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Abstract 

Recent advancements in continuous body monitoring have led to control many 

pathologies, potentially reaching more effective treatment of several life-

threatening chronic diseases. Despite significant steps in the past decades both in 

the field of minimally invasive surgery (MIS) and in pharmacology, with the 

development of more and more sophisticated instrumentation and drug 

formulations, there is still room to deliver effective treatment with minimized side 

effects. Merging competencies derived from mechatronics, robotics and 

bioengineering can help in moving forward in this research endeavour, aiming at 

effective treatment by developing technologies, components and designs that are 

able to treat many pathologies in the human body, even in hard-to-reach areas.  

In this framework, an ambitious dream is to develop therapeutic instruments able 

to treat pathologies that are nowadays in an invasive way and also to improve 

existing treatments, making them more accurate, fast and easy.  

This thesis explores novel robotic systems that aim to overcome some of the 

limitations featuring current therapeutic paradigms. To this aim, the main focus is 

on miniature systems, which potentially allow to access human’s chest and to be 

implantable in endoluminal sites. Furthermore, a specific attention has been paid 

to systems for controllable one time delivery of prosthesis (i.e. artificial heart 

valve) and daily delivery of drugs (i.e. insulin). The thesis is organized in five 

chapters and one Appendix . Chapter three and four deal with the development of a 

novel miniaturized robot with mechatronics solutions. Each reported system is not 

an evolution of the one reported in the previous Chapter. 

Chapter 1 reports the motivation of the whole thesis and a general background 

concerning therapeutic strategies and mechatronic systems for medical 

applications. Also, my contribution to reach the final system is illustrated in Figure 

0-1. 

Chapter 2 reviews the state of the art in two separate devices. The first part 

focuses on robots and manipulators for delivering prostheses and the second part 
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deals with implantable drug delivery systems. It also aims at sketching limitations, 

open challenges in the mentioned domains and positive features in each system.  

Chapters 3 and 4 report the design, fabrication and testing of a manipulator for 

heart surgery and an implantable pump for insulin delivery, respectively, both 

devised for targeted therapeutic delivery in the human body. 

The system described in Chapter 3 is a MIS manipulator for prosthesis delivery, 

devised for operation in the human’s chest. More in detail, Chapter 3 demonstrates 

the design, fabrication and performance evaluation (in vitro) of the novel robotic 

system. The robotic manipulator is compatible with the MIS approach and 

equipped with endoscopic visualization, for aortic heart valve replacement. The 

robotic manipulator is able to reach the intervention site and place the valve in a 

safe, effective and fast way. The results show successful implantation of a 

commercial valve with the aid of endoscopic vision of the aortic root. This paves 

the way to future applications of these systems in the fields of surgical robotics. 

Appendix I adds the mathematical modelling of the manipulator for constant 

curvature kinematics.  

In Chapter 4, an implantable insulin delivery device is illustrated for T1 diabetic 

patients. It presents the design, miniaturization and fabrication of an advanced 

prototype of fully implantable artificial pancreas refillable by means of ingestible 

capsules. Following an existing idea, the system will be miniaturized, enriched with 

additional components and optimized for future in-vivo implantation and cadaver 

testing. 

In both cases, a never ending struggle has involved to reach reliable solutions for 

intra-body therapeutic devices/robots by following several stages of prototyping 

and experiments. Also, multi-disciplinary teamwork among bioengineers and 

clinical surgeons provide valuable feedback to enhance the system performance on 

the way to reach the final goal. Both systems described in Chapters 3 and 4 are just 

the final and experimentally approved ones and the prototypes (failed ideas) are 

ignored, even if they helped to identify the best option.  
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Finally, Chapter 5 sketches out the conclusions of this study and highlights future 

perspectives, by describing possible routes and strategies to address scientific and 

medical issues still hampering the wide adoption of robots in the clinical practice. 
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Figure 0-1 Thesis organization and workflow 
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1. Motivations and Contributions 

1.1 Motivations 

Medical robotics is changing therapies to a higher level by the rapid growth in 

technological improvements (actuators, materials, and control engineering), 

advances in medical imaging (higher resolutions, magnetic resonance imaging, and 

3D ultrasound), and an increase in surgeon/patient acceptance. A robot is defined 

as “a programmable, multi- functional machine capable of carrying out a complex 

series of actions automatically or semi-automatically.” As a result, robots are 

generally indicated for tasks requiring programmable motions, particularly where 

those motions should be quick, precise, on time and untiring 1.  

For almost 30 years, research in medical robotics has led to many prototypes that 

have been validated technically and clinically. The most impressive impact of 

medical robots has been in surgery 2,3. There are many specialties in this regard: 

orthopedics, neurosurgery, cardiac, vascular, otolaryngology etc. are a few among 

others 4. Medical robotics is a young and relatively unexplored field over the past 

couple of decades. Yet by looking at the current market and representative 

research systems, positive guesses can be made about the impacts of robots on 

near-future medicine 5.  

Although still in its infancy, robotic surgery is a cutting-edge development in 

surgery that will have far-reaching implications. While improving precision and 

dexterity, this approach allows surgeons to perform operations that were 

traditionally not feasible to minimal access techniques. As a result, the benefits of 

minimal access surgery may be applicable to a wider range of procedures with 

increased safety.  

Even though a lot of efforts have been done in robotic systems with tissue ablation 

6,7 and biopsy 8,9, specially in abdominal surgery, there are limited numbers of 

systems that are able to deliver therapeutic care to patients in chronic diseases.  

In the following sections, after defining and classifying targeted therapy systems, 

an overview of surgical systems proposed so far will be provided with a main focus 

on their controlled therapeutic delivery. Therefore, we exclude the robots which 
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are used for biopsy/grasping with retractor/forceps. Anyway, advanced robotic 

systems such as the da Vinci can be used in multiple purposes in surgical room.  

1.1.1 Controlled delivery of prosthesis 

One of the major focus of recent medical robotics research is on the ergonomic and 

safety issues related to the introduction of flexible access techniques. 

Flexible/bendable manipulators can be viewed as being internal segmented 

backbone comprised of (many very small) rigid-links, such as snakes. Their 

benefits are the potential to use the backbones in operations with very tight 

spaces, thus penetrating areas where conventional robots would be unable to 

enter. Perhaps the most direct approach to bend a flexible structure is using 

remotely actuated tendons. It is driven externally by the surgeon, either directly in 

a co-manipulation or from a master workstation in a tele-operation mode.  

The route towards the development of the perfect robot able to deliver the target 

therapeutic care is still long. The miniaturization poses many challenges from a 

physical and fabrication viewpoint, hampering the maximum force for targeted 

therapy and efficiently perform the desired therapeutic function. 

In Chapter 2, an overview of flexible manipulators will be provided, and in Chapter 

3 we particularly focus on artificial heart valve delivery systems.  

1.1.2 Controlled delivery of drugs 

Numerous drug delivery implants based on micro- or nano-fabrication 

technologies are being developed. Implantable medical devices (IMDs) are devices 

implanted within the body to treat a medical condition, monitor the state, or 

improve the functioning of a body part. Current examples of IMDs include 

pacemakers and defibrillators (to monitor and treat cardiac conditions), neuro-

stimulators (for deep-brain stimulation in cases such as epilepsy or Parkinson’s 

disease), drug delivery systems (DDSs) in the form of infusion pumps, and a variety 

of biosensors to acquire and process different bio-signals. As noted earlier, we 

restrict the current discussion only to IMDs designed for drug delivery. 
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An ideal IMD would protect the drug from the body until needed, allow for 

continuous or pulsatile delivery of drug formulations, and has to be controllable by 

the physician or patient. A device meeting these criteria may typically include an 

array of individually sealed reservoirs that could be opened on command to expose 

their contents to the body. One or more drug formulations could be sealed in the 

reservoirs, protecting them from the environment until the reservoir is opened 

and the drug is released. One of the important advantages of implantable delivery 

systems with individually addressable drug-containing reservoirs is the ability to 

totally control drug delivery amount and timing. There is great flexibility in 

tailoring these systems for specific applications, because the release characteristics 

can be governed independently by the release mechanism, reservoir geometry, or 

drug formulation. 

Moreover, in Chapter 2, implantable drug delivery systems will be discussed and in 

Chapter 4, a special focus will be put on diabetic patients to delivery small 

controlled dosage of insulin at intraperitoneal level. 

1.2. Contributions 

In this Thesis, novel enabling technologies and designs aiming to overcome some 

limitations in current treatments were investigated. The focus on “macroworld”, 

where forces and torques (such as weight) are dominating 12. Their dimensions in 

the body can reach at the maximum a few centimeters and forces exerted on 

tissues by the robots/devices range from a few milli-N to several newtons.  

First of all I have reviewed the state of the art for two different robotic system (i.e. 

flexible manipulators and implantable drug delivery systems) to reach unique 

characterization, needs and missing gaps to step over state of the art.  

For each system, I started from mechanical solutions at the mili-centimetric scale 

and actuator technologies suitable for medical applications. Then I considered the 

whole system as consisting of several small blocks, novel mechanisms and 

actuators with pursued electronics. Programming and computing to reach accurate 

movements which enhance the performance in each block. Then, every block is 

ready for further investigation and analysis as part of the whole robotic system. 
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Furthermore, the solutions can be redesigned or completely changed for 

improving the results (against the initial performance goals and specifications). 

Finally, the interaction between every small block inside the entire system will be 

explored to satisfy the proper task. 

 

Figure 1-1 Contribution block diagram 

The first robot was a flexible manipulator for aortic heart delivery, devised for MIS 

operation in right anterior minithoracotomy. The robotic manipulator is 

compatible with MIS approach and is equipped with endoscopic visualization. 

Proposing three endoscopic visions in tip, are very effective to find the nadir points 

and proper expansion site. The manipulator was validated in vitro and showed 

great functionality in precise positioning of Sorin prosthesis in aortic root based on 

patient anatomy. Novel mechanisms and available DoFs in the system makes the 

delivery in safe, fast and effective way. Introducer with minimum disturbance in 

manipulator’s pose and two stage valve expansion was a privilege of our design in 

compare with the robotic delivery in state of the art. Also, mathematical modeling 

of the manipulator for constant curvature kinematics were helping for controlling 
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the manipulator and finding the tip’s positon. Thus, tele-surgery by means of 

remote joysticks and camera visions on screen is also possible. Moreover, we 

introduced a simple cable tensioning strategy based on the leading tension 

concept, and we effectively achieved stiffening by considering a variety of starting 

poses. The maximum stiffening factor was in between 2 and 9, based on relevant 

margins from the initial pose to the workspace boundary, and on potential 

contributions by the structure itself. The robotic manipulator paves the way to 

future applications of these systems in the fields of surgical robotics. 

The second one was an implantable insulin delivery device as substitution of 

pancreas for T1 diabetic patients. The system is able to be refilled by means of a 

full ingestible capsules when the reservoir is depleted. The mechanisms for 

docking and punching the capsule was also designed, fabricated and validated. An 

advanced prototype of fully implantable artificial pancreas was tested. The 

prototype was placed in intraperitoneal cavity and injecting insulin with resolution 

of 3µL on demand were performed. Also, successful refiling of the reservoir was 

performed by MSD and needle punching mechanisms in capsule. The proposed 

pumping mechanism resulted extremely efficient and led to drug release also in 

non-continuous fashion. Furthermore, the aspiration of insulin and variable 

volume reservoir makes the system to be filled very fast and keep the insulin far 

from bubbles or air.  
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2. General review in surgical targets  

2.1 Flexible manipulators 

Medical manipulators are devices providing full (or at least more than 2) mobility 

to the tool with actuated DoFs located between the entry port in the body and the 

tool 1. These devices may be scaled version of conventional robot arms or flexible 

instruments designed to perform surgery with safe entry point 2,3. Typically, 

manipulators have a centimetric size, generating submillimetric to centimetric 

displacements and can exert forces of the order from 1 N (e.g. to insert a needle 

into a coronary artery) to several tens of newtons to retract tissue 4.  

Different options may be adopted in the design:  

− Discrete architectures with embedded actuators 5; 

− Discrete architectures with remote actuators (outside the patient) 6; 

− Continuum architectures (or snake, elephant trunk like architectures) with 

remote actuators 7. 

Two important principles to be considered in flexible robot design are range of 

motion (workspace) and stiffness 7. Workspace and stiffness must both be large 

enough for the robot to reach the required locations and exert the required tissue 

forces during the procedure for which the robot is designed. Both of these 

attributes are primarily a function of a manipulator’s structural design—in 

particular, its backbone cross-sectional geometry and the elastic strain limits of its 

materials. To achieve a combination of both large workspace and high stiffness, 

backbone materials with high elastic stress limits (the product of Young’s modulus 

and elastic strain limit) are preferable. 

The design space contains many variables that influence the capabilities and 

characteristics of the flexible robot (e.g., material properties, segment lengths, 

diameters, and curvatures), and the effect of these variables on workspace, 

dexterity, and strength is not always intuitive or simple. 

For our classifications, we define actuation as the final conversion of power to the 

mechanical energy domain. Thus, a cable-driven robot may be actuated by 
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electromagnetic motors translating the base of each cable outside of the robot 

(extrinsic), or by the shortening of each cable by the shape memory effect 

(intrinsic). There are various tradeoffs that should be considered in light of the 

specific application for which an actuation/transmission system is designed. 

Principles that should be considered when designing a manipulator actuation 

system include manipulator diameter, operating footprint, output force range, 

backdrivability, friction and hysteresis, speed and dynamic bandwidth, and 

compatibility with medical imaging systems such as MRI. Extrinsic actuation can 

often reduce the required manipulator diameter, thus increasing range of motion 

and accessibility of confined spaces, but this comes at the potential price of large 

external footprint, increased friction and hysteresis, and introduction of elastic 

instabilities (in the case of concentric-tube transmissions). On the other hand, 

direct intrinsic actuation may reduce footprint and friction while requiring larger 

manipulator diameters. 

The compliance of manipulators is often viewed as a feature that endows safety 

and adaptability to surgical manipulators that interact with sensitive anatomical 

structures. The shape of the robot can passively and gently conform to confined 

anatomical boundaries and objects in its environment. Catheter systems in 

particular rely on compliance to avoid exerting excessive force on the vascular 

walls. However, compliance also fundamentally limits the maximum force that a 

manipulator can apply. 

2.1.1 Discrete architectures with intrinsic actuators 

The structure of a discrete multibackbone manipulator is typically composed of 

discrete rigid links connected by joints. The designs of Simaan et al., have used a 

central primary backbone and three secondary backbones for bending section that 

are offset from the central backbone using spacer disks and rigidly attached to the 

last disk of a bending section 8. Along these same lines, Xu et al., developed a 

multibackbone design with many backbones and a “dual flexible” actuation 

mechanism that increases modularity. Moses et al., have also proposed a 

manipulator structure made of many interlocking fiber “backbones” that run down 

the length of the manipulator 9. Recent work has also explored the possibility of 
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using a parallel multibackbone approach without intermediate constraints, 

allowing nonconstant-curvature backbone shapes and increased DoFs per section 

10,11. 

Intrinsic actuation strategies investigated for medical applications include 

hydraulic chambers 12–14, pneumatic chambers 15,16, the shape memory effect 17–20, 

embedded micromotors 21, fluidic fiber-reinforced elastomers 22, and McKibben 

muscles 23,24. Robotic catheters actuated by magnetic fields generated by a 

magnetic resonance imaging (MRI) machine 25,26 can be considered intrinsic as 

power conversion to the mechanical takes place at embedded magnets on the 

manipulator structure. Intrinsic pneumatic actuation has also been combined with 

extrinsically actuated (tendon-driven) structures to produce active stiffening of the 

backbone structure by particle jamming 25.  

2.1.2 Discrete architectures with extrinsic actuators 

Transmission mechanisms for extrinsic actuation that are currently being 

developed for flexible robots in surgical applications include tendon/cable driven 

mechanisms 27,28–31 and multibackbone structures 8,9,32–33,34. Implementation at 

cable allows you to control the direction of the manipulator remotely and for this it 

appears to be one of the most commonly used strategies in this sector. However, 

there are examples of manipulators having implementation on board, mainly 

miniaturized actuators on each joint of the articulated portion of the manipulator, 

as in the case i-Snake robot developed by Yang et al., from the Hamlyn Center for 

Robotic Surgery 21,35–37. The use of the actuation system directly to the edge of the 

distal articulation involves, in most cases, complete occlusion of the central lumen. 

Concentric-tube transmissions are driven by axial rotations and translations of the 

tube bases, which change the shape of the concentric-tube collection. Medical 

robots with discrete-jointed structures that closely resemble flexible robots 

include the i-Snake 21,36,38–40 and the Flex System developed by Choset et al., and 

commercialized by Medrobotics Corporation. The variable neutral-line 

manipulator from Kim et al. 41 and the arthroscopic tool of Dario et al. 27 are also in 

the hybrid serial discrete joint category. In the maxillary sinus surgery system of 
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Yoon et al. 42, one of the manipulators uses both an elastic spring backbone and a 

serial chain of discrete spherical joints. Recently, elastic and discrete structures 

have been combined in series (interleaved) by Conrad et al. 43,44 to increase the 

dynamic bandwidth of tendon-actuated elastomeric catheter robots and in parallel 

by Xu et al. 45 to increase torsional stiffness in multi-backbone flexible robots. 

2.1.3 Continuum architectures 

Continuum robots have a fundamentally different structure than conventional 

manipulators. When a robot has more degrees of freedoms (DOFs) than are 

necessary to execute a task, (e.g., a 7-DOF arm with 6-DOF task space), it is said to 

be redundant or in extreme cases, hyper-redundant 46. In the limit as the number 

of joints approaches infinity (and the link lengths approach zero), the robot 

approaches what is known as a continuum robot 47. The first continuum and hyper-

redundant robot prototypes were built in the late 1960s 47,48. Development of 

snake inspired robot designs by Hirose’s research program 49 was then followed by 

Chirikjian and Burdick’s theoretical advances in hyper-redundant robots based on 

approximating them as elastic continua 50–52. The number of researchers has 

increased significantly since the late 1990s and early 2000s. Several review papers 

have since been published, e.g., on continuum robots in general 53, snake-inspired 

hyper redundant robots 54, bioinspired soft robots 55,56, design and modelling of 

constant-curvature continuum robots 48, concentric-tube continuum robots 57, and 

modelling continuum structures in robotics and structural biology 58. This 

collection of reviews provides an excellent set of resources for many aspects of 

continuum robots and related topics.  

We divide the categories in several fields and will mention every positive benefit of 

each device in operation room.  

2.1.4 Vascular Surgery  

Minimally invasive vascular surgery usually involves using catheters and 

guidewires to perform injections, drain fluids, and insert additional surgical 

instruments. A catheter is a thin (a few millimeter in diameter), long (of the order 

of tens centimeter) and hollow tube that allows the passage of functional catheters 
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of smaller diameter. These may hold various miniature sensors (pressure, 

ultrasound probe, optical fiber, etc.) or instruments, e.g. for the local 

administration of a drug, the insertion of a prosthesis (stent, angioplasty balloon, 

etc.), the endovascular coiling of aneurysms, the puncture/biopsy for diagnostic 

purposes or tumor destruction (radiofrequency abalation, laser therapy, etc.). The 

catheter is inserted into a blood vessel and the portion external to the patient is 

manipulated to move the catheter tip to the surgical site. The main challenge for 

the operator in using catheters and guidewires is steering 59. Due to the supporting 

tissue, catheters only require three degrees of freedom, typically: tip flexion, tip 

rotation, and insertion depth. It is steered, under radiographic control, by the 

doctor who rotates it around its longitudinal axis and pushes it to its destination. 

This is made difficult because of the narrowness of the vessel, the frictions on the 

wall and the many bifurcations 59. The difficulty for the surgeon is thus to transmit 

force and motion to the end effector with little or no relevant kinesthetic feedback. 

The surgeon operates the catheter under intraoperative medical imaging 

(fluoroscopy), and correlating the push/pull and rotation of the catheter or 

guidewire to image-space motion is rather challenging. Steerable, robotic catheters 

seek to overcome these limitations 60,61. Possible benefits of robot-steered 

catheters are shorter procedures, reduced forces exerted on the vasculature by the 

catheter tip, increased accuracy in catheter positioning, and teleoperation 

(reducing exposure of the physician to radiation)62.  

- The Sensei X (Hansen Medical, FDA clearance and CE mark 2007) is a 

commercially available steerable catheter system for electrophysiology 

interventions (radiofrequency ablation) within the heart. It designed to 

navigate the peripheral vasculature and provide a conduit for the placement 

of therapeutic devices. It uses two steerable sheaths, one inside the other, 

by controlling the tension of tendons routed through channels to create a 

tight bend radius 63,64. The sheaths are steered via a remotely operated 

system of pulleys. IntelliSense force sensing allows constant estimation of 

the contact forces by gently pulsing the catheter a short distance in and out 

of the steerable inner sheath and measuring forces at the proximal end of 
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the catheter. These forces are communicated visually as well as through a 

vibratory feedback to the surgeon’s hand on the “3D joystick”. Artisan 

Control Catheter Extended (Hansen Medical), a swiveling robotic sheath 

that, when combined with the Sensei X Robotic Catheter System, provides 

dexterity, stability and high strength during intra-cardiac procedures 65. 

- The Niobe (Stereotaxis, CE mark 2008, FDA clearance 2009) is a remote 

magnetic navigation system, in which a magnetic field is used to guide the 

catheter tip 66. The system is composed of two external, focused field 

permanent magnets mounted on manipulator arms. The surgeon 

manipulates a joystick to specify the desired orientation of the catheter tip, 

causing the orientations of the magnets to vary under computer-control, 

and thereby controlling the magnetic field. By arranging the magnets on 

either side of the patient’s table and changing their orientation and position, 

a uniform magnetic field is generated to steer a magnetic catheter tip within 

the patient. Within the magnetic field (i.e., the workspace of the system), the 

magnetic tool can be moved omni-directionally. In addition, a fluoroscopy 

unit is used for imaging the patient with the current position and 

orientation of the catheter inside the body. The workstation includes a 

visualization of the magnetic field orientation, fluoroscopy images, and 

additional procedure information. Chun et al. report significant 

improvements in surgical outcomes due to advances in the design of 

magnetically guided catheters 67. 

- Corindus Vascular Robotics is the CorPath 200 device designed for 

percutaneous coronary interventions.  The CorPath comes with a radiation-

shielded “cockpit” for the surgeon. The CorPath 200 is the 1st and only robotic-

assisted procedure to allow for controlled placement of coronary guidewires and 

stent/balloon catheters from an optimized interventional cockpit. In using the 

system, the surgeon operates CorPath 200 from behind a radiation-shielded 

“cockpit.” Rather than standing over a patient while clad in a lead apron, the 

operator is seated behind an operating station, manipulating surgical tools with a 

series of touch-screen and joystick controls. That reduces a physicians exposure 
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to radiation while also providing a more comfortable and ergonomic experience, 

especially during long and complex procedures. 

- Kesner and Howe 68 have developed robotic catheters for cardiac surgery, 

which enable motion compensation using 3-D ultrasound images. The drive 

system consists of a linear coil actuator and a linear slide for translating the 

catheter’s guidewire. The system’s controller compensates for friction and 

backlash of the guidewire and the sheath of the catheter. The system has 

been used in porcine in vivo and demonstrated promising results (RMS 

errors below 1 mm for position tracking) 68. A recent addition to the system 

includes a force sensor integrated to an ablation end-effector in order to 

control the force on a fast moving target 69. 

 

Figure 2-1 Vascular surgery commercial robots 
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2.1.5 Orthopedics 

The expected benefit of robot assistance in orthopedics is accurate and precise 

bone resection 70, so robotic systems can improve alignment of implant with bone 

and increase the contact area between implant and bone, both of which may 

improve functional outcomes and implant longevity. Orthopedic robots have so far 

targeted the hip and knee for replacements or resurfacing 71,72. 

