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Abstract 

 

Aims To investigate the feasibility of targeting atherosclerotic plaques noninvasively using a high intensity 

focused ultrasound transducer and a six degrees of freedom robot.  

Materials and Methods Custom robot control software was designed and implemented, enabling 3D transducer 

translations and orientations in the three orthogonal directions (x, y and z), as well as monitoring and 

visualization of the HIFU ablation positions. Using a digital indicator, caliper and distance laser, the accuracy and 

repeatability of the robot and software were investigated. The exerted force by the robot’s distal end was 

quantified using a force gauge. In nine animal experiments, the feasibility of robotic transducer control during 

noninvasive HIFU surgery for atherosclerotic plaque targeting was demonstrated. A retrospective study on 

patients previously treated with PTA, stenting or surgical revascularization was performed to determine which 

patients and artery trajectories are most suitable for HIFU surgery. In 25 patients suffering from PAD, the depths 

of the common femoral artery, superficial femoral artery and popliteal artery were quantified using magnetic 

resonance angiography (MRA) data. Lesion presence was quantified using the corresponding radiology reports. 

Results 2D and 3D visualizations of each HIFU ablation position, and real-time distance feedback for subsequent 

ablations was implemented. The robot’s accuracy and repeatability were found to be smaller than 0.1 mm for 

most robot translations and rotations. Robot power at its distal end varied from 70.6 – 105.9 Newton. 

Retrospective analysis of MRA data showed variation in arterial tortuosity and lesion occurrence between 

patients. ~30% of the dorsal arterial wall left and right can be targeted using the current transducer. 

Conclusion The feasibility of robotic transducer positioning with custom robot control software was 

demonstrated. This research is a first step towards the clinical implementation of the robotic HIFU surgery 

approach for atherosclerosis, and we hope that it may eventually lead to a standardized noninvasive treatment 

option for patients suffering from PAD.  
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 Introduction 

 Atherosclerosis and Atherothrombosis 

Cardiovascular disease (CVD) causes more than 4 million deaths each year across Europe, accounting for 45% of 

all deaths1. Coronary heart disease and cerebrovascular disease were the most common cause of CVD deaths in 

2016, accounting for 1,8 million and 1,0 million deaths, respectively1. The majority of fatal accidents are due to 

vascular obstructions, leading to acute coronary syndromes (unstable angina, acute myocardial infarction, and 

sudden cardiac death),  peripheral arterial disease (PAD), ischemic stroke, and transient ischemic attacks1,2.  

Vascular obstructions can be caused by the formation of atherosclerotic plaques and thrombi. Systemic 

atherosclerosis often is the underlying cause that affects large and medium sized arteries2. PAD is defined as 

atherosclerosis of the aorta, iliac and lower extremity arteries, and is associated with substantial morbidity and 

mortality3–5. Subendothelial accumulations of cholesterol macrophages, calcium and fibrous tissue lead to fatty 

streaks which thicken the subintimal region, i.e. atheroma. Slowly growing stable or unstable atherosclerotic 

plaques lead to any degree of stenosis due to a decreased lumen by either atheroma or thrombus formation 

(Figure 1.1). Unstable plaques can trigger thrombus formation by rupture or erosion of the plaque, leading to 

endothelium laceration and the aggregation of platelets, fibrin, clotting factors, and cellular elements of blood 

that attach to the inner layer of the arteries wall. This is an emergency clinical phenomenon eventually leading 

to a chronic total occlusion, which always develops from an atherosclerotic plaque, or to acute ischemia in the 

distal vascular territory caused by an embolus6. Progressive atherosclerotic plaque growth can be limited or 

slowed down by blocking the neovasculature and development of the lipid-rich core, thereby limiting subintimal 

thickening of the arteries wall and subsequent thrombus formation7. 

Primary assessment of patients suffering from PAD is performed by means of patient history and physical 

examination. Subsequently, computed tomography angiography (CTA) and magnetic resonance angiography 

(MRA) are used to document the severity, location and hemodynamic importance of the vascular lesions, and to 

make a plan in case intervention is needed8.  
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Figure 1.1 Stable and unstable progression of atherosclerotic lesions and the development of arterial thrombosis. The development of 

atherosclerotic lesions is propagated by leukocyte-platelet and leukocyte-endothelial interactions. During the development of stable 

progressive atherosclerotic plaques, slow progressive accumulation of proatherogenic leukocytes and foam cells is initiated at sites of 

atherosclerosis. A collagen-rich fibrous cap stabilizes the plaque. In contrast, the development of a necrotic lipid core, inflammatory infiltrates 

and a thinning of the fibrous cap are characteristics of an unstable atherosclerotic plaque. Erosion or disruption of the fibrous cap exposes 

the thrombogenic matrix proteins, thereby promoting the accumulation of platelets and the generation of local fibrin. The atherosclerotic 

lesion progresses as the thrombus is incorporated into the plaque during re-endothelialization of the lesion. Due to the low flow recirculation 

on the downstream margin of the developing thrombus, red blood cells and fibrin accumulation occurs and forms a ‘red thrombus’, further 

occluding the vessel lumen and eventually leading to a chronic total occlusion. Image and caption adapted from Jackson9. 
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The degree of luminal stenosis and patient’s symptomatology primarily determine the best treatment option for 

each patient10. Smoking, hypertension, hypercholesterolemia, and type 2 diabetes account for the majority of 

risk associated with the development of clinically significant PAD11. Noninvasive interventions that can 

beneficially influence atherosclerotic progression include lifestyle modifications, such as dietary control, 

exercise, and smoking cessation, as well as pharmacotherapy, including lipid-lowering, antihypertensive, 

antiglycemic, and antiplatelet drugs. However, pharmacotherapy may cause adverse side effects due to its 

systemic manifestation2. Moreover, a significant percentage of patients fail conservative therapy due to poor 

compliance and varying impact on functional capacity, as shown in patients suffering from claudicatio 

intermittens12. Finally, aforementioned noninvasive interventions only slow the progression of atherosclerosis 

and some degree of progression is typically observed. 

