Soft Robot Design 

 The soft robotic actuator was designed using SolidWorks and 3D printed using a 

Lulzbot Taz-6 printer. The Lulzbot Taz-6 is an FDM 3D printer and the printer filament 

is NinjaTek Ninjaflex, a thermoplastic polyurethane material. Various 3D printers and 

filaments were tested for comparison (Fig. 7.1), but ultimately Ninjaflex was chosen as 

the actuator material due to its superior flexibility. The advantage of high flexibility is 

that it allows for greater expansion of the fluidic chamber, resulting in a larger bending 

angle. 
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(a) Elongation at failure 

 
(b) Tensile strength 

 
(c) Price per kg 

 
Figure 7.1. 3D printing filament specifications comparison.  
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A key consideration in the design of the actuator was the ability to provide a 

maximum bending angle upon inflation. Typical soft robots are designed with a straight-

line resting (deflated) shape, aimed at achieving multiple degrees of freedom using 

multiple inflation chambers. With the goal of achieving a maximum bending angle, our 

actuator design sacrifices the ability to have multiple degrees of freedom and embodies a 

curled resting shape (Fig. 7.2a), which is achieved by 3D printing the actuator in the 

curled shape. The curled resting shape allows for a greater range of bending in a single 

direction by utilizing the advantage of already being bent 180º in the resting position.  

The relevant dimensions of the actuator are presented in Table 7.1. The actuator 

was printed using a layer height of 0.4 mm, but the overall size of the actuator can be 

miniaturized by reducing the layer height. For simplicity and uniformity, the wall 

thickness was made constant throughout the entire actuator. The current dimensions of 

the actuator were not optimized for specific applications in minimally invasive surgery. 

The current work is a proof of concept aimed at evaluating the capabilities of the actuator 

for surgical applications. The optimization of the dimensions for a specific surgical 

procedure were outside the scope of this work.  

Male and female connection components were incorporated into opposite ends of 

the actuator to enable a modular design. The fluidic chamber does not enter the joint 

components, making the joints unaffected by inflation. The design of the joint allows for 

Table 7.1. Dimensions of the Pneumatic Actuator 

Deflated 

height, length, 

width 

Inflated height, 

length, width 

Wall 

thickness 

Fluidic 

chamber 

volume 

Air inlet 

diameter 

45 x 30 x 10 

mm 

60 x 26.5 x 10 

mm 

0.8 mm 884 mm3 3.6 mm 
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two actuators to be connected to each other in four different configurations, each offset 

by 90º rotation from each other, permitting the configuration to achieve multiple degrees 

of freedom. The joints were designed to connect to each other by creating a tight fitting 

between the male and female parts and can withstand a maximum tensile load of 14 N 

without disconnecting. The actuator contains a single air inlet (Fig. 7.2a). Fig. 7.2b shows 

a 3D printed actuator and Fig. 7.2c shows the cross-sectional view of the actuator as well 

as the direction of actuation. Figs. 7.2d, 7.2e, and 7.2f display various possible 

configurations for connecting multiple actuators. 

 

 

 

(a) CAD model of 

actuator deflated 

(b) 3D printed actuator (c) CAD model of actuator 

inflated, cross-sectional view 

   
(d) Potential 3-link 

configuration 

(e) Potential 3-link 

configuration 

(f) Potential 3-link 

configuration 

   
Figure 7.2. Soft robotic pneumatic actuator CAD model and 3D printed model.  
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Static Model of the Soft Robot with Image Processing  

 A MATLAB program was developed to model the curvature of the actuator based 

on processed images of the actuator under various gauge pressure levels so that the 

repeatability and maximum bending angle could be accurately measured. The actuator 

was held with a clamp upright (gravity loaded) at the base of the actuator during the 

experiment and images were taken with the actuator deflated and fully inflated (Figs. 7.3a 

& 7.3d). The images were processed in MATLAB with the edge detection feature to 

create a trace of the outline of the actuator (Figs. 7.3b & 7.3e). The inside arc of the trace 

was reconstructed by splitting the arc into six segments, estimating the curvature of each 

segment using the arc radius equation (1), and splicing the resulting segments together 