- RIO robotic arm (MAKO Surgical Corp, FDA approval) is used for 

implantation of knee components 73. As part of the trend away from 

autonomous robot motions, both the RIO and the surgeon simultaneously 

hold the surgical tool, with which the surgeon moves about the surgical site. 

The Mako system can be used for partial knee replacements and hip 

surgeries currently, with the launch of a total knee replacement system 

slated for some time this year, according to the company.  

- iBlock (Praxim Inc.) is an automated cutting guide for total knee 

replacement 74. Koulalis et al. report reduced surgical time and increased 

cut accuracy compared with freehand navigation of cutting blocks 75.  

- The Navio PFS (Blue Belt Technologies) does not require a CT scan for 

unicondylar knee replacement, instead it uses intraoperative planning. A 

total knee system is scheduled to launch in 2017 for its Journey II implant. 

Blue Belt’s development program for a bi-cruciate-retaining implant will be 

incorporated into the British company’s own bi-cruciate-retaining knee 

arthroplasty program. Total hip arthroplasty and adjacencies including 

sports medicine are also on the horizon. 

- The Stanmore Sculptor (Stanmore Implants) is a synergistic system similar 

to the RIO, with active constraints to keep the surgeon in the planned 

workspace 76.  
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Figure 2-2 Orthopedics commercial robotics 

2.1.6 Neurosurgery (Brain and spinal cord surgery)  

Brain surgery involves accessing a concealed target surrounded by delicate tissue, 

a task that benefits from the ability for robots to make precise and accurate 

motions based on medical images 77,78,79. Image guidance is now widely used in 

operating rooms world-wide 80, helping neurosurgeons to accurately reach targets 

within the brain.  

- The NeuroMate (by Renishaw) in addition to biopsy, the system is marketed 

for deep brain stimulation, stereotactic electroencephalography, 

transcranial magnetic stimulation, radiosurgery, and neuro-endoscopy 81. Li 

et al. report in-use accuracy as submillimeter accuracy with infrared 

tracking 82.  

- Pathfinder (by Prosurgics), Reported uses of the system include guiding 

needles for biopsy and guiding drills to make burr holes 83,84.  
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- Renaissance (by Mazor Robotics, Israel, the first generation system was 

named SpineAssist) is a robot-assisted spinal surgical system that 

is minimally-invasive and improves percutaneous degenerative repair, 

pedicle screw fixation for complex spinal deformity and vertebral 

augmentation. It provides tool guidance based on planning software for 

various procedures. Studies show increased implant accuracy and provide 

evidence that the Renaissance/SpineAssist may allow significantly more 

implants to be placed percutaneously 85. To use the Renaissance Guidance 

System, surgeons create a blueprint of the surgery in a virtual 3D program. 

They attach the device to the patient to ensure accuracy and take two 

fluoroscopic images that are matched to their corresponding location on the 

pre-operative CT. Then the tools are guided using the Renaissance Guidance 

System to the location with 1.5mm accuracy. 

 

Figure 2-3 Neurosurgery commercial robotics 
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2.1.7 Otolaryngology 

Otolaryngology (the study of diseases of the ear and throat) inherently provides 

natural orifice access to several regions of interest for a variety of surgical 

treatments. Surgeons usually use straight or flexible endoscopes and additional 

instruments entering through the nostril, mouth, or ear canal. For diseases located 

in those regions, conventional open surgery is performed. Endoscopic sinus 

surgery is performed with flexible endoscopes in clinical practice 86. However, 

dexterity of flexible endoscopes is limited and steering can be challenging, 

especially in deeper sinus cavities such as the maxillary sinus. Yoon et al., 

developed a dual master-slave system for maxillary sinus surgery, which 

comprises two continuum robots: a 4-DOF endoscope (diameter 4 mm) and a 5-

DOF biopsy continuum robot (diameter 5 mm) 87. The design of the endoscope 

continuum robot is based on a spring backbone. Actuation is achieved by tendons 

routed through cylinders. A CMOS camera is used as the end-effector. The biopsy 

robot is similar in principle, but the cylinders are connected with ball joints to 

increase stiffness and payload capacity, making it a hybrid serial robot. Concentric-

tube robots have also been applied for skull base surgery through the nasal cavity 

88. The authors developed a robot system consisting of two manipulators, two 6-

DOF input devices, and an EM tracking system. Each manipulator consists of three 

tubes with the inner lumen being used for integrating the surgical instrument for 

tissue manipulation, either a curette or a gripper. Visualization of the region of 

interest is currently enabled using conventional, rigid endoscopes alongside with 

the continuum robot manipulator arms. The endoscopic view is presented to the 

surgeon tele-operating the robot with two input devices. EM tracking of the 

manipulator tip allows for image guidance, which is also used in conventional 

trans-nasal skull base surgery. Simaan et al. 8 presented a telerobotic system for 

surgery of the throat, clinically motivated by the need for distal instrument 

mobility and advanced 3-D vision. The system features a bimanual design with two 

slave robotic arms, both multibackbone continuum robots made from Nitinol rods. 

Both robot arms are composed of two segments: the proximal one with 23mm and 

the distal segment with 12 mm length. Each robot arm has an additional DoF, as it 
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can be rotated about its backbone. The group of Simaan further introduced a 

system for microsurgical throat surgery through the nose 89. 

2.1.8 Cardiac surgery 

The heart has long been a target for surgical robots and various systems continue 

to investigate how best to treat cardiac diseases, particularly while the heart is 

beating. Structural heart procedures such as valve replacements/repairs or closure 

of septal defects often require open cardiac surgery. After opening the chest, a 

cardiopulmonary bypass is used to perform the surgical procedure on a 

nonbeating heart. Some surgeries can be performed on the beating heart by 

stabilizing the region of interest. In recent years, catheter based cardiac surgery is 

enabling minimally invasive surgery in the heart through small incisions. However, 

difficulties with catheter-based surgery include 1) a limited ability to apply and 

control forces necessary to perform the surgery and 2) the challenge of positioning 

of the catheter within the beating heart. This has motivated research on continuum 

robot manipulators for cardiac surgery. 

Gosline et al. 90 use the concentric-tube continuum robot design for delivery of 

metal microelectromechanical systems (MEMS) to intracardiac locations. The 

robot can apply higher forces since it is stiffer than a catheter. They propose to 

deliver the robot through the patient’s neck to the right atrium of the heart. The 

robot is teleoperated using a 6-DOF input device. Alternatively, each DOF per tube 

can be controlled manually using a regular keyboard. A graphical user interface 

displays the current shape of the robot combined with intraoperative imaging 91.  

HeartLander uses suction to crawl around the surface of the heart 92,93,94. The 

system is designed for intrapericardial drug delivery, cell transplantation, 

epicardial atrial ablation, and other such procedures. 

The use of navigation systems in cardiac surgery is becoming common for the 

Catheter ablation of arrhythmias (for which there is a commercial system electro-

anatomical mapping CARTO-MERGE). Recent literature studies have also shown 

the accuracy in vitro or in vivo, on animals, of the navigation systems based on 
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reality techniques increased and electromagnetic localization for driving the 

transapical mitral valve repair 95 and aortic aneurysms repair by stent-graft 96. 

The robotic application in cardiac surgery also includes another example of a 

manipulator end-effector swivelling and implemented by cables: the HARP (Highly 

Articulated Robotic Probe), developed by Degani et al. and capable to reach 

pericardial regions remotely. Also making a delivery with minimal disruption to 

organs or surrounding tissues 97,98. 

2.2 Implantable drug delivery systems 

Implantable drug delivery systems (IDDS) are designed to store and deliver small, 

precise doses of therapeutic drugs or medicines into the blood stream or to specific 

tissue sites. They aim to reduce the frequency of dosing, prolong duration of action, 

increase the patient compliance, and reduce the systemic side effects 99,100. With 

today’s technology, the components of IDDS can be fabricated on miniature scale, 

for example, in the eye or spinal cord. IDDS essentially consist of a micropump, 

reservoir, pump mechanism, valves and catheter to direct the drug to a target site.  

The concept of IDDS in may be originated by Deansby and Parkes, in 1938 101 and 

pioneered by Folkman and Long, in 1960s, with controlled drug release by a silicon 

rubber membrane 102. In certain areas, like interventional cardiology and 

contraception, IDDSs have revolutionized clinical management practices and 

proven themselves as Industry standard and/or excellent therapeutics. Progress in 

other areas, such as oncology has been slower. The advantages of IDDSs have been 

summarized in Table 2.1. IDDSs are very attractive for a number of classes of 

drugs, particularly those that cannot be delivered via the oral route, irregularly 

absorbed via the gastrointestinal tract, or that benefit from site-specific dosing. 

Examples include steroids, chemotherapeutics, antibiotics, analgesics and 

contraceptives, and biologics such as insulin or heparin 103–109. 

Table 2.1 summary of design features of ideal implantable drug delivery systems 

Design Feature Summary of Potential Advantages 

Localized delivery  Drug(s) are released in immediate vicinity of implant. Action 

may be diffusion, limited to the specific location of 
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implantation 

Improved patient 

compliance 

Patient does not need to comply with repeated and timely 

intake of medication.  

Minimized side effects Adverse effects away from site of action are minimized 

Lower dose  Localized implantation of site specific drugs can avoid first 

pass hepatic effects 

Improved drug stability  Protection of drug undergoing rapid degradation in the 

gastrointestinal and hepatobiliary system 

Suitability over direct 

administration 

Hospital stay or continuous monitoring by healthcare staff 

may not be required for chronic illnesses 

 

Implant morphology is typically cylindrical, with monolithic devices at the 

millimeter or centimeter scale, being most commonly employed. Implantation is 

typically done in subcutaneous or intramuscular tissue, with the aid of special 

implantation devices, needles, or the use of surgery. Subcutaneous tissue or 

intramuscular tissue are ideal locations for implantation of drug-depot devices, 

due to high fat content that facilitates slow drug absorption, minimal innervation, 

good hemoperfusion, and a lower possibility of localized inflammation (low 

reactivity to the insertion of foreign materials) 110. In addition to subcutaneous 

implantation, various other body regions have also successfully served as 

implantation sites, particularly for delivery to localized tissue such as intravaginal, 

intravascular, intraocular 111, intrathecal 112 intracranial, and peritoneal 113.  

Implants can be used as delivery systems for either systemic (absorbed into the 

blood circulation) or local therapeutic effects 114. Pathology-targeting implants aim 

to release a drug and limit the therapeutic effect at the site of implantation 115. An 

ideal IDDS should be environmentally stable, biocompatible, sterile, and be readily 

implantable and retrievable by medical personnel to initiate or terminate therapy. 

Additionally, it must enable rate-controlled drug release at an optimal dose, be 

easy to manufacture and provide cost-effective therapy over the treatment 
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duration 116. Beginning with Gliadel 117 initial progress in commercializing safe and 

effective implants has been slow, despite considerable effort. Performance issues, 

such as lack of compatibility between drug and carrier leading to burst release or 

shutdown, and concerns regarding potential toxicity and carcinogenicity, stability 

and reproducibility, had to be overcome. Furthermore, acceptance by patients and 

physicians was initially limited 118–120.  

2.2.1 Classification of implantable drug delivery systems 

Classification of IDDSs is difficult, given that there are numerous exceptions and 

hybrids that may be listed under multiple categories. However, drug implants can 

be broadly subdivided into passive and active systems. Passive systems can be 

further classified into nondegradable and degradable implants that typically have 

no moving parts or mechanisms. Active systems employ some energy-dependent 

method for providing a positive driving force to modulate drug release. These 

energy sources may be as diverse as osmotic pressure gradients or 

electromechanical drives. 

Passive implants 

Passive implants tend to be relatively simple, homogenous and singular devices, 

typically comprising the simple packaging of drugs in a biocompatible material or 

matrix. A typical passive actuator relies on a drug infusion process in which the 

drug is slowly released through a porous membrane or a biodegradable membrane 

that degrades over time. Other passive methods include an array of small sealed 

drug wells that make up the reservoir such that dissolving the individual seals by 

applying an electrical stimulus releases a precise drug dose. In either case, the 

released drug diffuses into the target delivery site. By definition, they do not 

contain any moving parts, and depend on a passive, diffusion-mediated 

phenomenon to modulate drug release. Delivery kinetics are partially tunable by 

the choice of drug, its concentration, overall implant morphology, matrix material 

and surface properties. 
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Dynamic implants 

As defined earlier, dynamic implant systems harness a positive driving force to 

enable and control drug release. As a result, these are typically able to modulate 

drug doses and delivery rates much more precisely than passive systems. 

However, this comes at a higher cost, both in terms of complexity and actual device 

price. Because of the diverse range of active micropumps, a number of 

classifications have grouped micropumps into mechanical (reciprocating) and 

nonmechanical (no moving parts) pumps. However, micropumps can be grouped 

into displacement and dynamic pumps 121–123. Displacement pumps exert pressure 

forces on the working fluid through one or more moving boundaries and dynamic 

pumps continuously add energy to the working fluid in a manner that increases 

either its momentum or its pressure directly 122. Essentially, active micropumps 

respond to an electrical stimulus to cause an electrochemical or electromechanical 

response to affect a controlled drug release that can be continued or stopped at 

any time. Many forms of micropumps have been designed and implemented using 

actuators based on processes such as electrolysis, osmosis, hydrodynamics, 

electrophoresis, piezoelectrics, magnetics, pneumatics, hydrolysis, and material 

deformations 121–123. 

External control of dosing is a requirement for many drugs, a feature that is 

difficult to obtain when using biodegradable or nondegradable delivery systems. 

Pump systems have been used to provide the higher precision and remote control 

needed in these situations. Additionally, they offer a number of advantages, such as 

evasion of the GI tract, avoidance of repeated injections, and improved release 

rates (faster than diffusion-limited systems). With advances in microelectronics 

since the 1970s, remote control over delivery rates or integration of implantable 

sensors to create feedback-controlled drug delivery is now feasible. Implantable 

pumps primarily utilize osmosis, propellant-driven fluids, or electromechanical 

drives to generate pressure gradients and enable controlled drug release. 

While osmotic and propellant-driven constant pressure pumps work well for small 

volumes of medication, this may be a severe limitation for certain chronic diseases 

requiring daily infusion of medication, precluding their use over long timespans. In 
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such cases, it may be necessary to consider larger implants, wherein the storage 

capacity of the pump may be replenished from time to time, while the pumping 

mechanisms stay implanted. By necessity, this implies the use of electrically 

powered mechanical pumps, typically with moving parts and advanced control 

systems. 

Electromechanical infusion technology has been rapidly growing and offers some 

unique solutions for biomedical applications, particularly to address unmet 

medical needs related to precision dosing. An IDDS in the micro/nano meter range 

can be fabricated to accurately and conveniently administer very small amounts of 

medication. Micro electromechanical systems (MEMS) technology enables the 

manufacture of small devices using microfabrication techniques, similar to that 

used to fabricate silicon-based computer chips. MEMS technology has been used to 

construct micro-reservoirs, micro-pumps, nano-porous membranes, nanoparticles, 

valves, sensors, micro-catheters, and other structures using biocompatible 

materials appropriate for drug administration 124,125.  

Some of the latest IMDs have begun to incorporate numerous communication and 

networking functions, usually known as telemetry, as well as increasingly 

sophisticated computing capabilities 126,127. This has resulted in implants with 

more intelligence and provided patients with more autonomy, as medical 

personnel can access data and re-configure the implant remotely, i.e., without the 

patient being physically present in a medical facility.  

Apart from a significant cost reduction, telemetry and computing capabilities also 

allow healthcare providers to constantly monitor the patient’s condition and to 

develop new diagnostic techniques based on the IntraBody Network (IBN) of 

medical devices. 

2.2.2 Current therapeutic applications 

IDDSs are finding increasing applications in the areas of chronic diseases 

(including lifestyle diseases), oncology, pain management, and neurology. In the 

following section, we review some of the major clinical areas in which implants 

have made a significant contribution to therapy and disease management. 
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Chronic diseases 

Of all clinical use scenarios, IDDS perhaps find their best applicability in the 

treatment of chronic diseases. As such, devices for a wide variety of clinical 

applications against chronic illnesses have been developed. 

- MicroCHIPS has a number of DDS in development for the treatment of 

osteoporosis, diabetes, and multiple sclerosis, and a remote control 

contraception implant 128. The MicroCHIPS DDS contraceptive implant is an 

active system in that it contains microreservoirs of 30 μg of the hormone 

levonorgestrel released daily over a 16 year period and the process can be 

deactivated and reactivated at any time using a short-range wireless remote 

control unit. The DDS also incorporates a real-time clock and wireless 

telemetry circuits for active control of drug dose scheduling from an 

external remote control unit placed in contact with the skin over the site of 

implantation. The bidirectional communications link also provides 

information regarding dose delivery confirmation and implant status such 

as battery voltage. The MicroCHIPS structure consists of a silicon substrate 

into which are etched pyramidal microreservoirs that are filled with the 

prescribed drug dose and then hermetically sealed with an ultra-thin gold 

membrane covering that also serves as an anode electrode. Applying an 

anodal DC voltage of 1.04 V with reference to the cathode for a period of 

several seconds, results in the gold membrane to effectively dissolve such 

that the drug in the reservoir can diffuse into the surrounding tissue and 

subsequently enter the blood stream. The MicroCHIPS measures 20x20x7 

mm and is designed to be implanted subcutaneously in the buttocks, upper 

arm, or abdomen under local anesthetic. 

- The CODMANs 3000 Implantable infusion drug pump is an example of a 

passive DDS used to deliver medications at a constant rate for the treatment 

of chronic pain, severe spasticity and cancers of the liver. The CODMANs 

3000 does not require batteries and is available in three sizes (16, 30, and 

50 mL) to increase the delivery time between refills. The FLEXTIP Plus 

SureStream intraspinal catheter is used when medication is delivered to the 
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intraspinal space as required in the treatment for chronic pain and severe 

spasticity. The drug reservoir is refilled by inserting a needle through the 

skin into the central septum through a self-sealing silicone membrane. 

CODMANs 3000 pump contains two chambers, the inner drug reservoir and 

the permanently sealed outer propellant bellows chamber that contains a 

compressible fluorocarbon gas. When the drug reservoir is empty, the 

bellows contract under pressure from the gas in the propellant chamber 

which is dependent on the body temperature. Filling or refilling the drug 

reservoir chamber causes the bellows to expand, which forces the drug to 

flow out of the drug reservoir through a filter and a capillary restrictor tube 

which maintains an optimal flow rate of the drug through a catheter to the 

drug delivery site. The CODMANs 3000 Pump delivers the required 

medication, with typical flow rates between 0.5 and 2 mL/day. In cases in 

which a direct injection into the body is required or when the catheter 

needs flushing with saline, the CODMANs 3000 Bolus Needle is used which 

makes a direct connection to the tip of the catheter. The CODMANs Pump 

3000 is housed in a titanium casing and is implanted subcutaneously in the 

lower abdomen. 

- The SynchroMeds II Infusion System delivers pain medication directly to 

the intrathecal space surrounding the spinal cord 129. The treatments 

include pain management for severe chronic nonmalignant, severe 

spasticity of spinal or cerebral origin, and treatment of primary or 

metastatic cancer 130. The myPTM is a handheld personal therapy manager 

that gives patients the control to receive extra prescribed bolus doses of 

medication when the need arises. The N’Vision Clinician Programmer is 

used to create and store up to 50 clinician-created programs for the 

management of patient treatment, as well as to store all critical therapy and 

patient information. The SynchroMeds II Programmable Infusion Pump is 

implanted in the abdominal area and is connected to a small thin catheter 

that is implanted in the intrathecal space. Two sizes of drug reservoirs are 

available, 18 and 20 mL. An alarm is activated if the drug level decreases to 

less than 2 mL. The pump can be programmed to deliver medication at 
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therapeutic flow rates from 0.002 to 1.0 mL/h (0.048-24 mL/day). The 

battery life, depending on usage, is between 4 and 7 years. After 7 years, the 

pump automatically shuts off. The drug is delivered using a 22-gauge 

corning needle into the reservoir fill port, where it passes through the 

reservoir valve and into the pump reservoir. The micropump contains a 

sealant gas that begins to heat up from the body’s temperature, exerting 

pressure on the pump reservoir forcing the drug into the pump tubing, 

where an electronically controlled motor pushes the required dose out 

through the catheter port and into the catheter to the infusion site. The 

catheter access port allows for direct access to the catheter tip using a 24-

gauge noncoring needle. This allows for direct access to the infusion site 

and also for flushing of the catheter. 

- The MIP Implantable pump from Debiotech is a piezo-actuated silicon 

micropump fabricated using MEMS technology working as a volumetric 

pump by the reciprocating action of a silicon micromachined membrane to 

periodically compress the fluidic chamber to pump the pharmaceutical drug 

out through one-way directional fabricated valves. The silicon layers are 

micromachined to form the circular fluidic chamber and valve structures, 

whereas the glass layers contain through holes for the fluid. On top of the 

stack is a piezoelectric ceramic disc that is bonded to the top silicon layer, 

which collectively acts as the micropump actuator. At the bottom of the 

stack are two titanium fluid connectors hermetically joined to the 

micropump. The piezoelectric actuator vibrates when a voltage is applied 

across the material, initiating a displacement of the silicon membrane, 

initiating a reciprocating pump action. The structure of the device is such 

that on the compression stroke, the membrane compresses the fluid 

chamber and directs the fluid flow through the inlet and outlet valves. The 

flow rate is linear with the actuation frequency up to 0.2 Hz and achieves a 

typical flow rate of 0.1 mL/h with a stroke volume of 150 nL. The whole 

chip measures 16x12x1.86 mm. 

- The DebioStart is an implantable DDS that can be used for local and 

sustained delivery of pharmaceutical drugs subcutaneously, 
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intraperitoneally or intramuscularly for single or refillable use. DebioStart 

that contains a refillable drug reservoir and a controlled silicon nanoporous 

membrane, whereby the pore diameter and membrane thickness can be 

controlled to alter the drug delivery rate such that the drug can be delivered 

over several weeks or several months. The pore diameters can be altered 

with a range between 1 and 250 nm and the total membrane range 

thickness is from 50 nm to several hundred micrometres. A pore density of 

1 billion pores/cm2 is possible. Also, by chemically altering the membrane 

surface properties, the drug delivery can be delayed over longer periods. 

 

Figure 2-4 Implantable drug delivery systems for chronic disease 
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Cancer 

The major challenge in anticancer therapy is to develop DDSs to deliver 

chemotherapeutic drugs safely and effectively without side effects. Therefore, 

IDDSs have a great potential to deliver chemotherapeutic drugs in a more effective 

and safe manner. Brain, prostate, and bladder cancer are a few examples, for which 

attempts have been made to enable treatment with a drug delivery implant 131,132. 

The Gliadel Wafer described earlier has been approved as one of the first 

implantable brain cancer treatment to deliver chemotherapy directly to the tumor 

site. Another example is the Zoladex biodegradable implantable rod, delivering 

goserelin acetate for treating prostate cancer 133. Similarly, Endo Pharmaceutical 

has developed a hydrogel subcutaneous implant, called Vantas, also targeting 

prostate cancer. This product is capable of delivering 50 mg of histrelin acetate 

over a 12-month period 134. Also notable is a nonbiodegradable drug-eluting 

product from TARIS Biomedical, designed to provide relief for nonmuscle invasive 

bladder cancer 135. 

2.3 Limitations and open challenges 

2.3.1 Manipulators for robotic surgery 

Flexible robotics research in the medical domain has generated increasing 

numbers of new concepts and feasibility studies over the last decade. Fundamental 

topics such as structural design, actuation, and kinematic modelling have achieved 

a sufficient level of sophistication for many applications and have thus led to 

commercialized and clinically relevant research systems. However, three grand 

challenges remain in order to bring those robots that have not yet been 

commercialized to clinical practice: A) Instrumentation, Visualization; B) Human–

Machine Interaction; and C) Shape and Force Sensing. 

A. Instrumentation, Visualization 

Beyond reaching around corners and following curved paths, successful use of 

continuum robots in surgery also requires visualization of the anatomy and the 

ability to perform surgical tasks once the desired pathology is reached. In addition 

to instrumentation, minimally invasive surgery is highly dependent on 
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visualization of the surgical site and surrounding anatomy. There is a tradeoff 

between straight, rigid endoscopes delivering high-resolution visualization and 

flexible endoscopes (flexible fiber optic scopes) with a bendable tip but inferior 

visualization. High-definition 3-D visualization, such as in the daVinci surgical 

system, is highly preferred by surgeons as spatial depth perception is considered 

very helpful. Three concepts for addressing this challenge have been proposed: 1) 

follow the flexible manipulator with a conventional rigid endoscope (e.g., Burgner 

et al. 88) ; 2) equip the flexible manipulator with (flexible) endoscope (e.g., Hendrick 

et al. 136); or 3) integrate optical instrumentation within flexible manipulator to 

provide visualization (e.g., Can et al. 137). The third concept is the most challenging 

due to space constraints. Optical fibers or chip-on-the-tip cameras may provide a 

solution, but attaining sufficient illumination, resolution, and depth perception 

remain unsolved challenges today. The operating room and surgical application 

itself also pose special requirements on medical devices. The federal regulatory 

frameworks ensure that medical devices meet essential requirements in terms of 

performance and safety. However, keeping the requirements of surgical 

applications in mind is essential during the development phase, such as 

characteristics of the surgical site (e.g., present body liquids, motion of organs), 

limited space in the operating room and at the patient, sterilizability of the device 

(e.g., Burgner et al. 138), ease of use for surgical staff, and compatible design for 

medical imaging (MRI, X-ray 25). 

B. Human-Machine Interactions 

Having a continuously curved manipulator, which is tele-operated rather than 

controlled manually, poses significant requirements on an efficient human-

machine interface. The challenge is to provide the information necessary to the 

physician about the shape of the manipulator by means of an image-guidance 

system. In other words, to represent the morphology of a curved structure, its 

contact points with the anatomy, or the force profile acting on the structure to the 

operator. It is a challenge to adjust tissue contact forces, allow robot deflection 

through tissue contact, and use natural anatomical constraints in motion planning, 

while also compensating for undesired deflections. Not only is this a problem of 
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motion planning and control, but also of how to provide an interface for the 

operator (e.g., to inform about interaction forces between the manipulator and 

tissue).  

Another important aspect of the human–machine interface is the design of input 

devices in those medical applications where the robot is teleoperated. The 

Geomagic Touch device (formerly Phantom Omni, now marketed by Geomagic Inc., 

USA) has been used in 32,88,89,90. It features a pen-like stylus for commanding 

motion in 6 DOF and can apply force feedback in 3 DOF. Auris Monarch platform 

for bronchial tree has been using a XBOX type controller that allows physicians to 

navigate the continuum endoscope. Motion planning is essential to consider as a 

part of the human–machine interface. In order to be applicable in a medical 

scenario, effective motion planning for flexible robots will not only depend on 

scalable real-time algorithms, but also on the availability of real-time sensor 

information on the anatomy and robot shape. 

C. Shape and Force Sensing 

Sensing the 3-D shape of flexible robots in real time is a major research challenge 

as knowledge about the shape is key to advanced control methodologies, human-

machine interaction, and interfaces. While the integration of existing external 

sensors such as camera systems or EM tracking coils are feasible in principal, the 

small size of flexible robots and the clinical setting usually impede straightforward 

implementation. External cameras require line of sight with the robot, which is not 

possible in minimally invasive surgeries, and EM tracking requires an environment 

without any magnetic objects that could interfere with the magnetic field and 

decrease accuracy. One promising strategy is fiber Bragg grating (FBG) 139–141, 

strain-based, shape sensing. Similar approaches to the continuous shape sensing 

challenge include bending sensors and cable displacement measurements. Chen et 

al., proposed a two-axis flexible bending sensor surrounding a flexible spring 

coated in parylene and integrated into a layer of polyurethane 142. Rone and 

Bentzvi estimate the shape of single- and multibackbone tendon-driven flexible 

robots from passive cable displacement in numerical case studies 143.  
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Application of flexible robots in the medical domain also suggests the possibility of 

using medical imaging for sensing purposes. Ultrasound is a cost-effective choice 

for real-time imaging in applications where the robot is surrounded by liquid or 

soft tissue (e.g., cardiac, vascular, or abdominal surgery). However, ultrasound 

images usually have poor resolution, and anatomical features are difficult to 

identify. Thus far, ultrasound has been used for guidance in flexible robotics 

research, i.e., a target position is either defined in ultrasound 144 or continuous 

ultrasound images are used for navigation 69. Ren and Dupont used 3-D ultrasound 

to detect the curvature of a component tube of concentric-tube robots in 

intracardiac interventions 145. Initial results using flouroscopic imaging have been 

reported by Burgner et al. 146 and further theoretical contributions were made by 

Lobaton et al. 147. However, the risks of using radiation for imaging must be 

justified in terms of the surgical outcome. 

Besides sensing the 3-D shape of flexible robots, sensing contact forces throughout 

the structure of the robot is a major challenge. Flexible robots have some natural 

passive force/displacement mapping at their end-effectors due to their elastic 

structure, yet the operator may desire different stiffness characteristics in different 

scenarios that may not match the passive stiffness of the robot. If end-effector 

displacements and/or applied forces can be sensed and compared with model 

computations 148, active stiffness control techniques similar to those employed for 

conventional robots can compensate for undesired deflection and implement a 

desired stiffness behaviour 149. This also brings the possibility of compliant motion 

control with intrinsic contact and load sensing during insertion. These topics have 

been investigated by sensing both robot displacement and actuation forces in 

multibackbone flexible robots 32 150–155. 

Several technical and scientific issues are still open and research works are 

underway in many places to extend this endoluminal approach to more demanding 

therapeutic procedures. To list a few, progress is required in the design to transmit 

enough forces for performing the desired task, to improve triangulation for better 

visualization, etc., while continuing miniaturization. Progress is also required in 

control to better stabilize the surgical tools once on the operating site, to 
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compensate for flexibilities, backlashes, dead-bands, etc., in order to improve 

precision and dynamics. Concerning SPA, the challenge is in the design of the 

trocar and instruments going through it, such that they are deployed inside the 

abdominal cavity in an optimal working configuration. In other words, they should 

not collide with each other while offering sufficient triangulation to provide 

enough dexterity and field of view. A few products for manual procedures are now 

on the shelves such as, for instance, the ASC Triport and Quad-port8 or the X-Cone 

from Karl.  

In a more dramatic approach to in vivo robotics, micro/nanotechnology is a 

multibillion dollar area of research, including investigation for various medical 

robotic uses such as inexpensive directable drug delivery devices, and other 

therapeutic approaches that may benefit from robots working at the cellular level. 

Construction of functional systems is an ongoing area of research, particularly with 

respect to generating and powering motion. Many current prototypes are 

propelled and guided via magnetic fields, though some utilize external electrical 

energy sources. 

2.3.2 Implantable drug release system 

 Biocompatibility-related issues 

Biocompatibility is a critical design parameter for successful IDDS performance, 

given the need for a substantial time period of implantation. Since most IDDS are in 

close proximity to critical internal organs and in intimate contact with tissue, 

biocompatibility with the human environment is essential. Unfortunately, it is very 

unlikely that any synthetic material will be completely inert or harmonious with 

the living environment. For a substance to be considered as biocompatible, it must 

fulfill certain requirements. All implant materials, not including the drug cargo, 

must be chemically inert, hypoallergenic, and mechanically stable at the implant 

site 156. The material should also not be physically or chemically modified by local 

tissue, and the implant should not cause any inflammatory response at the site of 

implantation. Specific issues associated with post-implantation stability and 

reactivity need to be investigated, such as the formation of fibrous capsules around 
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the implant. If acceptable biocompatibility is not achieved, many adverse effects 

may occur. These may range in severity, such as capsular contracture, to relatively 

serious complications, such as unexpected release of the drug, platelet adhesion, 

inflammation, fibrosis, thrombosis, tissue damage, or infection of the area 

surrounding the implant 157,158. Biomaterial implantation is always accompanied 

by some unavoidable injury as a result of the implantation procedure. This initiates 

various responses at the tissue and molecular levels.  

There are many factors to consider during the development of an IDDS which 

influence implant biocompatibility, such as implant size, shape, material 

composition, and surface wettability, roughness, and charge. Both the physical and 

chemical properties of the bulk material may be involved in provoking a particular 

tissue reaction, and soluble breakdown products may induce their own local tissue 

response. Implant size also has marked effect on tissue response 156. 

 Patient compliance 

Some IDDSs require minor surgery for implantation and extraction, which lowers 

patient acceptance and demands a less invasive alternative. Implanting (and 

potential explanting) may require specialized training, in most cases where 

implants are designed for administration by lower level healthcare workers 

instead of surgeons. Patient acceptance is typically lowered if the IDDS exert pain 

and discomfort while implanted in the body 159,160. However, in most cases where 

implants are indicated, the potential cumulative benefits of the prolonged therapy, 

minimal ongoing compliance burden, and optimized or localized delivery far 

outweigh the potential risks. As such, most patients in need of such therapy may be 

suitably counseled to comply with the temporary morbidity associated with 

implantation and extraction, if needed.  

 Regulatory aspects 

With respect to IMDs, the evolution of technologies from mere electromechanical 

devices to ones with more advanced computing and communication capabilities 

have many benefits, but also entail numerous security and privacy risks for the 

patient. The majority of such risks are relatively well known in classic computing 
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scenarios, although, in many respects, their repercussions are far more critical in 

the case of implants. Furthermore, these devices store and transmit very sensitive 

medical information that requires protection, as dictated by European and US 

Directives. 

 Cost-effectiveness 

The inherent complexity of implantable systems, particularly in comparison with 

simpler oral dosage forms, potentially makes the vital and necessary regulatory 

path for approval longer and prohibitively expensive for some companies to 

pursue. The cost-benefit ratio is a vital parameter influencing patient acceptance 

and commercial success. It is possible that, after considering the costs for 

development, manufacturing, and regulatory approval, the IDDSs may not be cost 

effective enough for reimbursement, insurance coverage, or out-of-pocket 

purchase in uninsured markets. Major pharmaceutical companies will usually not 

undertake the cost involved, unless reimbursement is highly probable or is 

negotiated beforehand. This leaves smaller companies to accept the risk and 

expenses incurred during the development and approval process. Nonetheless, as 

reviewed earlier, there are multiple clinical situations where implantable systems 

are not only cost-effective, but may substantially lower the overall cost of 

treatment when subjective factors like patient compliance and satisfaction are 

accounted for. This is perhaps a significant reason why both large medtech 

multinational companies, as well as small startups operating in niche areas, find it 

profitable to compete for the same market. 

 Future perspectives 

Overall, there is an ongoing a drive to make IDDSs more cost-effective and patient-

friendly. This trend indicates that future devices will probably be smaller, less 

invasive, and more site-specific. All these features will need to be accomplished 

while maintaining the dose at precise therapeutic levels for the desired duration. 

Micro/nano-fabricated devices lend themselves precisely to this task, since 

manufacturability is well established by borrowing concepts from the 

semiconductor industry. Some IDDSs may even be hybrids that contain a targeting 

therapeutic molecule and include a diagnostic feature, creating a new class of so-
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called next generation theranostics. Future versions of IDDSs may additionally 

have a remotely controllable feature, whereby a physician located at considerable 

distance may precisely control their operation. This may enable them to become 

even more patient-friendly and increase their long-term cost-effectiveness. 

However, it certainly appears that the key drivers in the future will be IDDS 

applications that are more cost-effective while improving patient compliance and 

acceptance. Most of the electromechanical IDDSs use batteries, which must be 

changed frequently by surgical procedures, or require the power source to remain 

externally placed outside the body. To overcome these problems, Dagdeviren 

recently developed a flexible micro-generator that can harvest energy from the 

natural movements (contraction and relaxation) of organs to power implantable 

devices 161. Consequently, it is possible that, in the near future, we may see IDDSs 

with micro-bionic dynamos to power the next generation of dynamic drug delivery 

implants. However, further investigation into the safety profile of these types of 

systems is needed to evaluate whether they could be safely integrated into drug 

delivery implants. Environmentally sensitive polymeric delivery systems are 

currently designed to achieve targeted and controlled in vivo delivery in response 

to specific stimuli, such as pH, ionic strength, enzyme-substrate, magnetic, thermal, 

electrical, ultrasound, etc. 162. It is expected that implantable system will leverage 

such materials to generate a feedback-controlled release mechanism to modulate 

zero-order or nonzero-order release profiles. It is hoped that, in the future, 

development of new implantable systems will help reduce the cost of drug therapy, 

increase the efficacy of drugs, and enhance patient compliance. 

2.4 Conclusion 

While the first flexible robots were created almost 50 years ago, medical 

applications have clearly been a primary driving factor for continuum robot 

research over the last decade. Substantial progress has been made in design, 

modelling, control, sensing, and application to specific medical problems. We have 

surveyed the core principles underlying flexible robotics research in medical 

applications and given an overview of surgical systems that are either 

commercialized or relatively far advanced in terms of clinical readiness. Apart 
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from the progress that has been made in medical continuum robotics research, 

several major challenges require future research. The small size and compliance of 

continuum robots is favorable from a medical point of view but place high 

demands on sensing, control, and human–machine interaction. We anticipate that 

the next decade will see flexible robots increasingly benefiting surgeons and 

patients by providing less invasive access pathways and manipulation possibilities. 

In the field of artificial organs, many research programs are being performed on all 

major organ systems. However, only a limited number of the approaches have 

reached the phase of application in clinical use. Established organ support devices 

exist as a bridge to transplant or long-term chronical support for the heart, the 

pancreas and the bladder. Clinical trials are going on with a total artificial heart 

device, liver and kidney support devices and with cell therapy for the heart and a 

tissue-engineered bioreactor combined with dialysis functions to replace failing 

kidneys. 

For over 40 years now, studies have been performed on the development of a 

closed-loop glucose measurement and insulin delivery system. In the last decennia 

progress has been made in the development of essential components: glucose 

monitors and insulin pumps. Both are commercially available, including those 

advising algorithms and data management options, and the application 

possibilities become more sophisticated year after year. However, fully closed 

loops systems are still not reliable and sufficiently accurate to be marketed. This is 

mainly due to problems with long term glucose measurement and to the 

complexity of dose controlling algorithms that have to respond to many different 

physiological circumstances. 

IDDSs have seen reasonable clinical and commercial success as a mode of 

enhanced drug therapy. However, optimization of performance characteristics, 

including long-term biocompatibility and drug release kinetics is critical. 

Furthermore, clinical validation of current systems under development is essential 

for regulatory approval and their commercial success. However, as reviewed here, 

numerous commercial systems are able to attain nearly ideal zero-order release 

kinetics profiles in vivo, over extended time periods. IDDSs therefore present a 
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viable, cost-effective and clinically acceptable alternative route of sustained drug 

delivery for chronically ill patients. 
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3 Robotic Approach for Minimally Invasive Aortic 

Heart Valve Surgery 

 

Part of the material reported in this chapter has been published in:  

 V. Mamone, S. Condino, F. Cutolo, I. Tamadon, M. Murzi, A. Menciassi and V. Ferrari 
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manipulator for minimally invasive surgery” IEEE/ASME Transactions on 
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Minimally Invasive Aortic Heart Valve Surgery” 40th International conference of 

the IEEE Engineering in Medicine and Biology Society, 17-21 Jul., 2018, Honolulu, 
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In this chapter the design, fabrication and performance evaluation (in-vitro) of a 

robotic system for heart valve delivery is reported. The robotic manipulator is 

compatible with MIS approach and equipped with endoscopic visualization, for 

aortic heart valve replacement. The robotic manipulator is able to reach the 
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intervention site and place the valve in a safe, effective and fast way. The results 

show successful implantation of a commercial valve with the aid of endoscopic 

vision of the aortic root. This paves the way to future applications of these systems 

in the field of robotic-assisted heart surgery. 

 

3.1 Ideas behind the project 

Valvular heart disease is characterized by damage or defect of one of the four heart 

valves. One common valvular disease is Aortic Stenosis (AS – narrowing of the 

aortic valve opening): the AS prevalence in the elderly is around 12% and the 

prevalence of severe AS is 3.4% 1. Valvular heart diseases have different causes 

(e.g. infections, diabetes, metabolic or hormonal conditions, genetic and aging) and 

lead to stenosis, failure (valve incontinence) or mixed disorders (Steno-

insufficiency) 2. These diseases, which lead progressively to the patient's death, are 

becoming more frequent, with an estimated number of 300,000 surgical 

replacement procedures annually worldwide; that number is expected to grow to 

850,000 in 2050 with the increase in the average age of the population 1. The aortic 

valve replacement is the second most common surgery after coronary artery 

bypass 3. Current treatment for stenosis includes Balloon Aortic Valvuloplasty 

(BAV) 4, Surgical Aortic Valve Replacement (SAVR) 5,6, Transcatheter Aortic Valve 

Replacement (TAVR) 7 and Minimally Invasive Aortic Valve Surgery (MIAVS) 8. 

However, all therapies utilize straight and rigid introducers for the delivery of the 

valve. So, with conventional introducers, the access point for valve deployment is 

constrained and it is more challenging to tune deployment position/orientation 9. 

Moreover, it has risk to damage surrounding tissues since the deployment is not 

totally under control (e.g. lack of sensing, limited vision, collapsing of aorta 

vessels) 10.  

With evolving robotics in MIS 11, there are further benefits in term of 3-

dimensional visualization, tele-manipulation, motion scaling, even smaller 

incisions and precise adjustment 12,13. However, there are certain challenges before 

the widespread usage of this technique in heart surgery 14. The da Vinci robotic 

surgical system was successfully demonstrated in 2005 15 and in 2010 with 
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complete excision of diseased native aortic valve cups and accurate Sorin Perceval 

valve placement 16. But, there has been slow adoption of this technology in cardiac 

surgery for reasons related to procedural cost and lack of proper training 17. 

Moreover, in robotic delivery with small incision, visualization is also a major 

bottleneck. So, intraoperative MRI technology 18,19 and 2D fluoroscopic image 20 

have been used to track aortic heart valve more precisely, however these solutions 

required bulky equipment and were limited by the beating heart and the 

respiratory motions, causing misalignment 21. 

On the other hand, the progress of modern surgery is closely related to the 

development of radiological technologies to provide the surgeon with more 

information about precise anatomy of the patient. The simulation, as part of the 

preoperative planning, is now common in various surgical areas 22,23 and also in 

vascular/cardiac 24 fields. In the context of cardiac valve disease, numerous 

literature studies have recently been addressed to the segmentation of the aortic 

root and annulus from CT angiography or 3D transesophageal echocardiography 

25–33. The objective of these studies is to ensure the accuracy of results and the 

improvement and/or automation of methods of segmentation and 3D 

measurement 32,34,35. An accurate 3D evaluation of the anatomical structures and 

dimensions such as annulus aortic arch, length of the ascending aorta, distance 

between the planned surgical site and the aortic valve, are fundamental for the 

most surgical approaches. For example, in the system of interventions of TAVR, 

undersizing of the prosthesis can lead to migration or severe deficiency, while 

oversizing can result in rupture of the annulus 31,33. 

The use of simulators depicting human anatomy also provides a viable alternative 

to experimentation of animal, overcoming the ethical problems. Although 

extremely interesting, the solutions on the market are often limited to the 

simulation of standard anatomical models and are thus lacking of anatomical 

realism. It can only be achieved through patient-specific simulators. For this 

reason, recent literature studies have proposed manufacturing techniques based 

on the development of real radiological images to extract the 3D model of the 
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anatomical structures of interests, then for playing in a synthetic material through 

rapid prototyping techniques/molding 24,36. 

 

3.2 State of the art in the field of heart valve surgery 

This section is organized into five parts, which illustrate the sectors of the state of 

the art for each treatment and finally the development of the video/robotic 

delivery solutions for heart valve surgery. 

3.2.1 Balloon Aortic Valvuloplasty (BAV) 

Balloon aortic valvuloplasty (BAV) was introduced in 1986 as the first less 

invasive, percutaneous treatment option for treatment of AS. The procedure was 

performed in local anesthesia via percutaneous transfemoral approach.  A balloon 

catheter (2-5 mm x 4.0 cm) is introduced and positioned across the stenotic aortic 

valve. Aortic valvuloplasty was performed with balloon inflation (25–30 ml, 2-3 

atm) with the aim to increase area and reduce transaortic pressure gradient. The 

goal of the procedure was a reduction of the pressure gradient by at least 50% and 

if necessary, the balloon inflation could be repeated. Unfortunately, early 

restenosis of the enlarged valve and poor long term survival limits the use of this 

procedure with symptom reappearance. Today BAV is considered as a relaxing 

technique in patients with high perioperative risk; or a bridge to open heart 

surgery in unstable patients; or in patients who require urgent surgery. In the last 

few years new therapeutic options are being developed such as TAVI, where BAV 

plays an important role in preparing the stenotic aortic valve for the prosthesis 

implantation. Before and during valvuloplasty procedure a coronary angiography 

was performed 4. 

3.2.2 Surgical Aortic Valve Replacement (SAVR) 

Surgical aortic valve replacement is most frequently performed through an 

incision in the sternum. Once the pericardium has been opened, the patient is 

attached to a heart-lung machine that takes over the task of breathing and 

pumping their blood around while the surgeon replaces the heart valve. Once the 

patient is on bypass and heart is stopped, a cut is made in the aorta and a cross 
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clamp applied. The surgeon then removes the patient's calcified aortic valve and a 

mechanical or tissue valve is replaced in its place. Once the valve is in place and the 

aorta has been closed, the patient is taken off the heart-lung machine 5. 

Echocardiogram can be used to verify that the new valve is functioning properly. 

Drainage tubes are usually removed within 36 hours while the pacing wires are 

generally left in place until the patient is discharged from the hospital (about four 

days). After aortic valve replacement, the patient will frequently stay in an 

intensive care unit for 12–36 hours unless complications arise 37. Common 

complications include heart block, which typically requires the permanent 

insertion of a cardiac pacemaker. Recovery from aortic valve replacement will take 

about three months, if the patient is in good health. Patients are advised not to lift 

heavy items for several weeks to avoid damage to the sternum. Often patients will 

be referred to participate in cardiopulmonary rehabilitation, which deals with 

optimizing recovery and physical function in patients with recent cardiac 

surgeries. The risk of death or serious complications from aortic valve replacement 

is typically quoted as being between 1-3%, depending on the health and age of the 

patient. Older patients, as well as those who are frail and/or have multiple health 

problems, may face significantly higher surgical risk 6. 

3.2.3 Transcatheter Aortic Valve Replacement (TAVR) 

The first transcatheter aortic stent valve in animals was described in 1992, by 

presenting the results of the implantation in pigs 38 and then was implanted in 

humans 39, in 2002, using the transeptal approach and femoral vein access due to 

the bulky measures of the first device. In 2005, novel techniques and tools led to 

change the way of approaching to the transfemoral artery position, making the 

technique easier for the doctor and the patient 40. TAVR, in general, is indicated for 

high risk patients, using the appropriate risk scores, who suffered from severe 

symptomatic AS. Currently, FDA expanded the approval for the TAVR technique, 

for special device, in case of people with symptomatic AS in intermediate and high 

risk scores 41. The choice of proceeding between SAVR and TAVR is based on 

multiple factors, including surgical risk, patient frailty, diseases and patient 

preferences. Also, surgeons’ experience in performing transcatheter procedures in 
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different centers, as well as the financial aspect, referring to the ability to cover the 

expenses. In the last decade, TAVR has been performed in about 400,000 patients 

worldwide and indications keep growing at a rate of 40% annually 40. Real-world 

data published confirm the rapid adoption of TAVR, especially in the developed 

countries, shifting the treatment of AS from conventional surgery to a 

percutaneous transcatheter approach. The positive results of the randomized 

clinical trials (CHOICE, PARTNER 1A&1B, STACCATO, NOTION, SURTAVI study ) 

recommend, TAVR can be performed in patients not suitable for conventional 

surgical treatment and as an alternative to surgery in high risk patients after 

approval by a multidisciplinary heart team, based on the individual risk profile and 

anatomy 7. 