(Figs 7.3c & 7.3f). The arc radius equation is a manipulation of the intersecting chords 

theorem (Fig. 7.4). The intersecting chords theorem states that when two chords intersect 

each other inside a circle, the products of their segment lengths are equal (Fig. 7.5a). If 

one of the intersecting chords bisects the other chord, the intersecting chords theorem can 

be used to derive the arc radius equation (Fig. 7.5b). 
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(a) Deflated actuator photo (b) Deflated actuator image 

processing 

(c) Deflated actuator inner 

arc reconstruction 

   
(d) Inflated actuator photo (e) Inflated actuator image 

processing 

(f) Inflated actuator inner 

arc reconstruction 

   
Figure 7.3. Experimental setup and image processing via MATLAB. 

 
Figure 7.4. Inner curvature of soft robotic actuator approximated by dividing the arc 

into six segments and calculating the radius of each segment. 
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(a) Diagram showing the intersecting 

chords theorem 

(b) Diagram showing the derivation of the 

arc radius equation 

  
Figure 7.5. Geometrical analysis for deriving the arc radius equation. 

  

The length of the chord, l, and the length of the segment between the center point 

of the arc to the midpoint of the chord, labeled h, are the only needed values to calculate 

the arc radius, R.  

𝑅 =
4ℎ2+𝑙2

8ℎ
                (1) 

A starting point (xs, ys), an endpoint (xe, ye), and a center point (xc, yc) were manually 

selected for each of the six segments sn, totaling 18 (x, y) coordinate points for 

approximating the curvature.  

𝑠𝑛 = [

𝑥𝑠 𝑦𝑠

𝑥𝑒 𝑦𝑒

𝑥𝑐 𝑦𝑐

]       (2) 

 After developing a model for the curvature, the performance of the actuator was 

evaluated by measuring the repeatability and the maximum bending angle resulting from 

full inflation.  

Electromagnetic tracking-based force approximation 

 The actuator was placed under various tensile loading and gauge pressures to 

understand and predict the end effector displacement behavior. To quickly and accurately 
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track the displacement of the end effector upon loading, the actuator was equipped with a 

Northern Digital Inc. (NDI) five degree-of-freedom EM tracking sensor. An Aurora V3 

Planar Field Generator was used to generate a magnetic field to track the sensor. The EM 

sensor was mounted to the end effector of the actuator and connected to the Aurora 

Sensor Interface Unit and System Control Unit. EM tracking was conducted in a 500 mm 

× 500 mm × 500 mm working volume located 50 mm away from the front of the Aurora 

field generator (Fig. 7.6). The actuator was mounted at the air inlet location as shown in 

Fig. 7.3a, allowing the opposite end to move freely. A uniaxial tensile load was applied 

vertically downward by hanging weights from the end effector of the actuator. The 

actuator displacement was measured at various gauge pressures ranging from 10 to 35 psi 

in increments of 5 psi, and at various loads ranging from 0 to 120 grams in increments of 

10 grams. All displacements reported are maximum displacement. The time taken to 

achieve maximum displacement was also measured and reported. 

 

 

Figure 7.6. Diagram depicting the actuator in Aurora magnetic field [24]. Values are 

expressed in millimeters. The red arrows indicate the location of the EM tracker and the 

direction of the applied load. 
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Feedforward Neural Network 

 The EM tracking displacement data was fed into a single layer feedforward neural 

network in MATLAB. Three sets of the displacement data were collected at each 

combination of gauge pressure and tensile loading for a total of 234 data points. A 

randomly selected 70% of the data was used to train the neural network, 15% of the data 

was used as a validation set, and 15% was used as a test set. The network architecture 

consists of two inputs (inflation pressure, load), a single hidden layer with four units, and 

an output layer with a single linear activation (displacement). The network was trained 

using the Levenberg-Marquardt algorithm until the validation error stopped improving, 

thus preventing overfitting. 