3.2.4 Minimally Invasive Aortic Valve Surgery (MIAVS) 

Since Cosgrove and Sabik first described MIAVS in 1996 42, there has been a 

significant expansion in popularity, experience and techniques associated with 

MIAVS 43. Various techniques for obtaining appropriate exposure have been 

developed and put into practice including variations of a hemi- or mini-sternotomy 

and the right anterior thoracotomy 44. With the greater use of MIAVS, there is a 

growing understanding of the outcomes following MIAVS compared with SAVR, 

including survival rate, perioperative times and complications 45. Currently, the 

most common approaches used in the mini-sternotomy are J-shaped, inverted T or 

other similar incisions 46. This approach provides several advantages over other 

incisions 47. It provides adequate exposure while minimizing postoperative pain 

and minimally affecting thoracic cage stability. If necessary, it can be extended to 

provide additional exposure (femoral/aortic cannulation is also feasible 48).   
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Figure 3-1 The most common approaches in MIAVS 45. 

Most studies have demonstrated no difference in morbidity or mortality between 

MIAVS and SAVR 49. In contrast with early studies associated MIAVS, operative 

times have improved and are comparable between groups in more recent studies. 

This suggests that there is a learning curve, but also that minimally invasive 

approaches do not require longer operative times in experienced hands. Most 

importantly, even in studies showing longer operative times for MIAVS, there 

remained no evidence of a difference in major outcomes, further supporting MIAVS 

as a safe and feasible alternative to SAVR 50. In fact, MIAVS is more often associated 

with improvements in postoperative outcomes. Decreased length of stay in 

intensive care, days of ventilator support and hospital length of stay have been 

demonstrated. This coincides with an earlier return to work and return to normal 

activity in MIAVS patients as well. Of interest, in-hospital postoperative pain levels 

have been noted to be similar in MIAVS and SAVR patients, reflecting a relatively 

low overall pain level for traditional median sternotomy. However, using pain 

medication has been shown to be lower for MIAVS patients. Studies have 

demonstrated blood transfusion rates that are similar or lower for MIAVS patients.  

Furthermore, sutureless aortic bioprostheses possess the potential for easy and 

fast implantation in MIAVS. Clinical reports of these valves showed a short cross-

clamp time of 18–39 minutes reducing cross-clamp time up to 40% compared to 

the implantation of stented bioprosthesis 51,52. The hemodynamic performance of 

sutureless valves is excellent, and after 4-year follow-up valvular gradients 
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remained stable 53. The disadvantage of sutureless valves is the higher incidence of 

paravalvular leakage. With the Perceval S bioprosthesis (Sorin, Saluggia, Italy), 

perioperative leakage, requiring new aortic cross-clamping and valve explantation, 

occurred in 1.2–1.8% of the patients 52,53. Postoperatively, there was no severe 

paravalvular leakage noted, moderate paravalvular leakage occurred in only one of 

the 396 patients (0.3%), and mild paravalvular leakage occurred in 0–15.6% 54. 

Using the 3F Enable (Medtronic, Minneapolis, Minnesota, USA), Aymard reported 

one patient in a series of 28 patients that required reoperation because of 

significant paravalvular leakage and two patients with paravalvular leakage who 

did not require additional treatment 55. Also with the 3F Enable, Martens showed 

three patients in a series of 140 patients with major paravalvular leakage that 

needed reoperation and another three patients with minor paravalvular leakage 

who did not require additional treatment 56. Because of the shorter cross-clamp 

and therefore ischemic time, the sutureless valve may offer an advantage in high-

risk patients, especially if this is combined with a MIAVS approach. The learning 

curve is fast, and after about 10 cases, a reduction in deployment time is expected 

57. 

3.2.5 Video/Robotic-Assisted systems for cardiovascular 

surgery  

Currently, there are trials including over 1000 patients who have undergone video-

assisted mitral valve surgery 58 and over 100 who have undergone robot-assisted 

aortic valve surgery 59. However, the role of video/robotic- assisted aortic surgery 

is not on the same level as in mitral valve surgery, and only a few cases have been 

reported. The first example of use of robotics in the field of cardiovascular surgery 

and cardiothoracic dates back to 1997, when Falk et al. took the AESOPTM 3000 

system in an endoscopic surgical procedure of mitral valve 60. In 1999, the robotic 

system ZEUS was employed for the first time by Reichenspurner et al. in a 

coronary artery by-pass 61. Also, Benetti et al. was the first to report AVR with 

video-assistance through a right anterior thoracotomy in seven patients 62. The 

video- assistance resulted in a less traumatic and less painful approach because the 

removal of ribs and cartilage fragments was not necessary. The da Vinci system 
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was used for the first time in a complete repair procedure mitral valve in 2002 63. 

Currently the da Vinci robotic system is used in endoscopic surgery for 

repair/replacement of the mitral valve 63 and revascularization operations (i.e., 

surgical for coronary by-pass) 61 with documented advantages over traditional 

surgery. In 2005, Folliquet et al. reported a successful AVR using the Da Vinci robot 

system in five patients using one or two ports and a 5-cm incision in the right 3rd 

or 4th intercostal space with a mean procedure time of 231 minutes, CPB time of 

122 minutes, and mean cross-clamp time of 98 minutes 64. In 2006, Francesco et al. 

published a series of 12 patients who underwent video- assisted AVR. However, 

one patient had to be converted to sternotomy and one patient underwent re-

exploration for bleeding. Francesco addressed the learning curve associated with 

video-assisted AVR. Their learning curve was short because they already had 

experience with video- assisted mitral valve surgery. In their opinion, at least 20–

30 cases are needed to acquire confidence in the procedure 62. In 2009, Poffo et al. 

published the results of video-assisted AVR in 14 patients, with no mortality or 

major postoperative complications, a mean CPB time of 124 minutes, and mean 

cross-clamp time of 102 minutes 65. Also, CPB and aortic clamping time decreased 

after 40 cases 65. However, the robotic system da Vinci cannot be employed or 

readily adapted to release operations into a valve site by means of thoracic aortic 

single port access 66 67, which is the clinical objective of our research project. 

The only specific robotic system dedicated to aortic heart valve surgery has been 

introduced by Horvath et al. 18 but it lacks the flexibility for accessing with safe site. 

Also actuated delivery sheath 68 demonstrates preliminary validation for better 

positioning of the transapical aortic valve implantation.  

In conclusion, AVR with video- and robotic-assistance is possible in low-risk 

patients. However, video-assistance does not add much to the procedure of AVR 

and the disadvantages of long operating time, increased costs, and a steep learning 

curve outweigh the advantages of the smaller incisions. Therefore, video and 

robot-assisted AV surgery are still in their infancy, and for now, it only plays a very 

small role in the field. On the other hand, there has been a slow adoption of this 

technology in cardiac surgery for reasons related to procedural cost and lack of 

proper training 17.  
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3.3 Reference application and main scope 

In this study, to perform a right anterior minitorocatomy MIAVS via transaortic 

approach (Figure 3-1), we present a hyperredundant manipulator with the 

possibility of view under endoscopic vision. It includes also an operating channel 

which acts to deliver the valve and guarantees its proper positioning. The robotic 

manipulator (called VALVETECH) will have a patient-specific simulation platform 

for preoperative planning and valve design. This simulation environment will be 

based on the patient volumetric radiological information (e.g. CT, MRI) of 

anatomical structures involved. Preoperative imaging will allow the definition of 

the surgical strategy and the optimal choice of the most suitable surgical access 

site. The robotic manipulator (with distal articulation for micro-placements that 

ensures the positioning and release of the valve in optimal conditions) can then be 

inserted according to the specifications of the pre-operative planning.  

A 3D printing anatomical model of the human chest from CT images including the 

heart and other anatomical structures involved in the surgical delivery is provided. 

This model will be used for the following purposes: (I) Validation of the robot 

(including tests of maneuverability, ease of positioning of the valve and assessment 

of the reduction of the intervention times); (II) Simulation of MIAVS and (III) 

Training of heart surgeons.  

In conclusion, the proposed technological advancement from the VALVETECH 

manipulator is to minimize the possible risks associated with valve replacement 

procedure using mini-invasive approach. Therefore, the cardiac surgeons will 

provide, a continuous feedback on the device under study and its application 

systems that will guide developers toward the final and optimized version of the 

system. The success of the manipulator, when finally developed at a clinical stage, 

could revolutionize the field of MIAVS with drastic reduction of the surgery time 

(less than 1 h) and the costs (about 1/10) compared to the devices currently on the 

market. Finally, the overall project would pave the way for the use in clinical 

practice of a highly reliable robotic system in the MIAVS interventions. 
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3.4 Design overview 

For this study, among commercially available sutureless heart valves, Sorin 

Perceval is considered as ideal prosthesis for its promising long-term outcome 57. 

The dedicated delivery tool is straight and rigid while manually actuated, through 

direct access to the aortic valve. Although being functional to effectively deliver the 

valve, it does not permit altering the access point and may damage surrounding 

tissue. In order to overcome the aforementioned drawbacks, we envisioned valve 

deployment through a bendable manipulator equipped with three endoscopic 

cameras, 120° angular shifted and embedded laterally on distal tip. The robot is 

following a two-phase procedure sketched in Figure 3-2. So, after charging the 

Sorin valve to the introducer, the manipulator is preliminarily fastened to a 

common holder such as a Martin’s arm (MARINAMEDICAL, FL, US). The system is 

manually gross-positioned by a surgical operator so as to enter the keyhole (a safe 

point derived from patient specific simulation and CT). During phase-I (shown in 

Figure 3-2a) the manipulator, kept in a relatively compliant state, is teleoperated 

by the surgeon (based on endoscopic images recorded at the manipulator tip) to be 

fine-positioned 3-4 cm behind the target site. Additionally, three flaps in the distal 

end are used to keep the aorta open and stabilize the manipulator in the 

intervention site. When satisfied with positioning, the stiffening process starts and 

can improve the rigidity up to 2-3 times (depending on the position, see section 

3.10). The surgeon can compensate the small deviation made by shortening cable 

and reach the previous position by the help of endoscopic vision. During phase-II 

(shown in Figure 3-2b), the introducer is moved to leaflet site satisfying the 

accurate translational movement and rotation based on anatomical hinge points. 

Finally, the expansion is commanded by the surgeons in two stages, first the skirt 

part for anchoring the prosthesis to the aortic wall and second the frame for fully 

attachment. The introducer can come out of the implanted valve and prepare the 

robot for retraction (i.e. closing of flaps and manipulator moving out of the body).  
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Figure 3-2 Schematic of the two-phase procedure, here illustrated through aortic valve replacement. a) The 
manipulator is tele-operated by the surgeon to the desired pose (potential contacts with tissues are mitigated 
by the relatively compliant status of the manipulator); b) The introducer is moved and the valve is rotated for 

fine adjustment with respect to nadir points; afterward, the valve can be expanded 

The above procedure was envisioned in collaboration with cardiac surgeons. 

Besides highlighting the benefits of the hands-on gross-positioning in terms of 

reduced procedural times, they provided a reference length (130-150 mm) for the 

manipulator, and a reference diameter (20-25 mm) for its working channel to 

allow for Sorin valves delivery.  
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A number of flexible manipulators were proposed to suitably reach the target 

while circumventing the limitations posed, e.g., by deployment along a straight 

line. Commonly, a distinction is made between articulated systems (manipulators 

composed of discrete rigid links connected by joints 69,70) and continuum systems 

(manipulators typically featuring an elastic structure, whose deformed shape can 

be swept with continuity by a tangent frame 71). A few “hybrid” 

articulated/continuum designs, however, have been recently proposed. The 

manipulator in 72 introduced rigid wire-guides acting as links (connected by rolling 

friction joints) around a cylindrical elastic backbone, in order to avoid transmitting 

axial forces to such a backbone. An elastic tube surrounded by rigid vertebras also 

acting as wire-guides was similarly introduced in 73: the vertebras formed 

rotational (friction-based sliding) joints, and the authors proposed to insert a rigid 

tube within the aforementioned elastic one in order to also control the length of 

the bendable section. A different embodiment was introduced in 74, with the 

continuum backbone provided by a couple of elastic tubes passing through the 

links (connected by ball-socket joints), perpendicular to the passages of the 

actuation wires, thus only allowing for planar bending. Finally, a further 

embodiment was proposed in 75, where the continuum backbone was provided by 

elastic push/pull tubes/rods external to an articulated chain of links (connected by 

revolute joints). Relative sliding respect to the continuum backbone was used to 

continuously change the stiffness of the compound system. Therefore, in some 

cases the articulated/continuum design was purposely introduced for locally 

tuning the manipulator stiffness, since continuum manipulators can allow for 

enhanced safety and adaptability when interacting with anatomical structures, yet 

at the cost of reduced effectiveness and stability. 

We firstly introduced an articulated structure made of 26 hollow links 

(ϕout = 28 mm, ϕin = 23 mm), interleaved with 1 DoF pin joints alternately 

rotated by 90 deg, for the manipulator to achieve 2 DoFs bending (Figure 3-3a). 

The joint axes in the undeformed configuration implicitly introduced a 2D 

reference frame useful for identifying the bending direction. The joints were 

profiled (Figure 3-3a) for the manipulator to achieve 90 deg bending when 
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consistently compacting a set of parallel joints (axial bending), and 120 deg when 

consistently compacting all the joints (cross-axial bending). Each joints hosts four 

pair holes (ϕ = 1.1 mm) for the passing-through actuation cables, three slots for 

camera wires (the slots being shaped to easily insert the wires and hold them in 

place during operation), and a hole for passing a flexible shaft (functional to flaps 

actuation). We devised the actuation cables to have both ends connected at the 

manipulator base: we adopted ϕ = 0.42 mm braided fishing lines in order to allow 

for the small bending radius (2.8 mm) needed to route the cables back at the distal 

link (Figure 3-3a). Actuation and sensing devices were integrated at the 

manipulator base (Figure 3-3b). One end of each actuation cable was pulled by a 

brushless DC servomotor (Faulhaber 2250BX4, Germany), able to provide up to 

25mN/m torque and high-resolution positioning (3000 increment/turn). The 

other end was connected to a force sensor (LSB200 by Futek, CA, US) able to read 

up to 44.5 N and fixed to the base frame. More in detail, the motor torque was 

transmitted to a ϕ = 13 mm pulley through a 1:10 ratio worm gear (RS 

Components S.r.l., Italy), which also supported the possibility to effectively transfer 

external actions toward the force sensors by virtue of its reduced back-drivability. 

The four actuation subsystems (each consisting of servomotor, worm-gear and 

pulley) were assembled so as to obtain a compact (10x10x15 cm) actuation unit; 

the sensors were correspondingly integrated in a sensing unit close to the 

manipulator proximal section (Figure 3-3b). Additionally, on the connection of the 

actuation unit to Martin arm a linear rail and ball screw (Faulhaber, BS22-1.5) 

actuator is positioned to provide linear insertion to the body for the manipulator. 
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Figure 3-3 Manipulator design (schematics). a) Articulated/continuum structure based on links (with pin 
joints). Passages for actuation cables, flaps and camera wires are also annotated (by overstepping the distal 

link for ease of representation). b) Overview showing both the actuation unit and the sensing unit; key related 
components are annotated like coil spring (whereas the cap is omitted for ease of representation). 
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As for fabrication, pulleys and secondary casing structures (e.g. for the motors and 

for the sensing unit) were 3D printed (ProJet MJP3600, 3D systems, USA and 

VisiJet M3 crystal), whereas stainless steel (17-4ph) links were obtained by metal 

sintering (DMLS/SLM by ZARE srl, Italy) leading to a robust yet lightweight 

(< 2 kg) prototype (the manipulator is shown in Figure 3-6a). 

3.5 Controller design overview 

As regards control, we termed leading cables (LCs) those driving bending and 

following cables (FCs) the others which keep tension. As illustrated in Figure 3-5a, 

for general bending there are two LCs and two FCs.  

During positioning the surgeon tele-operates the manipulator by means of a 

joystick 1 (Figure 3-2a). Its directional input is used by the controller (ATMega 

1284P, ATMEL) to identify the LC(s) and the FCs, based on a registration between 

the 2D reference frame of the joystick and that one identifying the manipulator 

bending direction. The controller shortens the LC(s) by directly commanding PWM 

signal based on joystick angles of the bending direction. Meanwhile, the controller 

keeps the FCs tension to a set value by PID closed-loop control (Figure 3-5b). The 

set value is small enough (0.6 N) for the FCs to oppose a small resistance to the 

LC(s), while preventing them to become slack. To gain stiffening in the manipulator 

the set value for cables can be increased by surgeon’s command. Thus causing a 

light displacement. Then, it can be compensated by joysticks so as to recover the 

manipulator pose up to a chosen tolerance. 

Joystick 2 is also dedicated for valve translational motion and its rotation. While 

the button on the top will trigger the expansion (Figure 3-4). The same strategy of 

PWM pulses are used to activate the linear servomotor as before. 
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Figure 3-4 Control unit and functions of joysticks. Joystick 1 is dedicated for bending the manipulator (right-
left-up-down) and linear insertion of the manipulator (rotation) plus flaps opening/closing (buttons on top). 

Joystick 2 is dedicated to introducer linear insertion (right-left), valve rotation (rotation) and valve expansion 
(button on top). The joystick commands are also shown in LCDs. 

3.5.1 Safe interaction with tissue 

In positioning phase, the manipulator is capturing the cable forces continuously 

and can react with sudden high forces in the tip. This feature is planned in the 

microcontroller to release the LC(s) when sensing a sudden high force in 

corresponding sensor. Meanwhile FC(s) cable lengths are controlled based on the 

preset forces and can release automatically when they touch an obstacle. 
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Figure 3-5 Manipulator control (schematics). a) Definition of leading/following cables for both axial and 
cross-axial bending. b) Control scheme for the positioning phase (closed-loop control is introduced for the 
following cables, based on direct measurement of the related tension). c) Control scheme for the stiffening 

phase (pose correction is performed for the cables, to compensate the deviation of the tip from that one 
defined at the end of the positioning phase). 
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3.5.2 Experimental assessment phase-I 

Once preliminary tests on the joystick-manipulator mapping were performed, we 

quantitatively assessed the positioning performance by tracking the manipulator 

tip through the Aurora (NDI Medical, Canada) electromagnetic tracking system 

(ETS) (Figure 3-6). For ease of processing, we connected to Matlab (The 

Mathworks, MA, US) both the ETS and the Arduino controller (5V TTL serial 

communication). We thus integrated in a single GUI motor rotations, cable tensions 

and tip position readings in the ETS Cartesian frame, serving as a unified reference 

for all the measurements.  

 

Figure 3-6 Manipulator in a simple form without introducer, flaps, cameras and cartridge. a) Full view also 
showing the actuation unit. b) Experimental setup for positioning tests also showing the electromagnetic 

tracking system (ETS).  

Starting from an upright pose (manipulator axis coincident with the z-axis), we 

commanded bending along the four axial directions (i.e., along the x- and y-axis), 

and the four cross-axial directions (i.e., bisecting the x- and y-axis). For axial 

bending, we defined as leading tension (LT) that one of the LC; for cross-axial 

bending we considered the square root of the sum of the squared LCs tensions. For 

each direction we pulled the LCs up to the aforementioned LT threshold value, so 
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as to reach the workspace boundary (through the complete compacting of all 

involved joints). We recorded tip trajectory (four repetitions to assess potential 

data dispersion) and we quantified its distance (mean ± std over the trajectory 

points) from that one obtained through a classical constant-curvature model 

(recalled in Appendix I). Furthermore, we assessed reversibility by commanding a 

round-path along two selected directions, one axial and one cross-axial, and we 

computed the distance (mean ± std) between corresponding points (based on 

encoder steps) along the forward and the backward branch. Finally, we also 

repeated the positioning experiments after removing the coil spring (thus reducing 

to an articulated manipulator), with the deliberate aim of assessing the spring 

effect (Figure 3-7). As shown in Figure 3-7c,d, the curvature of the resulting 

trajectory was almost constant: for axial bending (while the spring is included, 

Figure 3-7a) the resulting deviations (over nearly 200 trajectory points) were 

3.1 ± 3.1, 1.9 ± 1.0, 3.3 ± 2.8 and 2.1 ± 1.4, whereas for cross-axial bending (nearly 

400 points) they were 4.2 ± 2.1, 3.1 ± 2.5, 4.1 ± 2.2 and 4.3 ± 3.1 mm. All of them 

are suitably smaller than the manipulator characteristic size (even when 

considering the diameter) and definitely smaller than the workspace span (around 

200 mm as shown in Figure 3-7). For the round-path experiments we’ve selected 

the bending directions labeled by (A) and (CA) in Figure 3-7: as shown by Figure 

3-7a-b, for both axial and cross-axial bending we recorded the same behavior 

along the considered directions, so that no bias was introduced by making the 

above choice. The resulting deviation between corresponding points along the 

forward and the backward branch (Figure 3-7c-d) were 2.7 ± 1.9 and 3.2 ± 1.5 mm 

for axial and cross-axial bending, respectively. We thus observed good reversibility 

for both bending modalities, and this was due to the presence of the spring. Indeed, 

by comparing the snapshots in Figure 3-7c-d and Figure 3-7g-h, it is clear that by 

removing the spring a less regular behavior was observed (namely less reversible 

tip trajectories, double-curvature bending configurations leading to a hysteretic 

behavior over the round-path). 
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Figure 3-7 Positioning test results. a) Top-view of the tip trajectories (solid) with superimposed the nominal bending 

directions (dashed). b) Tip positions (top-view) achieved for selected values of the leading tension (LT). c.) 

Reversible axial bending: forward/backward experimental points and fitting constant-curvature model; selected 

snapshots (bottom). d.) Reversible cross-axial bending: experimental points along a round-path and fitting constant-

curvature model; selected snapshots (bottom). Results from auxiliary positioning tests carried out after removing the 

coil spring (exactly the same experiment as when including the spring) is reported in e. f. g. h. Selected snapshots 

showing that also reversibility was lost: hysteretic effects typical of cable-driven articulated systems were recorded.  

3.6 Stabilizing flaps 

The normal diameter of the ascending aorta is influenced by several factors, 

including body size, age, gender and blood pressure but usually is less than 40 mm 

76. To match this range of diameters at the distal end of the manipulator, 3 flaps are 

designed to keep the aorta open and fit the manipulator in the center. They also 

stabilize the manipulator during the procedure with small delivery vibration. In 

fact, in the case of aortic valve replacement, flaps are necessary to enhance the 

view provided by the cameras and preventing the collapse of the aorta wall on 

cameras. In the closed state, flaps help to protect the valve inside the manipulator 

and provide gradual increase for tip diameter. Once at the intervention site, the 

flaps can open and help the manipulator to stay in the middle of aorta which is one 

of the advantages of the robot in comparison to other manipulators 77. Flaps are 

designed to operate without hindering the bending radius of whole manipulator or 

produce extra disturbance on the tip orientation. For this purpose, a flexible shaft 

(braided steel cable, usually used in bicycle brake system, ϕ = 1.6 mm) is used to 

open/close the flaps. The shaft is passing through the manipulator joints (Figure 

3-3a) and transfer a DC gear motor torque to a pinion gear. The pinion gear is 

engaged with a ring that is partially machined like an internal gear. Each flap is 

connected to the ring by two fishing cables (ϕ = 0.18 mm) for opening and closing. 

Thus, by clockwise rotating the ring; all flaps can actuate simultaneously for 

opening and counterclockwise for closing. Actuation commands are sent by two 

buttons on the first joystick. Need to remark that the DC motor can freely slide in 

dedicated channel for compensation of different bending curvatures (placed on the 

side of sensing unit, opposite to introducer servomotor).  

In order to validate the performance of the manipulator and to study the 

manipulator’s ability in aorta to push the surroundings, a simple experiment has 

been organized to measure the flaps force on the vessels. The experimental set-up 

is shown in Figure 3-8. We measured forces in the distal section of the flaps by 
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means of a 3-axis force sensor (Nano 17 ATI Industrial Automation, NC, US) 

mounted on an industrial robot (MELFA S-series, by Mitsubishi Electric, Japan). 

More precisely, we pushed the sensor three times and by recording the 

corresponding forces we obtained the (mean ± std) point then the Mitsubishi robot 

moved 1 mm back and we repeated the same opening test. By mapping the 

displacements to the flaps angle (range from 83° to 112°) and corresponding force 

the graph will be completed. 

 

Figure 3-8 Stabilizing flaps. a) Schematics of design and opening/mechanism. b) Real prototype while the 
flaps are opened. c) The experiment setup to measure opening force of a flap. d) Measured force of one flap 

while it starts from close to open position. 

3.7 Endoscopic vision 

The manipulator is designed to provide the surgeons with the possibility to reach 

and explore the surgical area, and replace the heart valve with the help of 

endoscopic vision. Three tiny cameras are embedded laterally in top joint of the 
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manipulator and 120° angular shifted. FISCam1 (FISBA, Switzerland) cameras have 

been selected because of their small diameter (less than 2 mm in diameter) and 

120° field of view. The visual depth of field is up to 5 cm and provide 400x400 pixel 

resolution. The cameras include LED fibers which bundle circularly to provide 

illumination in the aorta. The integrated illumination power is controlled through 

separate control box out of the system. All wires are passing laterally through 

specific slots in the manipulator to keep them safe without any need for cutting 

(Figure 3-3).  

To increase the field of view and offer a wider vision of the operative field, some 

solutions suggest stitching techniques to merge the pairs of images into one 78. 

However, traditional methods for stitching images such as the SIFT 79, SURF 80, or 

ORB 81 algorithms are computationally expensive, because they require the 

identification of features in each image and the search for correspondences 

between each image pair. This makes these powerful and effective methods 

restraining in real time application. Other solutions consist of expanding the 

surgeon's field of view through dynamic view expansion: in a recent work, images 

from a single camera are merged using Simultaneous Localization And Mapping 

(SLAM) to generate a sparse probabilistic 3D map of the surgical site 82. The 

problem of visualization in minimally invasive systems is substantial and several 

companies already provide systems such as the Third Eye Retroscope and Third 

Eye Panoramic, which allow framing larger areas through auxiliary systems, or the 

Fuse Full Spectrum Endoscopy, a complete colonoscopy platform including a video 

colonoscope and a processor. The systems currently on the market, however, are 

mostly developed for colonoscopy or gastroscopy, and cannot be integrated for use 

in heart operations due to the different morphology and surgical task. 

Three different off-axis viewpoints provide visual information not as usable if 

compared to the usual endoscopic view, where a single camera is centered on the 

workspace. This is aggravated by the fact that, in order to maximize the common 

field of view of the three cameras, their x-y axes are not parallel. As shown in 

Figure 3-9a, the y-axes of the camera reference systems are radially oriented with 

                                                        
1http://www.fisba.com/expertise/expertise-components/fisba-fiscam 
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respect to the structure axis, making navigation inside the aorta extremely difficult. 

The cameras are referenced with numbers from 1 to 3, number 1 being associated 

with the reference camera. 

In order to achieve accurate and reliable image stitching, camera calibration is an 

essential step. Plane-based camera calibration methods, as the well-known Zhang's 

method 83, requires the camera to observe a planar calibration pattern at a few 

unknown orientations. At first, the matches between 3-D world points (corners of 

a given chessboard) and their corresponding 2-D image points are to be found. 

As done in 84, image stitching is performed by applying an appropriate warping of 

the camera images based on the estimation of the three plane-induced 

homographies between each camera image and a virtual camera ideally placed at 

the barycenter of the tree cameras and oriented as the reference camera 1, as 

shown in Figure 3-9b. This allows us to remap each camera view on an ideal and 

central (on-axis) viewpoint of the annulus plane. Being the aortic annulus the 

target of the surgical task, ideally should be the homography plane. Yet, since the 

exact position and orientation of the annulus plane cannot be estimated in 

advance, the homography is calculated considering a plane oriented parallel to the 

virtual camera.  
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Figure 3-9 Camera configuration. a) The reference systems of the three cameras are oriented radially with 

respect to the manipulator axis. Camera 1 is the reference camera. b) Image stitching of virtual camera (in 
green) are shown. The homographic plane is highlighted in blue and the contributions of the three 

views, merged and captured by the virtual camera, are distinguished.  

3.8 Stiffening 

As a matter of fact, controllable-stiffness mechanisms are receiving growing 

attention, and different strategies were proposed based on the variation of the 

geometrical/material properties of the manipulator (involving, e.g., material phase 

transition, or structural interactions between system components, such as for 

jamming), or on actuation-related aspects (including, e.g., pressurization and 

variable-impedance mechanisms) 85. Cable tensioning, which falls within the latter 

class, may be regarded to as a popular strategy, yet it still poses issues, e.g. for joint 

design 86. To the best of our knowledge, manipulator stiffening based on cable 

tensioning was quantitatively addressed by a limited number of studies. Among 

them, a model was introduced in 87 for the stiffening of a catheter composed by a 

series of bead-shaped vertebras connected by ball-socket joints and containing 

four pull wires. More in detail, the model related wire tension to the frictional 

moment occurring at the spherical joint contact, and permitted to estimate the 

stiffness of the catheter in the straightened pose. Furthermore, the stiffening of an 

articulated manipulator was considered in 88. Its links, profiled to also vary the 

neutral line based on the pose, contained two couples of pulling wires, and the 
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stiffness of the manipulator in the straightened pose was studied as a function of 

the wire tension. Additional stiffness measurements were performed in 89, by 

considering the effect of cable shortening on a pneumatically actuated soft-

material manipulator. The same tensioning was applied to all the cables, thus 

introducing some pose variation (namely shortening) already when considering 

the straightened pose because of the intrinsic manipulator compliance. The same 

tension variation was imposed on all the wires when also stiffening the hard-

material articulated systems in 87 and 88: besides being functional to analytical 

derivations, that stiffening strategy was allowed by the straightened manipulator 

pose specifically considered therein. Indeed, thanks to symmetry, no pose 

deviations were induced by simultaneously shortening all the wires. This does not 

occur, however, for generic manipulator configurations, and pose-preserving 

stiffening (namely stiffening without movements causing pose deviations) is a 

sought manipulator feature for which, however, a clear strategy seems to be 

missing. 

The stiffening command that ignites phase-II is characterized by a total shortening 

Δl to be applied to the LC(s) through a sequence of Ns steps. At the beginning of 

each step, the controller shortens the LC(s) at a given count rate (as described 

above), thus causing a light manipulator displacement. Then, it simultaneously 

shortens all the FCs (still by the same strategy) so as to recover the manipulator 

pose up to a chosen tolerance. To the purpose, closed-loop control based on tip 

displacement is introduced (Figure 3-5). In the carried out experiments we derived 

tip displacement from an auxiliary external sensor, for ease of development. 

I then assessed the stiffening performance for selected manipulator poses along 

the two aforementioned axial and cross-axial bending directions. In particular, we 

chose four configurations (A1 - A4) along the axial, and four configurations (CA1 -

 CA4) along the cross-axial direction. They were respectively associated with the 

following values of the leading tension: 1.0, 1.5, 2.0 and 2.5 N. These values were 

chosen, also based on the positioning tests results (see Figure 3-7b), to span the 

workspace: A1 and CA1 were close to the straightened pose, whereas A4 and CA4 

were close to the workspace boundary, thus corresponding to strongly bended 
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configurations (Figure 3-10). We excluded both the straightened and the 

maximally bent configurations because of their relative minor interest in the 

applicative scenario. For each configuration we then proceeded as follows. We 

recorded the tip position and the leading tension, labelled as LT0. We then 

displaced the manipulator distal section by means of a 3-axis force sensor (Nano 

17 ATI Industrial Automation, NC, US) mounted on an industrial robot (MELFA S-

series, by Mitsubishi Electric, Japan). More precisely, we pushed the said distal 

section by 1, 2 and 3 mm along the x-axis, by recording the corresponding forces 

through the external sensor, and we obtained the stiffness along the x-axis (kx0) by 

linearly fitting the corresponding trend. We repeated the same procedure for 

obtaining the stiffness along the y-axis (ky0) and the z-axis (kz0); however, we 

halved the displacements when probing along the z-axis, since the manipulator 

structure was responsible for an increased stiffness for most of the considered 

poses. We thus archived the stiffness (kx0, ky0, kz0) associated with the starting 

cable tension (LT0). We then issued the stiffening command, namely a shortening 

Δl =1.7-3.4 mm (smaller values were adopted for the poses close to the workspace 

boundary) to be applied in a single step (Ns = 1, for simplicity). In particular, 

reading tip displacement versus the recorded position from the ETS, we fed it back 

to the controller, and ceased pose recovery for displacements below 1 mm. We 

then measured the current leading tension (LT1) and stiffness (kx1, ky1, kz1) as 

described above. We issued three additional stiffening commands so as to obtain in 

total four sets of measurements, i.e., up to LT4 and (kx4, ky4, kz4). Finally, we 

assessed the stiffening trend by linearly fitting the points on the stiffness/LT plane 

thus obtained. 

The manipulator configurations adopted for the stiffening tests are illustrated in 

Figure 3-10, whereas the results for axial and cross-axial bending are shown in 

Figure 3-11. For ease of readability, the latter figures also remind the stiffness-

probing directions (through the corresponding forces Fx, Fy and Fz), and they 

feature a non-dimensional representation of the stiffness-LT trend in order to 

focus on the stiffening effect produced by cable tensioning.  



94 
 

The poses Aj and CAj (j = 1,…,4) in Figure 3-10 correspond to the points appearing 

along the directions (A) and (CA), respectively, in Figure 3-10, In particular, A1 and 

CA1 were associated with LT0 = 1.0 N, and so on up to A4 and CA4, which 

corresponded to LT0 = 2.5 N. Consistently with physical intuition, higher LT0 values 

corresponded to configurations with a higher initial stiffness along the x- and y-

axis. Indeed, for A1-A4 we respectively obtained [0.04, 0.07, 0.08, 0.09] N/mm for 

kx0, and [0.04, 0.05, 0.08, 0.1] N/mm for ky0, with the enhanced kx0 in A4 due to the 

directly opposing reaction of the metallic manipulator structure. Moreover, for 

CA1-CA4 we respectively obtained [0.05, 0.07, 0.14, 0.31] N/mm for kx0, and [0.04, 

0.08, 0.12, 0.21] N/mm for ky0. Still based on physical intuition, we expected kz0 to 

be ruled by the manipulator structure (rather than LT0), with a stronger opposing 

reaction in A1 and CA1, i.e. closer to the straightened configuration. The recorded 

values, namely [4.01, 3.01, 2.24, 0.99] N/mm for A1-A4 and [4.52, 3.80, 2.03, 

1.41] N/mm for CA1-CA4, supported our physical understanding (and the 

subsequent stiffening results were not affected by the fact that kz0 was only weakly 

related to LT0). 

 

Figure 3-10 Left) Experimental setup for stiffening tests also showing the auxiliary force sensor mounted on the 

industrial robot. The arrangement shown in the main frame of the subfigure was used for the x-stiffness (the y-

stiffness would be obtained by a simple rotation); the arrangement in the inset was used for the z-stiffness. Right) 

Manipulator selected poses for the stiffening tests. They correspond to those in Figure 3-7b along the axial (A) and 

the cross-axial (CA) bending direction. In particular: poses A1 and CA1 are associated with a leading tension LT0 = 

1.0 N; A2 and CA2 with LT0 = 1.5 N; A3 and CA3 with LT0 = 2.0 N; A4 and CA4 with LT0 = 2.5 N. 

The results of the stiffening tests are summarized in Figure 3-11. Each point in 

Figure 3-11 was obtained by linearly fitting a series of force-displacement 
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experimental points (see Sec. 3.5.2): the related goodness-of-fit (R2) was 

0.93 ± 0.08 for axial bending, and 0.92 ± 0.07 for cross-axial bending. Please notice 

that the LT/LT0 span in Figure 3-11 decreases when passing from A1 (CA1) to A4 

(CA4) due to the trivial scaling effect of LT0, and because of the increasingly 

reduced margin with respect to the workspace boundary. Noticeably, the resulting 

stiffening trends in Figure 3-11 could be suitably approximated by linear fitting 

(see also the R2 values therein), featuring some deviations just close to the 

workspace boundary. Let us remark that we obtained similar trends for the x- and 

y-stiffness in cross-axial bending, as expected by symmetry. Furthermore, as for 

the x-stiffness, we observed a more pronounced trend in axial bending, 

consistently with the fact that the whole tensioning action contributed to stiffening 

(whereas for cross-axial bending only a component of the tensioning effort acted 

along the x-axis, owing to the definition of LT). In addition, the relatively 

pronounced trend observed for the y-stiffness in axial bending was due to the fact 

that, for that specific loading condition, the probing force was elongating all the 

tendons, whereas some of them were partially unloaded for the other loading 

conditions. Finally, the relatively less pronounced trend observed for the z-

stiffness was trivially due to the fact that the z-stiffness, in dimensional terms, was 

systematically the highest one, because of the dominating contribution to stiffness 

brought by the manipulator structure.  

Overall, these results show the positive contributions brought by the 

articulated/continuum design in terms of smooth and accurate positioning 

capabilities. 
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Figure 3-11 Stiffening test results for axial bending (Left) and cross-sectional bending (Right) (the selected 
configurations also appear in Figure 3-10). The stiffness trend versus leading tension trend is shown (the non-
dimensional form aims to highlight the stiffening effect). Symbol kj shortly represents (kxj, kyj, kzj), namely all 
the measures at step j (the specific stiffness value being identified by the legend marker). The figure reported 

in parentheses close to each marker denotes the goodness (R2 value) of the corresponding linear fit. 

3.9 Valve introducer 

The introducer is inserted in the central passage of the manipulator and it includes 

a stainless steel coil spring (ϕ = 21.6 mm, ϕcoil = 1.6 mm, by Metersprings srl, Italy) 

and two DC gear motors (RS PRO, 951D Series, Italy) for valve rotation and 

expansion (Figure 3-12). Let us remark that I introduced the spring for two 

reasons: to enhance controllability (discussed in experimental assessment phase-I) 

and to support valve deployment by a corkscrew movement. A simple illustration 



97 
 

of this mechanism is shown in Figure 3-12 that by rotation of the spring coil 

(through gear engagement) the internal components translate forward/backward. 

In this configuration, the internal components have a slider in its tail and cartridge 

connection on distal tip. Between each segments of the introducer a stainless steel 

tension spring (ϕ = 17 mm, ϕcoil = 1.6 mm, by Metersprings srl, Italy) is placed to 

satisfy the flexibility of the system. Also the ultimate tension spring constrains the 

introducer to follow the proper orientation of head plane when it comes out of the 

manipulator. The distal tip is designed by special pin hole connections for 

attaching the cartridge and a connector to transfer motion for expansion. The 

motion required to expand the cartridge is transferred by a flexible shaft actuated 

by ultimate DC motor. While the lower DC motor is actuating the whole segment to 

provide rotation of the valve. The commands for translational movements are 

captured by the second joystick (see Figure 3-2) and actuated by a servomotor 

placed on the side of sensing section (see Figure 3-3). Valve rotation can be done 

by joystick rotation and expansion will start by the button on the second joystick.  

 

Figure 3-12 Introducer mechanism for valve translation, rotation and expansion. DC motors are also 
positioned in the middle and pin holes for cartridge connection is designed on distal tip. a) Simple illustration 

of the translational movement by arrows.  
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3.10 Valve cartridge 

The valve cartridge is designed to keep the collapsed valve secure and make the 

system suitable for different prosthesis sizes just by changing the cartridge. The 

focus of this study is based on 23 mm diameter one which is the most usable 

prosthesis in surgeries. Anyhow, the cartridge can easily scale up to keep bigger 

diameters without any changes in the introducer and manipulator. The expansion 

is actuated by rotating a central screw which is fabricated partially in M3 left hand 

and right hand (Figure 3-13).  In this scenario, just one way rotation of the central 

screw is needed to move the skirt cap out in the first stage. The strategy to expand 

the valve in two stages guarantees proper anchoring and safe expansion of the 

frame without minimum chance of dislocation. By pressing again the button on the 

second joystick, the second stage of expansion will start and frame tube sheath 

moves in opposite direction. Finally, by removing two constrains on the skirt and 

frame the valve releases in aorta.  To provide a separate motion in skirt and frame 

(satisfying expansion stages with one actuator), the threated lengths are different. 

So firstly the cap will move and after traveling the same length the nut will be in 

contact with the sheath and make it move back while the cap is already out of 

contact. 
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Figure 3-13 Valve cartridge and expansion phases 
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In the next two sections, two cases in which the proposed robotic manipulator has 

been tested will be described with the aim to verify its proper functioning and 

successful delivery. 

 

3.11 Case Study: Valve delivery validation with simulator 

The mini thoracotomy location can be defined preoperatively using patient specific 

surgical simulators 90. The simulator allows moving a virtual replica of the 

manipulator in the patient virtual anatomy, in order to evaluate the best location of 

the mini thoracotomy.  

Before the operation, the cartridge is prepared by surgeons using a dedicated 

crimping device. The Sorin valve is collapsed with its dedicated crimper inside the 

cartridge by special key (Figure 3-14b). The crimping process is so similar with the 

standard one recommended by the company. The central screw moves the skirt 

part of cartridge and the sheath is forced by hand to fully capture the valve. The 

introducer should be moved completely out of the manipulator for charging the 

cartridge by help of the pins holes connection and the flexible central shaft is 

matched with central screw (Figure 3-14d). When the cartridge is implanted 

securely, the introducer can be retracted inside the manipulator (Figure 3-14e). By 

closing flaps, the cartridge is completely secure in the system. At this stage, the 

preparation stage is finished and it will be ready for intervention (e.g. inserting in 

the patient’s aorta) (Figure 3-14f).  
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Figure 3-14 Valve/robot preparation stage. a) Collapsing the valve. b) Charging the valve in cartridge. c) 
Ready cartridge. d) Installing the cartridge to the introducer. e)  Retraction of the cartridge inside the 

manipulator. f) Flaps are closed and the manipulator is ready. 
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The base of the robot system is then moved into position (by adjusting the Martin 

arm), in line with the guidance from preoperative scans, to provide sufficient 

freedom for inserting the manipulator (Figure 3-15a). The manipulator is moved 

linearly inside the chest while by utilizing the bending ability the manipulator can 

find the aorta and finally reaches the intervention site (usually 3-4 cm behind the 

calcified valve). When the manipulator is inside the aorta in the best 

position/orientation and can see the nadir points by help of cameras, the stiffening 

procedure can be started by pressing a button on control unit (the stiffening level 

is optional). Then, flaps are opening for keeping the manipulator in center and 

preventing the tissue from collapsing on cameras line of sight. The nadir points are 

now completely recognizable by illumination of cameras and image processing 

techniques (Figure 3-15d). At this time a small modification is also possible for 

precise adjustment of the manipulator inside the aorta.  

The introducer is commanded to move linearly by following the orientation of the 

manipulator’s tip inside the aorta and adjust its prefect position 

(forward/backward motion). The suitable site is recognized by camera images and 

techniques to recognize the nadir points. The introducer is also equipped with 

rotation mechanism to precisely adjust the valve in accordance with nadir points. 

So just by axial rotating the joysticks, the surgeons can modify its angular 

orientation and precisely adjust the valve.  

When all the requirements are satisfied and the nadir points fit the valve, the 

expansion phase can start. By pressing the button in the control unit, the cartridge 

starts to expand. In this system, the valve is expanded in two phases. First the skirt 

part will be release for anchoring the valve in the site and in the second phase the 

frame part will be expanded to completely secure the valve inside aorta (Figure 

3-15e). 

The empty cartridge (attached with introducer) can pass through inside the 

manipulator by using backward translational motion as before and flaps are 

closed. The manipulator is ready for retraction and it can unbend and come out 

now. 
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Figure 3-15 Valve delivery procedure. a) The robot is placed on the line of insertion. b) The manipulator is 
guided to find the intervention site. c) The manipulator is on the intervention site. d) The flaps are opened and 
the nadir points are recognized. e) The introducer is reached the release site and the valve is expanded. f) The 

manipulator is out of the simulator and the valve stays inside aorta. 

3.12 Perspectives and future work 

We introduced a novel cable-driven articulated/continuum manipulator with the 

ability of pose preserving under stiffening: starting from an articulated structure 

(which could be functional to deliver a wide class of payloads), we steered design 

in view of valve surgery applications. In particular, we also integrated a coil spring 

that, while being devised for valve precise delivery, enhanced the positioning 

performance of the manipulator. Indeed, it permitted to accurately bend the 

manipulator also along directions not intrinsically favored by joints constraints 

(cross-axial bending), and to avoid the hysteretic effects typically observed when 

reversibly operating articulated cable-driven systems, which were also reported in 

this study for completeness.  

Moreover, we introduced a simple cable tensioning strategy based on the leading 

tension concept, and we effectively achieved pose-preserving stiffening by 

considering a variety of starting poses. The maximum stiffening factor was in 

between 2 (e.g., kz in CA4) and 9 (e.g., ky in A1), based on relevant margins from the 

initial pose to the workspace boundary, and on potential contributions by the 

structure itself. More importantly, the resulting stiffening trend was almost linear 

with cable tensioning, for all the considered poses. This extends, e.g., the 

observations in 88, which were based on a straightened pose only. Furthermore, 

despite its simplicity, the proposed tensioning strategy permits to circumvent a 

detailed modelling of frictional effects that, being complex already for simple 

contact geometries 87, poses challenging issues in general and sensibly depend on 

the specific manipulator 91. 

The proposed introducer is functioning with minimum disturbance on the 

manipulator’s position while it is able to bend in all directions together with the 

articulated manipulator. Also, the motors inside the introducer provide extra 

benefit to the surgeons by rotation of the valve that will help to match the valve 
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precisely. Two stage valve expansion is also a privilege of our design in compare 

with the robotic delivery in state of the art. 

However, we are aware of the limitations affecting the present study. Primarily in 

stiffness tests, to keep the developmental burden commensurate with the scope 

and the main aim of this study, we used an auxiliary external sensor. A stronger 

demonstration should be based on image-processing, by leveraging the tip 

cameras integrated in the manipulator. Moreover, even if we studied many 

manipulator configurations, a wider characterization should also consider generic 

3D poses and more bending planes (not only, e.g., those associated with the 

bisecting directions). Further miniaturization is also possible with improvements 

in valve characteristics especially when it’s crimped.  
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Appendix I: 

Piecewise constant curvature hypothesis demonstrates the kinematics of flexible 

module to model the bending of manipulator. Based on the simplifications of 

constant curvature model, this method has frequently been used in continuum 

manipulators to demonstrate kinematics effectively 72,92,93. Different formulations 

to calculate forward kinematics like Denavit–Hartenburg (D-H) parameters, 

Frenet–Serret (F-S) frames and exponential coordinates 94 arrive at the same final 

result. In order to describe the kinematics, the global coordinate systems of the 

manipulator is shown in Figure 3-16 manipulator pose and Piecewise constant 

curvature formulation. We consider the z-axis to be tangent to the base of the 

continuum robot. When ∅ = 0, positive curvature (𝑘 = 1
𝑟⁄ , 𝑘 > 0) produces 

bending about the +y-axis such that produce arc with radius r in the x-z plane. 