Pneumatic Actuator Evaluation 

Actuator Performance Evaluation 

 The performance of the actuator was evaluated by measuring the repeatability and 

the maximum bending angle. The end effector displacement (mm) was measured at 5 psi 

intervals ranging from 10 to 35 psi using the arc radius curvature model. The 

repeatability was evaluated by computing the mean error of the end effector displacement 

of three different trials at each pressure level for a single actuator (Fig. 7.7). The results 

show an error of less than 1.2 mm at each of the six different pressure levels, 

demonstrating that the actuator can be accurately controlled by regulating the gauge 

pressure. The maximum bending angle achieved for a single actuator was 145º with an 

applied gauge pressure of 35 psi. This is a greater maximum bending angle than most 

other pneumatic actuators in the literature, without the need for a crimped external shell 

[23] or fiber reinforcement [18].  
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(a) 10 psi (b) 15 psi 

  
(c) 20 psi (d) 25 psi 

  
(e) 30 psi (f) 35 psi 

  
Figure 7.7. Plot showing the repeatability of the tip displacement upon inflation. Blue 

arrows show the position of the actuator tip under gauge pressure levels from 10-35 

psi.  
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EM Tracking Repeatability Analysis 

 The repeatability of the EM tracker was determined by computing the mean error 

of the end effector displacement (mm) of ten different trials at each gauge pressure level 

for a single actuator. Fig. 7.8 displays the mean displacement error of the ten different 

trials for each gauge pressure level, with error bars displaying the standard deviation. The 

maximum mean displacement error was approximately 0.47 mm with a standard 

deviation of less than 0.1 mm, validating the repeatability of the EM tracking method.  

 
Figure 7.8. Mean displacement error of ten trials for each gauge pressure level with 

error bars displaying the standard deviation. 

 

Polynomial Regression Model 

 The ability of the soft robotic actuator to withstand tensile loading was modeled 

using a fourth-order polynomial regression model. The regression model is presented in 

Fig. 7.9 and the parameter values are listed in Table 7.2. The model shows a significant 

change in the behavior and overall displacement in the actuator when the applied load is 

greater than 50 g (0.5 N).  The model yielded an average coefficient of correlation value, 

R, of 0.99834. The time taken to achieve maximum displacement for each of the reported 

measurements was on average 0.4 seconds. 
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Table 7.2. Fourth-Order Polynomial Regression Model Parameter Values 

Weight(g) β0 β1 β2 β3 β4 

0 -65.571 13.275 -0.4855 0.0081 -0.00005 

10 -116.26 20.082 -0.853 0.0174 -0.0001 

20 47.904 -12.38 1.1772 -0.0353 0.0004 

30 85.079 -19.113 1.5518 -0.0448 0.0004 

40 -41.872 10.161 -0.7504 0.0261 -0.0003 

50 -2.8065 0.0911 0.1498 -0.008 0.0001 

60 -7.519 1.7332 -0.0418 0.0006 0.00006 

70 -18.532 4.0303 -0.2221 0.0064 -0.00007 

80 -30.602 6.7933 -0.4358 0.0129 -0.0001 

90 25.857 -4.9997 0.399 -0.01115 0.0001 

100 0.9713 -0.4197 0.1071 -0.0044 0.00006 

110 -0.7429 -0.2418 0.0914 -0.0034 0.00004 

120 7.8102 -1.991 0.202 -0.0063 0.00007 

 

 

 
Figure 7.9. Fourth-order polynomial regression of pressure vs displacement as the load 

varies from 0 - 120 g (0 - 1.18 N). 
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Feedforward Neural Network  

 The performance of the neural network was measured by evaluating the mean 

squared error (MSE) between the output displacement values and the target displacement 

values. The model obtained an MSE of 1.2788 mm on the validation set at the 22nd 

epoch (Fig. 7.10).  The coefficient of correlation value, R, was 0.99639 for the training 

set, 0.99471 for the validation set, 0.99737 for the test set, and 0.99643 overall (Fig. 

7.11). In comparison to the polynomial regression model, the neural network performed 

worse by 0.2%. Although the neural network performed slightly worse than the 

polynomial regression, it is a robust computer-assisted method for controlling the 

actuator that can easily scale with larger datasets and additional features.  

 
Figure 7.10. Neural network performance evaluation. 
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(a) Training set (b) Validation set 

  
(c) Test set (d) Training, validation and test data 

combined 

  
Figure 7.11. Neural network regression analysis. 