Referring to Figure 3-16 manipulator pose and Piecewise constant curvature 

formulation, we seek to derive mapping with a geometric argument for the arc 

parameters (𝑙(𝑞), 𝑘(𝑞), ∅(𝑞)) in the manipulator, as a function of 𝑞 = [𝑙1 𝑙2 𝑙3 𝑙4] 

which describe the lengths of four cables. As shown by the geometry in the figure 

11, the radius of curvature r measured from the manipulator’s radius of curvature 

for each individual actuator.  
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Figure 3-16 manipulator pose and Piecewise constant curvature formulation 
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4. Implantable artificial pancreas refilled by ingestible 

capsules 

 

Part of the material reported in this chapter has been published in:  

 I. Tamadon, V. Simoni, V. Iacovacci, F. Vistoli, L. Ricotti and A. Menciassi 

“Miniaturized peristaltic rotary pump for non-continuous drug dosing” 41th 

International conference of the IEEE Engineering in Medicine and Biology Society, 

(Accepted). 

 V. Iacovacci#, I. Tamadon#, M. Rocchi, P. Dario, and A. Menciassi “Towards dosing 

precision and insulin stability in an artificial pancreas system” J. Med. Device., vol. 

13, no. 1, p. 011008, Jan. 2019, (#equally contributing authors), Doi: 

10.1115/1.4042459 

 V. Iacovacci, I. Tamadon, C. Perri, P. Dario, L. Ricotti, and A. Menciassi “Towards an 

autonomous fully-implantable artificial pancreas” 6th national congress of 

bioengineering,  June 25th-27nd 2018, Milan, Italy. 

 V. Iacovacci, L. Ricotti, I. Tamadon, et al. “Towards a fully implantable autonomous 

artificial pancreas” 44th ESAO (European Society for Artificial Organs) Congress, 6-

9 Sep 2017 Vienna, Austria. 

 

In this chapter, the design and fabrication of an advanced prototype of fully 

implantable artificial pancreas refillable by means of ingestible mechatronic 

capsules is reported, with a special focus on mechanisms miniaturization. This 

activity is grounded on a pre-existing patent 1 and consisted of the design of 

miniaturized systems, choice and integration of actuators and testing, both on 

bench and ex-vivo.  

 

4.1 Target medical problem and concept 

Type 1 Diabetes (T1D) is the result of immune-mediated destruction of the beta-

cells in the islets of Langerhans, the site of insulin secretion and production. The 

World Health Organization (WHO) reports that 347 million people worldwide 
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suffer from diabetes and that between 2005 and 2030 diabetes deaths are 

expected to double. In addition, the worldwide diabetes market is expected to 

reach 55 billion $ by 2019 2. Beyond epidemiological and economic issues related 

to diabetes, this pathology also has a dramatic social and medical impact. 

Traditional therapies to treat T1D, in fact, are unable to correctly mimic 

physiological insulin profiles and do not allow diabetic patients to have a normal 

lifestyle 3.  

Current T1D therapy is based on exogenous supply of insulin. It can be performed 

either with insulin pens, injectiors or continuous subcutaneous insulin pumps, in 

which the amount of insulin to be released is calculated according to patient-

specific rules envisioned by the diabetologist and to multiple daily self-monitoring 

blood glucose (SMBG) measurements performed by the patient 4. This therapeutic 

paradigm implies that diabetic patients are almost slave of their pathology, as they 

must adhere to the therapy all days of their life and perform several actions per 

day, to manage the pathology.  

An alternative to exogenous insulin injections is represented by Artificial Pancreas 

(AP) 3. An AP is a device that aims at substituting the endocrine pancreas through 

an artificial device able to sense blood glucose levels, to determine the 

correspondent amount of insulin needed, and to finally deliver an appropriate 

amount of insulin in the body 5. It is sometimes defined as a “mechatronic puzzle” 

made of three main blocks: a glucose sensor 6,7, a control algorithm 8–11 and an 

insulin pump 12,13. While results obtained by the SC-SC (subcutaneous glucose 

sensing and subcutaneous insulin delivery) AP are certainly very promising 

respect to manual injections 12, especially in terms of glucose control during the 

night and reduction of number of hypoglycemic events, important limitations are 

inherently present in this technological route 5. The major bottleneck is the SC site 

of insulin delivery which, by introducing a significant delay and variability in 

insulin appearing in plasma, renders the glucose control extremely difficult, 

especially after a perturbation, e.g. a meal or an exercise 12.  

The intraperitoneal (IP) supply route, which implies the infusion of insulin into the 

peritoneal cavity, represents a desirable alternative to SC infusion and allows the 
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direct absorption of the hormone into the portal circulation, thus better mimicking 

the physiological insulin profiles 14,15 and resulting appealing for implantation as 

well. AP systems can be classified as wearable or implantable, depending on the 

exploitation of an external or implanted insulin pump 5. An example of a 

commercial wearable AP exploiting the IP supply route is the DiaPort System by 

Roche Diagnostics, provided with a transcutaneous access allowing direct insulin 

injection into the peritoneum by using an external portable device 16. The strong 

limitation of this kind of systems is that T1D patients are forced to constantly 

control these devices, avoiding some daily activities (sport activity, showers, etc.) 

or modifying them. Furthermore, carrying devices (or transcutaneous gate 

accesses) on the body cause negative feelings of shame and embarrassment. This is 

also an important factor, especially in children and adolescents 12.  

The concept on which this chapter is prepared aims at addressing the limitations of 

current APs, by developing a series of technologies enabling a fully implantable 

autonomous and long-term artificial pancreas, constituted of a subcutaneous 

glucose sensor and an intraperitoneal insulin pump, in a closed-loop control 

strategy (Figure 4-1). Implanted batteries can be charged by using a belt in a 

wireless fashion, through non- radiative energy transfer 17. A portable device (e.g. a 

smartphone or a tablet) can receive wireless data from the central control unit, and 

show in real-time to the patient the current status of his/her artificial implanted 

organ (battery, insulin reservoir and blood glucose levels). The complete platform 

is featured by a novel, high-impact, refilling strategy allowing to fed the totally 

implanted insulin pump by means of swallowable insulin capsules (so without the 

need of medical intervention) 17. This solution, when safely implemented in the 

system, has the potential to eradicate most of the limitations of traditional artificial 

pancreas listed above 18. A prototype for a novel insulin pump is also necessary, by 

combining microengineering, mechatronics and biochemistry, in order to produce 

a miniaturized smart device able to maintain insulin stability (avoiding clotting) in 

the implanted reservoir for a prolonged time period, and preventing catheter 

obstructions. The pump is expected to be implanted close to the stomach or to the 

first duodenal loop, and connected to an implanted docking/aspiration system 
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interfacing with the stomach/duodenal wall. This will allow the use of an ingestible 

capsules as “insulin carriers”, allowing insulin refilling in a completely non-

invasive way.  

 

Figure 4-1 Envisioned components of the smart artificial pancreas system 17 

4.2 State of the art in the field of Artificial Pancreas 

The development of APs can be traced back 50 years, when the possibility for 

external blood glucose regulation was established by studies in people with T1D 

using intravenous glucose measurement and infusion of insulin and glucose. Since 

the late 1990s, continuous subcutaneous insulin infusion (CSII) has become the 

common modality of insulin pump therapy worldwide.  

 Glucose sensors 

Since 1999 continuous (or semi-continous) glucose monitoring systems enabling 

retrospective data analysis of blood glucose profiles are commercially available for 

short time diagnostic use and treatment optimization. These systems measure 

glucose concentration in the interstitial fluid of subcutaneous tissue in a minimally 

invasive way. Main approaches for sampling are subcutaneous insertion of an 

electrochemical sensor or insertion of an electrochemically micro dialysis catheter. 
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Sensors like Medtronic’s Enlite, Dexcom’s G4 Platinum, and GlySens ICGMTM are 

already available commercially 19,20,21. However, regular calibration using finger 

sticks and common glucose meters is still necessary. Most subcutaneous sensors 

are disposable and last for three to four days. Data on glucose levels, insulin 

dosing, errors and alarms are stored and can be downloaded afterwards. For 

glucose monitoring, precision, accuracy, sensitivity and stability are important, as 

well as calibration requirements, availability of results, longevity and robustness 

22,23. Continuous measurement of the glucose level is not compulsory, measuring 

every 10-15 minutes seems to be sufficient. Medtronic Minimed, Synthetic Blood 

International and Dexcom™ have performed significant research in this field. The 

DexCom system is implanted under the skin in the abdomen and is designed to 

function for up to one year. Readings are transmitted wirelessly to a hand-held 

receiver 22.  

Other devices based on various technologies have not yet reached the market. 

They include the use of ultrasound (to increase permeability and transdermal 

transport), fluorescence, near or middle infrared light (to measure glucose based 

on absorption, reflection or optical rotation), or ‘smart’ glucose sensitive gels (that 

show reversible viscosity change under influence of glucose leading to controlled 

release of insulin 24.  

 Algorithm-based dose controllers 

An automated control algorithm is necessary to associate blood sugar level 

readings and appropriate insulin dosage to administer. This algorithm should 

mimic the response of the pancreatic ß-cell to glucose levels, which includes 

different phases 25. The availability of fast-acting insulin analogues has provided 

significant improvements in terms of pharmacokinetics and dynamics, as they 

allow reduction of insulin action variability, related to both the basal rate and the 

bolus infusion 3.  There are two main categories of control algorithms used for 

insulin closed-loop systems: proportional-integral-derivative (PID) controllers and 

model predictive control (MPC) algorithms 26,27. Tuning of CSII based on 

subcutaneous glucose sensing and on the application of both MPC and PID, 

resulted effective for basal “out-of-meal” periods but it was unsuccessful in 
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addressing insulin needs at meal periods 28. Partial reduction of these post-meal 

deviations can be obtained by the handheld programming of a priming bolus 

around 15 minutes before food intakes 29. 

Mimicking the ß-cell response has some open issues: 

1. It is complicated to emulate the insulin-secretion profile for meal and exercise; 

2. Depending on the type of sensor and its location, different delays and noise in 

the transmitted signals will affect the system; 

3. Glucose monitoring is accompanied by a delay due to glucose diffusion and 

measurement (subcutaneous or intraperitoneal). Thus, glucose measurements 

are not completely real-time 23,25,30. Insulin absorption characteristics and 

sensor dynamics can vary due to a new placement of the delivery 

catheter/sensor 27 ,alcohol and caffeine 30; 

An interface allowing manual input of information (meal announcement) about 

these factors into the pump controller by the patient could add to the precision of 

the system 30. Meal announcement or “feedforward control” improved results 

23,27,30. APs only use insulin to control blood glucose levels, while the natural 

pancreas uses both insulin and glucagon. It is difficult to prevent hypoglycemia 

without glucagon or glucose as an additional manipulated input 27. Research on the 

further refinement of control algorithms for an AP is still continuing 31.  

 Smart insulin pumps 

Depending upon medical needs and expected duration of use, insulin pumps can be 

located outside the body yet attached to it (subcutaneous) or even fully implanted 

inside the body.  

Current commercial pumps for subcutaneous insulin delivery are small portable 

devices, usually allowing a wireless-based reception of glycemic parameters from a 

connected continuous glucose monitoring device. Examples are the IR 1200®, 

OneTouch®, and Ping® insulin pumps by Animas Corporation, and the MiniMed 

Paradigm® REAL-Time Revel System by Medtronic. MiniMed paradigm is the 

market leader in the US (approximately 85% market share). Roche’s Disetronic is 

the market leader outside the US (approximately 15% market share). The latest 
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manufacturer of insulin pumps is Insulet which produces OmniPod disposable 

insulin pumps 32,33. 

On the other hand, when talking about implantable systems, we refer to the 

infusion of insulin in the peritoneal cavity that allows the direct absorption of the 

hormone into the portal circulation, thus mimicking in the best way physiological 

endogenous insulin secretion 14. Implanting pumps are, however, more expensive. 

In addition, experience with implantable pumps is limited  23,34,35. In 1999 

approximately 1000 pumps were implanted 23. In comparison with SC route, IP 

bolus administration provide dramatic reduction of severe hypoglycemic events, 

good reproducibility of insulin absorption and reduced time to peak and return to 

baseline 15. Implantable pumps offer advantages for patients who have difficulty in 

maintaining consistent glycemic control, even using CSII 34. However, pump pocket 

infections, catheter blockage, stability of insulin and device failure may necessitate 

surgical removal. There is only one implantable insulin pump approved and 

commercialized in the EU (Minimed Medtronic 2007, CE mark). This pump is 

implanted in the lower left quadrant of the abdomen and a 20-30 cm long catheter 

is placed such that the tip is in the intraperitoneal cavity. It’s equipped with a 

refillable insulin reservoir; the refilling procedure is rather simple, being based on 

the transcutaneous access to a refill port by a syringe. Infection risks related to the 

refilling procedure can be prevented by performing it in a clean room by educated 

physicians, usually covered by prophylactic antibiotics before transcutaneous 

puncture. U400-regular insulin is filled across the skin into a pump reservoir every 

two to three months. Insulin delivery is modulated by the patient using an external 

programmer and RF telemetry, according to the results of self-blood glucose 

monitoring. The programmer must be synchronized with only one pump, assuring 

other implantable devices are not affected. The life span of the pump battery is 

dependent of the daily insulin delivery, but is suggested to be at least seven years.  

Clinical use of implantable, programmable insulin pumps that exploit IP delivery is, 

however, still limited because of the refiling procedure associated with this 

technology. The limitations are also related to the device cost itself, but also to the 

man-time cost needed both to refill the pump reservoir with insulin at hospital 
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every 6–8 weeks and to maintain reliable insulin delivery. Indeed, it is necessary to 

take into account surgical burden related to eventual catheter obstructions (5-15 

per 100 patient-years) and periodical pump replacement due to battery depletion 

every 8 years on average. Moreover, insulin aggregation in the reservoir requires 

specific procedures to get rid of the aggregates as the use of a specific insulin 

formulation 36.  

An alternative option to benefit from IP insulin delivery at a lower cost and with 

higher patient autonomy is represented by the DiaPort® system developed by 

Roche Diagnostics. This system consists of a small titanium body implanted into 

the subcutaneous tissue of the abdominal wall, which is connected on one side to a 

flexible medication catheter, allowing insulin supply to the IP region, and on the 

other side to an external insulin pump through a catheter.  

The exact location of the DiaPort is chosen individually according to the regular 

habits and clothing of the patient but most frequently it is implanted into the lower 

right or left quadrant of the abdomen. Clinical investigations have reported close-

to-physiological blood glucose and plasma insulin profiles while using such ports 

for intraperitoneal insulin delivery 37. However, high risk of infections due to the 

transcutaneous access and the need by the patient to take constantly care of theses 

wearable devices are the main drawbacks. 

In 2009 a study was published on the testing of an intravenous glucose monitoring 

and intraperitoneal insulin delivery. Closed-loop system in four diabetes patients 

over 48 hours. A long-term sensor system (LTSS) was used, containing a sensor of 

Medtronic MiniMed, and was combined with an implantable physiological insulin 

delivery system (iPID). Quantitative information on breakfast, lunch and dinner 

were given. Two-day closed-loop therapy (except for a 15-min premeal manual 

bolus) was compared with a 1-day control phase with intraperitoneal open-loop 

insulin delivery, according to randomized order, in a hospital setting in eight type 1 

diabetic patients treated by implanted pumps. The percentage of time spent with 

blood glucose in the 4.4–6.6 mmol/l range was the primary end point. The mean 

percentage of time spent with blood glucose in the 4.4–6.6 mmol/l range was 
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significantly higher (40% vs. 28%), and overall dispersion of blood glucose values 

was reduced among patients 38. 

So far, the advantages of the intraperitoneal route are plasma insulin profiles and 

insulin action closer to the physiological ones 39, whereas still limited availability of 

insulin delivery devices using this route and the necessity of implantation 

represent the main limits for the development of an artificial pancreas using the 

intraperitoneal route. 

4.3 Concept description and overview 

An Implantable Artificial Pancreas (IAP) can be considered a complex mechatronic 

puzzle composed of several blocks. An implanted refillable insulin pump designed 

in this thesis work is shown in Figure 4-2. The proposed implantable device 

consists of:  

 A docking/punching system interfaced with the gastrointestinal (GI) tract, 

in order to selectively dock insulin capsule-shaped carriers periodically 

ingested by the patient and to aspirate the insulin in a dedicated implanted 

reservoir;  

 A functionalized reservoir connected to an insulin micropump, ensuring 

drug stability and clotting avoidance and enabling IP insulin supply when 

required;  

 A dedicated electronics, able to collect data from the sensors, to manage the 

docking mechanisms activation/deactivation, the insulin aspiration and 

injection, and to wirelessly transmit data to the portable device (e.g. a 

tablet).  
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Figure 4-2 IAP concept overview (top) and initial prototype with docking actuator, MSD and capsule for 
proving the concept (bottom)  17 

The proposed refilling procedure 17,18 can be considered as articulated in the 

following sequence of actions:  

1. The patient ingests the insulin capsule which is passively carried along the 

GI tract;  

2. The reversible docking mechanism is switched on;  
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3. The capsule is attracted by the implanted device and stably docked (It can 

be recognized by variation in magnetic field);  

4. After a fixed time lapse, a linearly actuated needle punches the capsule; 

5. The reservoir is expanded to aspirate the insulin from the capsule; 

6. Capsule undocking is commenced and the carrier is naturally excreted 

(Figure 4-3).  
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Figure 4-3 Refilling/aspiration sequence in concept 17 

4.4 Device exterior design and units 

The mechanical design of the device starts with defining the suitable shape and 

available space in left anterior abdominal cavity. To reach this goal three shapes 

were selected and fabricated by 3D printing techniques (ProJet MJP3600, 3D 

systems, USA and VisiJet M3 crystal) with different dimensions to be placed inside 
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the body. Preliminary ex-vivo test on cadaver has been performed to finalize the 

shape and allowable size for the system. 

 

Figure 4-4 Case size and shape considerations 

The first results from the surgeons was the proper shape and size. Therefore, 

shape3 was considered with smallest dimensions and small allowable variation in 

its height. So, the units described in concept is placed inside the case and electronic 

board and battery is positioned on top (Figure 4-5).  

In next sections, the units are described separately and the results are presented 

after with final goal of reliable working to reach in vivo test. 
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Figure 4-5 System overview and detailed units 

4.5 Docking and punching system 

A refilling strategy that does not require any periodical surgical procedure is the 

basis of the concept on which this chapter is focused. This ambitious goal, which 

would allow to develop a totally implantable long-term artificial pancreas, can be 

achieved by combining a passive insulin carrier, ingested by the patient when 

necessary, and an implantable docking system able to dock the carrier and to 

release it once depleted. 

4.5.1 Docking strategy 

To realize a docking system it is possible to exploit different physical and 

engineering strategies, in order to understand which one could represent the best 

solution for an AP refilling system. One of the simplest docking strategies is based 

on mechanical systems such as grippers and electromagnetic relays. The main 

disadvantage of traditional electromagnets, especially in applications in which low 

power consumption is a key issue, lies in the fact that to maintain an active state, it 

is necessary to maintain the current flow on, thus requiring high power 

consumption. 



132 
 

A very interesting alternative to mechanical, electromagnetic and permanent-

electromagnetic docking systems is represented by Magnetic Switchable Devices 

(MSDs). An MSD is a ferromagnetic circuit containing central permanent magnets 

which, depending on the configuration of the circuit, the flux can circulate by 

following different routes. A rotation or a translation of the permanent magnet can 

reroute the streamlines in the system forcing or cancelling the flux through specific 

surfaces, thereby turning ON or OFF 40. 

 

Figure 4-6 Schemes showing the working principles of a MSD. The flux lines represented in black show that in 
the ON-Mode adhesion accours, whereas it is completely lost in the OFF-Mode 

In the MSD configuration, there are several ways to implement the insulation; but 

the most advantageous one is offered by a bi‐metallic structure in which both 

ferromagnetic parts are soldered together with a diamagnetic material, e.g. brass 

41. As a rule of thumb, the maximum distance for the air‐gap should be less than 

half the distance between the two iron guides for the stator, otherwise flux favors 

internal leakage from the MSD, decreasing the adhesion force 42. 

For the realization of the docking system prototype, our choice has fallen on NdFeB 

magnets, since they are very strong, characterized by very high magnetic field and 

easily available in different shapes and sizes as produced through sinterization 

process (Figure 4-8). 



133 
 

The MSD system has to be provided with an actuation system (Faulhaber 

1512U003SR324) able to assure a rotation of 90° of the magnet, triggering thus the 

docking/undocking of the swallowable insulin carrier. This motor was chosen 

because of its miniature size (ɸ 15, L 15 mm), high torque (30 mNm) and low 

voltage (3 V). To complete the actuation system, the prototype has been provided 

with an ATMEGA1284P and DRV8833 chip to drive the actuator towards the 

execution of the desired task. The actuation task is done by counting the encoder 

signals through microcontroller and control the motor in precise angular positions. 

Also, there is a hall sensor on one side of the MSD to track the engagement of the 

capsule. These data are useful to calculate the timing of the needle punching and 

understanding the correct alignment of the capsule with MSD (Figure 4-8). 

To be sure that the system will work correctly, in addition to the 7 mm diameter 

magnet, a bigger one with diameter of 11.3 mm and a thickness of 5.5 mm, thus a 

volume of 551.3 mm3, with a “safety” factor equal to two. The choice to realize also 

a bigger MSD prototype arises from the wish to ensure correct and stable capsule 

docking; in case of the small MSD system fails in docking procedure or in case the 

docking results not sufficiently satisfying, it would be possible, with the same 

overall design and the same actuators, to exploit a second MSD system that, thanks 

to a bigger magnet, would surely be able to exert higher adhesion forces. 

After the preliminary design phase, it has been necessary to verify if the magnetic 

behavior of the docking system was suitable for this application so if in passing 

from ON to OFF configuration, the desired undocking-docking process did 

effectively take place. To make this check and to see how variations in geometry, 

magnet and ferromagnetic material could influence system operation, simulations 

exploiting a Finite Element Method (FEM) software (COMSOL Multiphysics® 4.3), 

have been carried out. 

Simulations have been carried out using Comsol’s AC/DC Module and in particular 

in the Magnetic Fields No Current condition. The system has been studied in 

stationary condition being the magnetic field generated by a permanent magnet 

and being the system behaviour stable and stationary.  
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The whole MSD structure, including both rotor and bimetallic stator, has been 

imported using the COMSOL Multyphysics CAD Import Module, whereas the 

swallowable capsule has been represented as a hollow cylinder surrounded by a 7 

mm high ferromagnetic ring.  

The aim of simulations was to study how magnetic field streamlines oriented 

themselves into the MSD surrounding, and how they differently intercepted the 

ferromagnetic target in the two configurations.  

In Figure 4-7 it is evident how in the ON configuration, magnetic field streamlines 

effectively crossed the ferromagnetic ring surrounding the capsule before closing 

themselves on the magnet opposite pole; this flux route produced a significant 

adhesion force on the target probably allowing its docking. On the other hand, in 

the OFF condition, streamlines do not cross the ferromagnetic target thus not 

exerting an appreciable adhesion force on it. 

 

Figure 4-7 MSD in the ON/OFF configuration when capsule attached. 

4.5.2 Ingestible insulin capsule 

Once described the docking system working principles and design phase, attention 

has been focused on another fundamental component: the swallowable insulin 

capsule. The need to have a completely passive carrier arises from the wish to 

make the insulin capsule low-cost and available on a large scale in pharmacies, as 

all the other insulin-based products; furthermore, the passive nature  of the carrier 
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allows a strong simplification of the artificial organ which is already both 

structurally and functionally quite complex. In order to allow geometrical 

complementarity with MSD ferromagnetic stator and to not compel patients to 

swallow insulin capsules too frequently, inspiration has not been taken from 

pharmaceutical capsules, that are typically very small, but from endoscopy capsule. 

A great advantage derived from the recourse to a “large” capsule is the reduction of 

the refilling frequency thus of the number of times the system is activated. This 

allows power consumption decrease and battery lifetime extension. 

In particular, attention has been focused on passive endoscopy capsule and their 

dimensions have been considered as a reference point in the insulin carrier 

dimensioning phase. It can be seen as most common dimensions are 11-13 mm for 

the diameter and 24-31 mm for the length.  

According to the reported considerations on endoscopic capsules and on GI tract 

anatomy, it has been decided to provide the system with a polymeric swallowable 

capsule 30 mm in length and 12 mm in diameter surrounded by a ferromagnetic 

ring 7 mm high. Capsule prototypes have been realized in polydimethilsiloxane 

(PDMS-SYLGARD® 184) with a curing agent-monomer ratio 1:10. To realize the 

hollow capsule, the polymer solution has been prepared in clean room 

environment and used in conjunction with a custom-made mold (Figure 4-8). 

Before designing the mold however it has been necessary to understand a suitable 

value of thickness for the capsule wall, trying to find out a compromise between 

the force required to punch a hole into the carrier and the need to have a capsule 

structure able to maintain its own shape and stability. 

In order to asses which was the best carrier wall thickness, PDMS membranes with 

different thickness values have been prepared and tested through an Instron 4464 

with a 10 N static load cell in order to quantify the force required to allow a 21G 

needle to punch a hole into the membrane.  

Table 4.1 Punching force registered for PDMS membranes showing different thicknesses. 

MEMBRANE THICKNESS [μm] MEAN PUNCHING FORCE VALUE [N] 
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121 0.2327 

414 0.2650 

613 0.3030 

1190 0.9032 

 

On the basis of the force test results, it has been decided to realize a polymeric 

hollow capsule showing 1 mm-thick walls. 

The following step has been to repeat Instron punching force tests (performed on 

the membranes) on the 1-mm thick capsule in order to verify the accuracy of the 

interpolation process and to verify the general hypothesis made. Such tests have 

been carried out both using a 21 G needle, as in the previous tests, and a 31 G one. 

We would like in fact to exploit this kind of needle in the final system, being a 31 G 

needle the smallest available in insulin syringes. Mean force values registered 

through the Instron tests: values of 0.509 ± 0.002 N and 0.44 ± 0.020 N, have been 

respectively obtained for a 21 and a 31 G needles. 

Dimensioned in this way, the swallowable capsule has an internal volume of about 

2 cm3, thus a capacity of 2 ml. The insulin amount that can be carried through this 

capsule could appear really low but it is not, if we consider that the refilling device 

is thought to be used in conjunction with an highly concentrated insulin 

formulation, such as Insuman Basal U-400 by Sanofi-Aventis or Humulin R Regular 

U-500 by Eli Lilly, which have a concentration of 400 and 500 IU per ml, 

respectively. Typically the insulin therapy dosage is of 0.5-1 IU per Kg of body 

weight per day so, considering an average 70 Kg man, the carried insulin would be 

sufficient for at least two weeks (considering Humulin U-500 insulin and 1IU per 

kg per day). 

It is also important to observe, as already reported in the state of the art, that a too 

prolonged deposit of insulin into the reservoir can be affected by both insulin 

interaction with reservoir walls and bubble formation. Consequently, having a 

restrained carried insulin volume would not be such a disadvantageous issue. 
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Figure 4-8 Docking unit and actuation mechanism (left), MSD details (right) 

4.5.3 Linear needle actuation system 

Once we found a way to stably dock the carrier, the following step is to aspirate the 

insulin contained in it by punching a hole into the PDMS wall. To carry out this task 

the system has been provided with a linear mechanism, with a needle fixed on its 

shaft, to punch when the capsule has already been docked, and to retract the 

needle when all insulin has been sucked. The same motor as docking mechanism 

was used here and the control unit is as the same as before (i.e. controlling the 

position of the motor by counting the encoder signal) (Figure 4-9). 

 

Figure 4-9 linear needle actuation mechanism 
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The docking and punching system has been tested in two configurations (with 

closed intestine tissue and without) to check the proper working of the system in 

term of adhesion and punching forces. The capsule was kept with two ropes on 

upper and lower part to control the capsule approaching the MSD. The lower one 

can move the capsule close to the MSD while the higher one keeps its weight. By 

actuating the MSD to ON position the capsule will be attached to the system and 

the upper rope will be cut. The needle mechanism will move forward and the 

capsule is punched (Figure 4-10). Very small motion was noticed during the 

punching without any closing intestine around capsule. 

4.5.4 Hall sensor 

In order to simplify the capsule components and make the system more robust 

with its attachments to MSD a Hall Effect sensor is placed in MSD to measure the 

magnetic fields. The hall sensor is placed in one of the ferromagnetic surroundings 

of the MSD in proximity of the permanent magnet (Figure 4-8). The data of this 

sensor is useful to assure the proper attachment of the capsule without any 

misalignment before and during punching. Also, by removing the RFID tag (the 

idea was in the concept device), the timing between docking and punching can be 

recognized. CYSJ106C series Hall-effect element has been selected because of its 

range (up to 3 T) and Sensitivity (1.8 - 2.4 mV/mT). 
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Figure 4-10 Test experiment with docking and punching mechanism. A) The system while there is no intestine 
around the capsule and B) while the capsule is approaching inside an intestine. 
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4.6 Pump and reservoir units 

Developing a smart mechatronic system for precise insulin infusion while 

guaranteeing insulin stability in the long term (1-2 weeks) is a major issue to be 

faced when designing an implantable artificial pancreas. Insulin can aggregate due 

to temperature, mechanical stress and contact with air or other hydrophobic 

interfaces; on the other hand, just few of these factors can be controlled in an 

implantable system (e.g. temperature is governed by in body conditions and cannot 

be controlled). 

To address this challenge, we worked towards the optimization of the overall 

reservoir-pumping system block to be included in the AP system. Materials 

selection, processing, characterization and testing with insulin enabled to identify 

an optimal candidate for reservoir fabrication and to shed the light on the features 

playing a major role in insulin aggregation. The design of a bi-directional pumping 

system connected to an air-tight insulin reservoir was pursued to enable AP 

correct operation, which means both reservoir refilling and insulin precise dosing, 

without affecting hormone stability. The overall mechatronic block design, 

characterization and results will be described in the following sections. 

4.6.1 Reservoir material selection, processing and surface 

characterization for insulin stability 

It is well established that insulin can aggregate and form fibrils in certain 

environmental conditions 43. These fibrils and aggregates show low biological 

activity and hamper AP correct operation, due to delivery systems (i.e. catheters or 

pumps) obstructions. Insulin aggregation kinetics is deeply influenced by 

mechanical agitation, insulin concentration, pH, ionic strength, temperature and 

interface type 44. Significant insulin aggregation has been observed in presence of 

hydrophobic interfaces (e.g. with air) or mechanical agitation 45 and high surface 

roughness 46. In an implanted AP, it is almost impossible to control some 

environmental factors, such as temperature and mechanical agitation since they 

are determined by in-body conditions. In order to minimize insulin aggregation, 

two main approaches can be followed: a pharmacological one, aiming at the 

development of more stable insulin formulations 47, and a technological one, based 
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on the choice of materials and material features preventing or limiting insulin 

fibrils formation. This second strategy has been considered in this work.  

Many studies correlating insulin aggregation with material chemistry have been 

reported in literature in the last decades 47,48. On the other hand, recent studies 

shed light also on the possible role played by topography 49,50.  

The materials to be tested were chosen considering both data on insulin response, 

partly available from existing literature, and the possibility to process them 

through different techniques, thus enabling the fabrication of different samples 

presenting the same chemical composition but different morphological features. 

However, in all these studies, the contribution of surface roughness was never 

decoupled from that of material chemistry. Thus, (i) identifying a good candidate 

for reservoir fabrication, avoiding insulin aggregation, and (ii) decoupling the 

effects produced on hormone fibrils formation by surface chemistry from those 

produced by topography.  

Two materials were tested, featured by hydrophilic (Nylon 6) and hydrophobic 

(Teflon) properties, each processed to obtain two different types of surface 

(smooth and sprayed), respectively. 

Both materials were produced in the desired shapes achieving smooth surfaces, by 

means of lathe and milling-based manufacturing. Some samples of both materials 

were then furtherly processed through spray-assisted deposition: a solution of the 

same bulk material was sprayed on the smooth samples, thus modifying their 

surface topography. To this aim a Nylon 6 solution prepared by dissolving polymer 

pellets (7% w/w) in a mixture of formic and acetic acid (4:1 w/w) and a 

commercial Teflon dispersion (Sigma-Aldrich®, USA), furtherly diluted with 

deionized water to get a 30% w/w concentration, were employed for spray 

deposition. Once sprayed the solutions on the smooth substrates, thermal 

treatment was carried out to enable solvent complete evaporation: Nylon 6 

substrates were treated overnight at 37°C whereas Teflon samples underwent a 

two-step treatment at 120° C (60 min) and 250° C (30 min) to enable the 

evaporation of water and dispersing agent, respectively.  
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For both materials, spray deposition was carried out by using an airbrush BD-130 

(Fengda®, Fenghua Bida Machinery Manufacture CO.LTD, China) with a 0.3 mm 

diameter nozzle. The deposition processes were carried out at room temperature, 

using a 345 kPa pressure, keeping a 2 cm distance between the nozzle and the 

sample, and lasting 30 s for each sample. 

In order to enable a better understanding of the relationship between insulin 

aggregation and reservoir chemo-physical properties, Nylon 6 and Teflon samples 

in both configurations were characterized in terms of wettability and roughness. 

Optical profilometer analysis (DCM 3D, Leica, Germany), relying on the 

combination of confocal microscopy and interferometry techniques, was used to 

quantitatively assess surface roughness. Smooth and sprayed samples were 

scanned (1.27 x 0.95 mm2 scanned area); the Gwyddion software was employed to 

process the three-dimensional surface profiles acquired. 

We derived six surface parameters 51: (i) arithmetic average height parameter (Ra), 

generally used to describe surface roughness - defined as the average absolute 

deviation of the roughness irregularities from the mean line; (ii) root mean square 

roughness (Rq) - representing the standard deviation of the surface heights 

distribution; (iii) skewness (Rsk) - defined as the third central moment of profile 

amplitude probability density function. This parameter quantifies the symmetry of 

the profile about the mean line, and it shows sensitivity to occasional deep valleys 

or high peaks. Rsk can be used to discriminate two surfaces showing the same Ra 

or Rq values but with different profiles; (iv) maximum height of peak (Rp); (v) 

maximum depth of valleys (Rv); and (vi) maximum height of the profile (Rt). 

Insulin aggregation tests 

Insulin aggregation tests were performed in dedicated vials, made from Nylon 6 

and Teflon both in the smooth and sprayed configurations. In order to reduce as 

much as possible the risk of insulin aggregation, the vials were designed (i) by 

avoiding the presence of air, since the occurrence of a hydrophobic interface, such 

as the air-liquid one, could favor the formation of clots, and (ii) by avoiding the 
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presence of sharp edges, featured by a high risk to trap air bubbles, thus acting as 

starting seeds for insulin fibrils formation. 

Aggregation tests were carried out by incubating the dedicated vials, filled with 1 

ml of properly diluted Insulin (Humalog 100 UI, Ely Lilly, USA), at 37° C to 

resemble in-body conditions, and under continuous shaking (150 rpm). 

Mechanical agitation, representing one of the most influent factors in insulin 

aggregation, was used to test the materials in the “worst case” condition. A shaking 

frequency well above the one typically reachable in the body due to the subject’s 

daily activities was chosen for the experimental evaluation. In this way, the 

obtained results, recorded on a time span of 14 days, could be considered reliable 

also foreseeing reservoir operation in a real biological environment and for a much 

longer period.  

Material surface characterization 

By comparing the two materials, in both the smooth and sprayed configurations, it 

was observed that Nylon 6 showed a higher mean roughness than Teflon 52. The 

two materials showed comparable Rsk values in the smooth configurations, 

whereas the skewness was significantly lower for sprayed Teflon compared with 

sprayed Nylon 6. 

Results 

Insulin fibrils formation was evaluated through turbidimetry measures, in 

particular by considering absorbance values in correspondence to the 350 nm 

wavelength (A350). The first step was the identification of a suitable insulin solution 

concentration that would avoid the saturation of the UV-VIS spectra, in order to 

efficiently carry out aggregation tests and turbidimetry measures. Several 

concentrations in the range 0.0125-0.4 mg/ml were tested, thus revealing that for 

concentrations over 0.2 mg/ml, spectra saturation occurred. Insulin solution 

concentration was consequently set at 0.1 mg/ml in aggregation tests.  

A comparison in terms of ability to avoid or at least limit insulin fibrils formation 

was carried out between sprayed and smooth samples made of Nylon 6 and Teflon, 
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in order to shed light on the role played by surface chemistry and topography on 

insulin stability, respectively. 

By comparing Nylon 6 and Teflon in the smooth configuration, the ability of 

hydrophilic materials to favor insulin stability, as already reported in the literature 

48, was confirmed. After 14 days, insulin aggregation was significantly lower for 

Nylon 6 than for Teflon. Interestingly, insulin aggregation kinetics in Nylon 6 vials 

was more rapid, but it reached a plateau at day 7. Aggregation kinetics did not 

reach a plateau in the case of Teflon vials, either after 14 days of incubation, thus 

suggesting a worse long-term behavior of this material.  

Samples made of the same material were then compared in the smooth and 

sprayed configurations. For both the tested materials, it can be observed that the 

spray treatment introduces a delay in the formation of the first aggregates, thus 

producing an extension of the initial lag phase. For both Nylon 6 and Teflon, in fact, 

sprayed samples were featured by a lower amount of insulin aggregates, in 

comparison with the smooth counterparts, at day 1. However, this trend was 

inverted at day 5, with significantly higher A350 values for the sprayed 

configurations in comparison with the smooth ones, for both materials. At day 14, 

sprayed Nylon 6 still showed a significantly higher insulin aggregation in 

comparison with smooth Nylon 6. Similar results, although not statistically 

significant, were found for Teflon.  

This cross-comparison between a hydrophobic and a hydrophilic material, both in 

smooth and sprayed configurations, allowed to draw some conclusions and to 

select Nylon 6 in the smooth configuration as constitutive material for the insulin 

reservoir to be integrated in the AP. From our analysis, we derived that the spray 

treatment worsened insulin stability, independently on the material physio-

chemical properties. This behavior can be explained with the increase of the 

number of valleys, and with the decrease of surface skewness: such valleys on vials 

surface may represent trapping sites for air bubbles, thus working as triggering 

points for insulin aggregation. 
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4.6.2 Rotary pump and variable volume reservoir 

The insulin pump is one of the main components constituting an AP. A precise and 

reliable injection system is fundamental to properly close the loop and to avoid 

hypo- and hyperglycaemia episodes.  

In this specific case, the micropump should be designed to guarantee an injection 

resolution of 1 µL. When considering a 100 IU insulin formulation, this value 

guarantees an accuracy equal to 0.01 IU. This is compliant with insulin infusion 

systems currently available on the market and exploited also for intraperitoneal 

insulin supply (e.g. in the AccuCheck DiaPort System by Roche 37).  

Rotary gear pumps have shown great performances in dosing systems 53–56: they 

can run in low voltage with bi-directional pumping flow, thus resulting optimal 

candidates for the foreseen application. Pumping in a gear pump starts with rotor 

movement. As rotation continues, the volume progresses through the pump to a 

point where can escape from the chamber.  

The flow rate (Q) of a rotary pump is the net quantity of fluid delivered by the 

pump per unit of time through its outlet port under any given operating condition. 

When the fluid is incompressible, the flow rate (Q) is numerically equal to the total 

volume of liquid displaced by the pump per unit of time (Qd) minus the slip (𝑄𝑠).  

𝑄 = 𝑄𝑑 − 𝑄𝑠                                       (1) 

The theoretical displacement D per revolution (where 𝑄𝑑 = 𝑁𝐷 and N is the 

number of revolutions per unit time) is the amount of fluid pumped in one 

revolution and can be acquired by integrating the differential rate of a net volume 

transfer over one shaft revolution. Equation 2 shows the relation between pump 

displacement (D) and gears size (Z is the gear thickness, 𝑅2 is the maximum radius 

of gears and 𝑅1 is the radius of pitch circles) 54: 

𝐷 = ∫ ∫ ∫ 𝑟𝑑∅𝑑𝑟𝑑𝑧 = 2𝜋𝑍(𝑅2
2 − 𝑅1

2)
𝑧=𝑍

𝑧=0

𝑟=𝑅2

𝑟=𝑅1

∅=2𝜋

∅=0
             (2) 

In order to reach given displacements with small and low power actuators, the 

power loss in the system due to fluid and mechanical friction should be minimized. 

On the overall, the power loss is related to the viscosity of the liquid, gaps and 
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speed. Increasing the gap in a pump reduces the shear stress in the liquid and the 

torque required to actuate the rotor. The resulting efficiency η can be defined as: 

                                                       𝜂 =  
𝑄−𝑄𝑠

𝑄
                                            (3) 

An accurate prediction of pump displacement based on its geometry is not 

straightforward due to difficulties in calculating the loss contribution. To derive 

the precise pump output, experimental validation is thus required. Usually, beyond 

a certain gap value threshold, which varies from case to case, performances start to 

deteriorate rapidly. For this reason, two gear pump designs (Figure 4-11) featured 

by different dimensions were conceived and dimensioned for deriving reliable 

guidelines for further pump refinement (Table 4.2). Experimental validation 

enabled to quantify the lost flow rate component and the effective pump output, 

thus allowing to select the best design and the driving parameters towards an 

optimized dosing.  

 

Figure 4-11 Gear pump with two different designs features: CAD design (left) and prototype (right). 

 

Table 4.2 Rotary gear pump dimensional characteristics. D is calculated from Eq. (2). 

 Max radius (𝑅2)  Pitch radius (𝑅1)  Thickness (Z) Gap D 
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[mm] [mm] [mm] [mm] [µL/rev] 

Design1 3 2.5 1 +0.1 17.2 

Design2 5.5 5 2 +0.1 66 

 

A stepper motor (Faulhaber, AM1524) with 24 steps per revolution represented a 

good compromise between output torque and encumbrance, and it was selected to 

actuate the gear pump, acting as a dosing system. An integrated microprocessor 

(LM293 and Atmega32) was used to drive the actuator for controlling the pump 

output. The system was powered with 3.7 V, 220 mA/h battery. The pump was 

connected to a computer through a serial communication protocol to enable the 

transmission of inputs to the motor.  

Preliminary validation was performed to assess pump resolution: optical analysis 

was carried out to quantify liquid meniscus advancement in a tube (1 mm in 

diameter) due to pump steps.  

Validation performed for both gear sizes allowed to measure pump effective 

output due to losses and to assess the number of steps required to obtain the 

desired output. Once established the relationship between motor steps and pump 

output, it was possible to design and dimension the mechanism connecting the 

reservoir, the pump and the actuator. In order to favor insulin stability, an air-tight 

reservoir featured by variable volume should be developed: the reservoir plunge 

was connected to the aforementioned mechanism thus enabling to change its 

position, and consequently reservoir volume, according to insulin content. With 

the aim to increase device compactness, the insulin infusion system was designed 

to enable insulin injection and reservoir refilling through the same mechanism, 

thanks to a switch placed at the pump output and to the reverse operation of the 

actuation system (Figure 4-12). 
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Figure 4-12 Reservoir refilling and insulin injection mechatronic block in the two operating modalities, 
namely for reservoir refilling through insulin aspiration (left) and for insulin controlled injection (right). 

The entire mechatronic block including reservoir, mechanism, motor and gear 

pump was tested both to validate the reservoir refilling procedure (through 

mechanism reverse activation) and to perform controlled delivery. Pumping 

resolution and dosing repeatability were evaluated through a digital scale. Pump 

reliability was evaluated by performing multiple continuous 1 µL bolus ejections. 

Finally, the bi-directional aspiration-pumping system operation was tested during 

an entire reservoir refilling and emptying cycle. In this case, discrete 

measurements every 10 pump cycles (corresponding ideally to 10 µL ejections) 

were performed through a digital scale. 

In order to assess the adequacy of the designed pumping system, dosing precision 

and repeatability were evaluated both optically and through a digital scale. The 

first objective was establishing the number of steps required for 1 µL injections. 

Both pump designs were tested and their output was quantified as a function of 

motor steps. 

Despite theoretical calculations suggested a significant output difference between 

the two designs (Table 4.2) due to the increased gap and low rotation speed (the 
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gap is required to minimize the friction between components while using 

miniature stepper motors with low power), the output produced by the two 

designs were comparable, especially for a number of steps less than 20. This can be 

ascribed to the fact that in a gear pump the gap strongly influences the output, 

once fixed the working fluid and the chamber pressure 54. Due to a more compact 

design with comparable performances in terms of desired output, Design 1 was 

selected for further integration: it enables to produce a 1 μL output for 18 steps of 

the selected actuator (Figure 4-13A, B). 

 

Figure 4-13 (A) Gear pumps output as a function of motor steps; (B) optical evaluation of pumping resolution; 
(C) experimental setup. 

The reservoir was designed and fabricated from Nylon 6, which resulted the best 

candidate in terms of insulin stability. The reservoir was featured by a conical 

terminal part favoring hormone conveyance to the output; a complementary 

plunge provided with a hermetic sealing enabled internal volume changes while 

avoiding air entrance.  
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A 1/512 (Figure 4-14A) compound gear train mechanism in three stages was 

designed and fabricated by 3D-printer to connect the reservoir to the stepper 

motor and the rotary pump. This reduction ratio resulted from calculations based 

on reservoir cross-section (433.7 mm2) and on the pitch of the designed power 

screw (1.5 mm) (Figure 4-14B). 
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Figure 4-14 Proposed system with rotary gear pump, gear train and variable volume reservoir; B) Pump, 
mechanism and variable volume reservoir prototype. A Bluetooth module was integrated foreseeing future 

development and integration of the system. 
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The performances of the reservoir – pumping block were evaluated for the first 20 

pump cycles after refilling, resulting in average 0.97±0.07 µL output for each cycle 

(Figure 4-15A) (each cycle is defined by considering 18 motor steps of the Design 

1 pump). 

The performances of the system were then assessed in the overall reservoir 

working range (from 3 mL to the empty configuration) by recording data every ten 

pump cycles. Three tests were performed to assess pump operation. Average pump 

10-cycles output resulted 9.31±1.74 µL when evaluating pump operation along the 

overall pump range (Figure 4-15B, C). The possibility to switch the mechanism to 

enable reservoir refilling was demonstrated as well, thus confirming the ability of 

the designed pumping mechanism to work in reverse mode, thus ensuring system 

bi-directionality. The possibility to employ the same mechanism both for dosing 

and for aspiration allows for a significant reduction in encumbrances. Tailoring 

high precision and resolution in a mechanical dosing system implies a slow 

operation of the overall device. If this is not a major concern in dosing, this can be 

one issue when considering the reverse operation mode for insulin aspiration and 

reservoir refilling. Experimental validation of the proposed dosing system revealed 

that the time interval required for reservoir refilling is about 20 minutes for 3 mL 

insulin aspiration. 

Anyhow, the limitations on the fabrication technique to reach precise gears and 

tolerances for proper working is one of the limitations of this pump. Also, they 

might need high torque for rotating and increasing gap will decrease their efficacy. 

Moreover, sealing of the gear case with minimum interference with material is 

limiting their application with fluid contamination and low power motors. 