 

Discussion 

This chapter presented the development of a modular pneumatic soft robotic 

actuator that can be used to form a multi-degree-of-freedom steerable mechanism for 

potential applications in MIS. The proposed actuator was 3D printed in under one hour 

and costs less than one US dollar. The curled design of the actuator achieved a greater 

maximum bending angle upon actuation than other pneumatic actuators reported in the 

literature. The intersecting chords theorem was applied to develop a mathematical model 

of the actuator that was used to measure the bending performance and the repeatability. 

An EM tracker is attached to the distal end of the actuator and used to track the end 

effector position as various loads are applied. A fourth-order polynomial regression 

model to show the relationship between the load, the inflation pressure, and the end 
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effector displacement was developed. Finally, a feedforward neural network model to 

control the actuator was developed.  

The modular soft robotic actuator presented in this work is an extremely low-cost 

approach for constructing complex multi-degree-of-freedom soft robotic systems. As this 

work is aimed at providing a proof of concept, practical safety concerns such as 

biocompatibility and sterilization were not evaluated. Future work will include 

biocompatibility design as well as modeling multiaxial loading, distributed loading and 

torque. 
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CHAPTER 8 

CONCLUSIONS AND FUTURE WORK 

Aims of this Dissertation 

 The aim of this dissertation is to present the development of non-rigid diagnostic 

and interventional medical devices for image-guided minimally invasive procedures. A 

further objective is demonstrating the development of these devices using rapid 

prototyping techniques. This innovative fabrication process provides quick and low-cost 

manufacturing that allows for the devices to be disposable, which is ideal in the surgical 

environment as there is no required hassle of sterilization after use. In addition, rapid 

prototyping fabrication also allows for customization of the product to suit the anatomy 

of a specific patient or the course of a specific procedure. The work presented in this 

dissertation provides insight for what the future holds in minimally invasive procedures 

with continual technological advances in 3D printing and other rapid prototyping 

technologies.  

Outlook and Future Work  

The continuation of the body of work presented in this dissertation lies within the 

further development of three specific areas of focus: (1) rapid prototyping of contrast 

agent markers for image-guided interventions (Ch: 2-3); (2) the use of origami in 

designing unique devices which can store medical instruments to be inserted into the 

body and deploy the instruments once inside the anatomy of interest (Ch. 5); and (3) the 
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development of novel disposable endoscopes for image-guided minimally invasive 

procedures (Ch. 6-7). 

1) Rapid Prototyping of Contrast Agent Markers 

Based on the developments in creating a custom radiocontrast agent mixture, 

designing a method for printing the custom mixture, and manipulating various printed 

patterns, the potential for growth in the field of contrast agent markers is increased. The 

work presented in this dissertation focused on the use of the radiocontrast agent barium 

sulfate. There are various other radiocontrast agents commonly used in CT such as 

iodine-based solutions to be explored. Additionally, contrast agents for use within MRI 

such as gadolinium-based solutions have the potential for use in custom markers. The 

ability to create custom 2D and 3D markers opens the door to a wide range of potential 

structures which might be used in various situations and procedures.  

2) Deployable Origami Devices 

 An origami structure which folds from a wide and flat surface into a compact 

three-dimensional shape was presented in this dissertation, storing an MRI receiver coil 

at the distal end of a catheter for deploying inside the human body. Further development 

of this methodology would allow for safe and reliable techniques for deploying and 

restowing the structure, either through the incorporation of mechanical actuators or the 

use of a self-folding material. The utilization of origami techniques in the design of 

medical devices offers enormous potential for significant advances due to the ability to 

change shape inside the body, an environment that imposes challenging space constraints. 
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3) Disposable Endoscopes 

 Preliminary designs have been presented regarding MR conditional modular 

actuators which have the potential for use as endoscopic devices. This has resulted in the 

development of devices that can be controlled to move in specific directions within the 

MRI environment without posing dangerous effects or degrading image quality. In order 

to translate this technique into the clinic, further research must be conducted towards 

miniaturizing the devices to a size suitable for inserting into the human body. 

Additionally, more advanced control systems for controlling multiple actuators at a time 

must be derived and implemented. Upon miniaturization and reliable control of a chain of 

actuators, the potential for this technology to be integrated into the MRI environment will 

grow, allowing for the use of low-cost, disposable endoscopes for minimally invasive 

procedures. 
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