153 
 

 

Figure 4-15 Pump output. A) The output for each cycle was measured (evaluated for 20 pump cycles); B) 
Three full injecting tests (Overall pump range when performing discrete measures every 10 pump cycles); C) 

Mean value and STD in three tests. 
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4.6.3 Peristaltic rotary pump in non-continuous drug dosing 

Recently, innovative solutions have been proposed to minimize pump dimensions 

or to remove batteries, thus making them more suitable for implantable systems. 

Lee et al. designed a novel implantable insulin infusion system actuated by a 

magnetic pen 57. However, the control loop was not closed through any digital 

sensors, thus limiting the potential autonomy of the device. Piezoelectric actuators 

58 show a high potential in micro scale pumping, due to their miniature size and 

low volumetric output. However, the operating voltage of piezoelectric pumps is 

typically well above the powering ranges supported by batteries suitable for 

implantable medical devices 59,60. Peristaltic rotary pumps can fill this gap by 

ensuring low voltage actuation, ease of sealing, low impact on fluid properties and 

precise delivery 61. Although peristaltic rotary pumps have been widely used since 

1930’s in medical applications as continuous delivering pumps 62,63, their 

intermittent behavior and thus their ability to work as dosing systems have been 

not investigated and characterized, yet. In this section, a small scale peristaltic 

rotary pump working as a dosing system and suitable for inclusion in implantable 

devices, e.g. artificial pancreas, is proposed. Two pump designs, based on four and 

five rollers, were made. Both systems were characterized to assess their maximum 

dosing resolution. Both pumps were actuated precisely in order to rotate the 

rollers by a specific angle and to perform precise intermittent injections. Pump 

performances were characterized when varying operating speed and operation 

timing.  

Peristaltic pumps are positive displacement pumps used for a variety of fluids 

including sterile and aggressive ones 64. The fluid travels in a flexible tube that is 

fitted between a circular housing and a rotor including a certain number of rollers. 

The rollers normally compress the tube and occlude the flow 65. As the rotor turns, 

e.g. by means of a rotational motor, the portion of fluid interposed between 

consecutive rollers advances through the tube producing dose ejection. 

Additionally, as the tube opens again when the roller moves on, the fluid is 

aspirated from a reservoir. Typically, depending on the application, the pump 

includes two or more rollers transporting the fluid towards the pump outlet. The 
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rollers can be installed in constant occlusion, as in the simplest designs, or can be 

spring-loaded to maximize tube lifetime. Generally peristaltic pumps have simple 

designs without any valves, O-rings or seals that might limit the compatibility with 

fluids 57. The tube is the only component entering in contact with the fluid and 

should be made of a material chemically compatible with the target drug. 

Furthermore, the tube should be featured by specific mechanical properties 

combining at the same time high elasticity (to favor occlusion by the rollers) and 

high resistance to mechanical stresses, to keep the circular cross section stable 

upon repeated pump cycles.  

The performance of peristaltic pumps is mainly affected by the entity of tube 

compressed between the rollers and the housing. Low compression can cause slip 

back or leakage to the output whereas high compression leads to a reduced tube 

lifetime, so an optimal level of compression should be pursued. The term occlusion 

is used to indicate the minimum gap in the pump based on the flexibility of the 

tube. In order to properly design the pump, the gap can be calculated based on 

tube thickness (t) and expected tube occlusion: 

occlusion= (
(2t-gap)

2t⁄ ) *100 (4) 

The occlusion is typically 10-20%, with a higher value for softer tubes and lower 

for a harder ones. Pursuing an optimal occlusion, thus selecting the proper 

carrying tube, is very important for both guaranteeing the proper operating 

principle and to avoid fluid leakage when the pump is stopped. 

Peristaltic pumps may run continuously, or they may be rotated through partial 

revolutions to deliver small amounts of fluid in non-continuous (i.e. intermittent) 

mode. The flow rate during partial rotation is determined by tube internal 

diameter, housing dimensions and number of rollers. The fluid volume trapped 

between two adjacent rollers determines the volumetric output. Typically, the 

dimension of the housing is constrained by available space in implantable device, 

so the other geometrical entities are dimensioned consequently.  
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In this device, we imposed a maximum volume of 12 cm3 for the overall pump to 

guarantee integration in an implantable device. We imposed a diameter of 18 mm 

for the external housing (Figure 4-16). A relatively large thickness tube (external 

diameter: 3 mm, internal diameter: 1 mm - Primasil Silicones Ltd., UK), made of 

medical grade silicone (material ref: PR 410/40) with shore 40A hardness, was 

selected as the best compromise to extend tube lifetime. With reference to Figure 

4-16, a 10 % tube occlusion was pursued to get maximum tube lifetime and 

optimal sealing. The rollers were provided with gears (10 teeth, module 0.4) on the 

bottom side to be engaged with a pinion gear (12 teeth, module 0.4). All rollers 

were caged together by the rotor, to enable their engaging with the pinion and 

their rotation with the same speed. The proposed pump was actuated by a DC 

micromotor (Faulhaber 1512U003SR 324:1) provided by a high reduction gear 

ratio and with an embedded optical encoder.  

As mentioned, in the intermittent mode, the dose delivered through a partial 

rotation corresponds to the fluid volume trapped between consecutive rollers. The 

pump output (dose) can be thus calculated as:  

dose=AR(a-2s) (5) 

Where A is the internal cross section of the tube (=0.785 mm2), R is the tube 

curvature inside the housing (=6.9 mm), a is the angle between two adjacent 

rollers and s is the angle that a deformed tube will form around each roller 

(=2π 14.4⁄ ). By considering a uniform tube compression and a constant tube 

curvature around the rollers, a and theoretical pump doses can be calculated 

(Table 4.3).  
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Figure 4-16 The proposed rotary peristaltic pump. A) The components inside the pump (red arrows indicate 
flow direction). B) Geometrical parameters featuring the pump. 

Table 4.3 Theoretical dose volume 

Pump type a [rad] Dose [µL] 

4 rollers 𝜋 2⁄  3.78 

5 rollers 2𝜋 5⁄  2.08 

 

To control the pump operation, the motor was connected to a low voltage driver IC 

(DRV8833, Texas Instrument) and Arduino Uno (Arduino, IT). The motor’s encoder 

was wired to Arduino’s counter to precisely control the pump angular 

displacement. Also, for fully characterizing pump performances, the output was 

evaluated for both pumps designs when varying operating speed and dose delivery 

timing (i.e. by varying the delay between consecutive infusion periods). In order to 

modulate the pump speed, pump driving was performed through 100%, 50% and 

25% duty cycle PWM signals. By this elaboration, the effects of different battery 

conditions (fully charged or depleted) were considered. For the four rollers pump, 

such an input variation corresponded to a pump speed of 15.8, 12.5 and 7.4 rpm, 

respectively. On the other hand, for the five rollers pump, corresponded to 15.4, 
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11.3 and 6.5 rpm, respectively. This small difference can be ascribed to the higher 

resistance load on the motor produced by the five rollers pump.  

The Arduino program provided different delays between consecutive releases. 

This aimed at characterizing the pump in a non-continuous operation mode 

simulating real on demand drug delivery working scenarios which require 

intermittent release (e.g. a certain amount of doses followed by a certain lag time). 

In particular, five intermittent release conditions were evaluated to evaluate the 

impact of the lag time on dosing precision: continuous rotation (without any lag 

time), 5, 10, 20 and 60 s of lag time between each release task. Lag time was 

introduced every 90° for the four rollers pump and every 72° for the five rollers 

pump, to let advance precisely the amount of volume comprised between 

consecutive rollers.  

Experiments were performed for both pump designs by varying the driving 

parameters and by measuring correspondingly the fluid amount transferred by the 

pumps from a 4 mm3 cylinder reservoir to a Petri dish. The Petri dish was placed 

on a laboratory precision balance (Entris, Sartorius, DE) featured by a resolution of 

1 µL. The laboratory scale was connected through a serial communication (rate 5 

Hz) with a PC to receive the data recorded, as in Figure 4-17. Thirty 90° rotations 

and thirty 72° rotations were performed, by varying both rotation speed and lag 

time between each rotation, and by recording the volume of liquid released. Data 

were processed by using the Matlab software (MathWorks, USA). 
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Figure 4-17 Experimental setup for testing the pumps: A) schematic representation (the five rollers pump is 
shown, as an example) and B) photo. 

Pictures of the fabricated miniature peristaltic rotary pumps are reported in Figure 

4-18. These prototypes were tested through the procedure described in previous 

paragraphs. Cumulative pump release upon ten pump operation steps was 

evaluated by varying the lag time (driving input was 100% of duty cycle PWM) and 

the rotation speed (with the pump running in continuous mode).  

 

Figure 4-18 Prototypes of the proposed peristaltic rotary pumps with four rollers (left) and five rollers 
(right). 

Figure 4-19A, B show the results in terms of volume released for the four rollers 

pump, while Figure 4-19C, D show the results obtained for the five rollers pump. 
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Figure 4-19 Peristaltic pump performances: A) Four rollers cumulative release over ten pump operation steps 
when varying lag time (at 15.8 rpm) and B) rotation speed (continuous rotation). C) Five rollers cumulative 

release over ten pump operation steps when varying lag time (at 15.4 rpm) and D) rotation speed (continuous 
rotation). 

Processed data enabled to calculate pumps resolution to be compared with 

theoretical doses. Single step output results were grouped based on lag time and 

plotted as boxplot for both pump designs (Figure 4-20). Multiple coupled t-tests 

highlighted the absence of statistically significant differences (p-value > 0.01) 

when varying operating speed and lag time.  
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Figure 4-20 Peristaltic rotary pump in single step release for the four (A) and five (B) rollers pump. No 
statistically significant differences emerged (P-value > 0.01). 

Based on the cumulative results in continues mode Figure 4-19B, D it can be 

observed that speed variation did not significantly affect the release. However, by 

looking at the single step release (Figure 4-19A, C), the output variance increases 

for both pumps when operating in continuous mode. Interestingly, the presence of 

a lag time between consecutive steps led to a greater output stability, especially for 

the five rollers pump. 
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For the four rollers pump, the experimental average dosing volume for a single 

step release resulted 4.11 µL (median value: 4 µL). For the five rollers pump, the 

experimental average dosing volume for a single step release was 2.88 µL (median 

value: 3 µL). These experimental outputs resulted in good agreement with 

theoretical predictions, shown in Table 4.3. The difference between the theoretical 

and the experimental output was +8% for the four rollers pump and +27% for the 

five rollers pump. This discrepancy can be ascribed to mechanical tolerances 

associated with the prototyping steps, leading to suboptimal tube compression. 

The performance of the proposed dosing systems was poorly affected by speed and 

lag time variations. In addition, the median and average values of the dosing 

resolution resulted in good accordance with theoretical calculations. This confirms 

the reliability and precision of the proposed pumps and their suitability to 

intermittent operation and various rotational speed conditions. In this framework, 

we successfully report about the employment for the first time of small size rotary 

peristaltic pumps operated in non-continuous mode, in contrast with traditional 

peristaltic pumps with continuous operation. 

These pumping system can solve the issue of the contact between fluids and pump 

mechanisms, thus avoiding leakages and fluid contaminations. Furthermore, the 

use of a simple rotary actuator enables to reduce powering and driving issues, 

which are always crucial in wearable and implantable medical devices.  The results 

can lead to an effective use of peristaltic pump systems in intermittent mode in a 

wide variety of medical applications, including the integration in implantable 

devices for a precise and temporized release of drugs and hormones. 

4.6.4 Smart reservoir and aspiration 

In order to reach the finalized design for the implanted artificial pancreas, the only 

remaining block is a variable volume reservoir as discussed in section 4.6.2 for 

actively actuation with rotary pump. But in that strategy, the refiling time is a little 

high to aspirate the insulin from the capsule and this issue is not trivial when 

considering the real working scenario. This refiling time is lowered by help of 

another actuator in reservoir block and volume expanding once the needle is 
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punched the capsule. Moreover, the reservoir will compress the liquid as a result of 

injection in accordance with pump resolution (acquired by non-continuous tests) 

after several releases (Figure 4-21). The aspiration time is reduced to 30 seconds 

by adding the actuator in the system. Also, organizing the available spaces in the 

curved shape of the case is easier by removing the gear train and placing them a 

little far apart. 
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Figure 4-21 Reservoir refilling and insulin injection in two operating modalities, namely for A) reservoir 
refilling through insulin aspiration and B) for insulin controlled injection. 

4. 7 Validation tests on cadaver 

Once the prototype blocks are separately 3D printed (ProJet MJP3600, 3D systems, 

USA and VisiJet M3 crystal) and tested, they assembled together  

(just the electrical board and battery is missing) and operation tests were carried 
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out to verify if the system was actually able to perform the desired task (Figure 

4-22A). The first complete test was performed ex-vivo on a human cadaver, in 

collaboration with Dr. Fabio Vistoli and other surgeons from the University of Pisa. 

The system was successfully implanted in the peritoneal cavity, creating a surgical 

pouch in which the device was positioned and sutured.  

The device was implanted by surgical laparotomy. A xipho-pubic excision on the 

left anterior abdominal wall enabled to access the abdominal space and to create a 

peritoneal pouch where to lodge the device. The AP was placed between the 

peritoneum and the anterior abdominal wall, in a region close to the Morison’s 

pouch. Upon pouch suturing, an intestine loop (first or second jejunal loop) was 

displaced and fixed to the pouch to enable the capsule-mediated device refilling 

(Figure 4-22D). The control unit including microcontroller and Bluetooth module 

is arranged outside the body in separate desk. The capsules are filled with insulin 

and fed through the device by help of a rope (Figure 4-22E). The magnetic docking 

mechanism was activated (ON state) and docking of the capsule was recognized by 

help of hall sensor inside MSD. After successful attachment the punching 

mechanism is actuated to punch the capsule. Then the reservoir is moved to 

aspirate the insulin from the capsule. By reaching the position of the piston to the 

limit, the aspiration sequence is finished and the capsule can detached from MSD 

(Figure 4-22F shows the collapsed capsule, from which all the insulin was  

aspirated). At this stage, the device is ready to inject insulin at intraperitoneal 

level. Every step of peristaltic pump injected 2.5µL out from the catheter (Figure 

4-22G). The controller is programmed to move the reservoir every 10 step. 
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Figure 4-22 Cadaver test to evaluate the device performance. A) 3D printed prototype and capsule.  B) The 
device and separated electronics ready for implantation.  C) The device was placed between the peritoneum 
and the anterior abdominal wall. D) The sutures fixed the device for refilling and injection. E) The capsule is 
moved by help of a rope in proximity of the docking system and attached to MSD. F) The collapsed capsule 
when all the insulin is transferred to the reservoir by means of variable reservoir. G) The injection of the 

insulin by the peristaltic pump. 
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The actuation commands were sent to the electronic board by Bluetooth 

communication and a cell phone. Figure 4-23 shows two screen shots of the 

terminal program and the communication data with the implant. The commands 

were just numbers from 1 to 7 with different tasks and the motor positions 

distinguished by encoder values, were monitoring continuously. Also, the Hall 

Effect sensor showed the situation of the capsule with MSD. Table 4.4 shows the 

commands and each task of the system while Table 4.5 shows the receiving data 

and their variation in terminal application for monitoring the tasks. 

Table 4.4 User interface and actuation command codes 

Command 

code 
1 2 3 4 5 6 7 

Task 
Docking 

ON 

Docking 

OFF 

Punching 

Out 

Punching 

IN 

Pump 

Injection 

Reservoir 

Decrease 

Reservoir 

Aspirate 

 

Table 4.5 User interface and monitoring data 

Task 
Docking 

ON 

Docking 

OFF 

Punching 

Out 

Punching 

IN 

Docking 

OFF (Hall 

sensor) 

Docking 

ON (Hall 

sensor) 

Capsule 

attached 

(Hall 

sensor) 

Range 10 0 10 0 >415 >401 <400 
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Figure 4-23 Screenshots of the Bluetooth communication via IAP. First column shows the punching position, 
Second column is docking position and third one is the raw data of the hall sensor. 

4.8 Perspectives and future work 

This chapter highlighted the possibility to design and develop a mechatronic 

device for the refilling of artificial organs, paying particular attention to its 

application in totally implantable artificial pancreas. It also reviewed the design 

and characterization of an implantable drug delivery system able to be refilled by 

ingestible capsules. To reach this goal, a magnetic docking system and a dosing 

system based on a peristaltic rotary pump were designed and fabricated.  

To realize the different components of the system we exploited a merging of 

competences, ranging from the implantable drug delivery systems in state of the 

art (whose study was necessary to identify current available systems limitations) 

to various pumping techniques, endoscopic capsules (for capsule dimensioning 
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and tracking) until technologies in grippers (in order to find out a docking strategy 

suitable for miniaturization, easy to implement and low power-consuming). 

The system developed demonstrated the feasibility of the application of a MSD for 

the realization of a docking system to be integrated into a totally implantable, long-

term AP and more in general into artificial organs with endocrine functions. This 

kind of docking allowed, in fact, to obtain a rapid, low power-consuming and 

miniaturized system able to attract, when necessary, a swallowable polymeric 

capsule provided with a thin ferromagnetic ring, and to switch off the docking, by a 

simple 90° magnet rotation, thus allowing capsule detachment and subsequent 

expulsion. It is possible to exploit a hall sensor to reveal capsule proper 

attachment. This configuration allow the precise evaluation of capsule position and 

provide the timing for needle punching.  

The proposed rotary peristaltic pump has showed great results to be used inside 

an IAP as functioning with low voltage and small doses. Performance of the 

proposed dosing systems was poorly affected by speed and lag time variations. In 

addition, the median and average values of the dosing resolution resulted in good 

accordance with theoretical calculations. This confirms the reliability and precision 

of the proposed pumps and their suitability to intermittent operation and various 

rotational speed conditions. In this framework, the results successfully report 

about the employment for the first time of small size rotary peristaltic pumps 

operated in non-continuous mode, in contrast with traditional peristaltic pumps 

with continuous operation. These pumping system can solve the issue of the 

contact between fluids and pump mechanisms, thus avoiding leakages and fluid 

contaminations. Furthermore, the use of a simple rotary actuator enables to reduce 

powering and driving issues, which are always crucial in wearable and implantable 

medical devices. The results shown can lead to an effective use of peristaltic pump 

systems in intermittent mode in a wide variety of medical applications, including 

the integration in implantable devices for a precise and temporized release of 

drugs and hormones. 

After having successfully tested all the designed and realized components and 

having a successful integration, the system will be ready for in vivo validations. 
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In future steps, the system is expected, in order to become effectively part of a 

totally implantable AP, to be provided also with: 

 A miniaturized battery to supply the system with the power required and to 

exploit non radiative energy transfer that would allow system easy wireless 

recharge; 

 Electronics boards in which Microcontroller, motor drivers, Bluetooth 

communication and wireless power transmitting would be integrated. 

Apart from integration of electronics to make the system ready to perform in vivo 

tests, major attention has to be put on materials biocompatibility and on surgical 

issues, which arise from the interaction between the device and biological tissues.  
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5. Conclusion and future perspectives 

The past decades witnessed great advancements in the field of minimally invasive 

surgery and in pharmacology domain. However, there is still lots of room to deliver 

effective treatment with minimized side effects. Capabilities derived from 

mechatronics can help in moving forward in this field by technologies and designs 

that is able to treat many pathologies in the human body, even in hard-to-reach 

areas. When dealing with therapeutic strategies, a proper balance among therapy 

efficiency and side effects on body should be pursued. This is the bottleneck of 

currently employed pharmacological therapeutic strategies. Two examples in our 

case study can be heart valve treatment in elderly and chemotherapy in cancer 

treatment. 

The development of miniaturized systems, able to controllably reach a target 

location and to deliver therapy in a highly efficient fashion, may enable highly 

effective therapeutic strategies. Many research efforts have been devoted towards 

this objective but several limitations still hamper the reliable system for targeted 

therapy in the clinical practice. Among these issues; biocompatibility, actuators, 

safety and size can be pointed out.  

In this Thesis, novel mechatronic solutions aiming to overcome some of these 

limitations were investigated. A main focus on solutions by mechanical 

(mechanisms) engineering approach was pursued. These solutions potentially 

allow to deliver drug for daily chronic diseases and one-time delivery for 

prosthesis. In addition, remote actuations (wirelessly or tele-surgery) enable to 

controllably actuate the systems when implanted device or surgery site is not 

simply accessible.  

The Thesis first reviews the state of the art for two different robotic system (i.e 

manipulator for MIS and implantable drug delivery system) to provide unique 

characterization of each and negative aspects to improve. Chapter 2 presents the 

features that need to be added while available solutions might not reach the final 

goal.  
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After providing hints on robotic systems eligible for biomedical field, the design, 

developing and testing of two robotic systems for therapeutic delivery were 

reported. The first one was a flexible manipulator for aortic heart delivery, devised 

for MIS operation in right anterior minithoracotomy. The robotic manipulator is 

compatible with MIS approach and equipped with endoscopic visualization. 

Performance evaluation (in vitro) shows great functionality in precise positioning 

of Sorin prosthesis in aortic root based on patient anatomy. Endoscopic visions are 

very effective to fine the nadir points and novel mechanisms and available DoFs in 

the system make the delivery in safe, fast and effective way. Introducer with 

minimum disturbance in manipulator’s pose and two stage valve expansion is a 

privilege of our design in compare with the robotic delivery in state of the art. Also, 

mathematical modelling of the manipulator for constant curvature kinematics are 

reported in Appendix I for controlling the manipulator and finding the tip’s 

positon. Thus, tele-surgery by means of remote joysticks and camera visions on 

screen is also possible. Moreover, we introduced a simple cable tensioning strategy 

based on the leading tension concept, and we effectively achieved pose-preserving 

stiffening by considering a variety of starting poses. The maximum stiffening factor 

was in between 2 and 9, based on relevant margins from the initial pose to the 

workspace boundary, and on potential contributions by the structure itself. The 

robotic manipulator paves the way to future applications of these systems in the 

fields of surgical robotics. 

The second one was an implantable insulin delivery device as substitution of 

pancreas for T1 diabetic patients. An advanced prototype of fully implantable 

artificial pancreas refillable by means of ingestible capsules was tested. The 

prototype was placed in intraperitoneal cavity and injecting insulin with resolution 

of 3µL on demand were performed. Also, successful refiling of the reservoir is 

performed by MSD and needle punching mechanisms. The proposed pumping 

mechanism resulted extremely efficient and led to drug release also in non-

continuous fashion. Furthermore, the aspiration of insulin and variable volume 

reservoir makes the system to be filled very fast and keep the insulin far from 

bubbles or air. The proposed system may enable highly reliable targeted therapy in 
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locations that are not currently reachable be conventional means. The proposed 

device could potentially revolutionize diabetic treatment and the field of targeted 

therapy. In fact the possibility to refill the reservoir by capsules, paves the way to 

relax T1D patients from refiling and injections. 

Despite the efficiency and reliability of the proposed systems, their dimensions and 

biocompatibility, may limit their application in future. So, further 

research/prototype might be necessary to enhance the materials and mechanisms.  

The results reported in the literature till now, clearly demonstrate that a unique 

route towards this objective cannot be traced, yet. Each possible approach, ranging 

from nanomedicine efforts in developing smart nanoparticles, to macrorobotics 

attempts to develop highly controllable macrosystems suffers from severe 

limitations. Thus, only a multidisciplinary approach trying to merge the goals 

accomplished in the different fields and to develop multistage strategies, could 

pave the way towards novel and more efficient solutions.  

To sum up, the combination of (i) mechanical controlling of both internal and 

external reactions, (ii) on board “intelligence” and constitutive materials, (iii) 

external control platforms and (iv) accurate mathematics and programming 

represents a paradigm to be pursued, towards the discovery of the holy grail of an 

efficient instrument for life-threatening pathologies. 
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