Invasive treatment options include revascularization of the arteries by either surgical endarterectomy or surgical 

bypass. The associated morbidity and mortality, the relatively high costs and high procedural times form the 

major drawbacks of invasive open surgery, and preclude its routine use13,14. Endovascular approaches, e.g. 

percutaneous transluminal angioplasty and/or selective stenting, are limited due to the potential detachment of 

fragments, dissection, vessel damage, elastic recoil, restenosis, and infection, despite their high rate of success13. 

Moreover, entrance to the true lumen may not even be achieved, especially in the treatment of CTOs14. 

Millimetric removal devices allow for endovascular cleansing of the artery lumen.  However, their therapeutic 

success is still limited and significant improvements are needed for full clinical implementation of these wired 

technologies, which are difficult to operate in the complex human vasculature13. The limitations bound to 

aforementioned high-end therapeutic strategies stress the need for considerable improvement in the treatment 

of vascular obstructions, preferably non invasively13. 

High-intensity focused ultrasound (HIFU) is a noninvasive thermal treatment strategy capable of producing 

necrosis within plaque tissues in peripheral vessels while preserving the overlying endothelium, potentially 

offering a solution in the search for noninvasive and nonionizing treatment options for PAD15. 

 

 

 

 

 

 



 

Introduction 

ROBOTIC TRANSDUCER CONTROL DURING HIFU TREATMENT OF ATHEROSCLEROSIS 16 

 High intensity focused ultrasound 

HIFU enables noninvasive treatment through localized thermal lesion formation that has become a promising 

and in some applications a well-established alternative to surgical resection and other treatment forms over the 

past 20 years16. Its clinical application in the treatment of atherosclerosis is currently under investigation. 

 HIFU therapy for the treatment of atherosclerosis 

Focused ultrasound (US) with relatively high intensities (~1000 W cm-2) can lead to coagulative necrosis15,17 

without significant biological damage to intervening and surrounding tissue, with proper choice of operating 

frequency and transducer design18,19. The temperature increase in the focal area is proportional to the absorptive 

properties of the target tissue, which increases with frequency and the time-averaged HIFU intensity. HIFU 

exposures of 55 C or higher maintained for 1 s or longer will generally lead to immediate cell death by 

coagulative necrosis in most tissues20–22. Despite rapidly increasing tissue temperatures in the focal area, 

surrounding and intermittent tissues are not affected as HIFU energy can be focused into small, confined volumes 

with temperatures outside its focus kept at levels that are not cytotoxic23. Moreover, normal vascular wall tissues 

remain intact as they are rich in elastic fibers, thereby allowing them to buffer the thermal effect of US24–27. At 

last, the convective removal of heat by the blood flow and the perfusion of the large vessels in vicinity of the 

target area also buffer the thermal HIFU effect at the level of the endothelium28.  

As shown in early animal and in vitro studies, US can selectively destroy tissues lacking normal collagen and an 

elastic fibrous skeleton, such as thrombi and atherosclerotic plaques24–27. The growth dynamics of atherosclerotic 

plaques, entailing neovascularization and build-up of lipid-rich core, suggest that a plaque may respond to 

localized thermal therapy29. Atherosclerotic plaque growth is blocked by occluding the neo-vessels, while 

preserving the overlying endothelium. Classical thermal HIFU lesions are ellipsoidal, paralleling the direction of 

the US propagation, measuring about 1.5 – 2 cm in length and about 1.5 – 2 mm in width when produced by a 

typical clinical 1.5 MHz HIFU field (Figure 1.2)30. Two hours after HIFU exposure, such lesions typically consist of 

a core which is completely coagulated, and a surrounding rim-like area with glycogen-poor cells that usually die 

within 48 hours31,32. Progressive plaque growth is limited or slowed down and the ablated plaque may shrink 

through the formation of granulation tissue, infiltration of fibroblasts and finally retraction and scar 

formation31,33. 
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Figure 1.2 Thermal effect of HIFU: Ellipsoidal lesion formation at the focal point paralleling the US wave pathway. The incident focal US waves 

are absorbed and converted into heat at the HIFU focus, resulting in thermal ablation of the target tissue. Image reproduced from Shehata 

et al.15  

 

Compared to other thermal ablation techniques, such as cryotherapy, laser ablation, microwave coagulation, 

and RF ablation, the major advantages of HIFU therapy are its noninvasive and nonionizing characteristics, as 

well as the absence of long-term cumulative effects, and fast, confined lesion formation34. HIFU allows for 

accurate, tailorable treatment margins to ablate tissues within the body16,35. HIFU therapy is therefore much less 

traumatic for the patient compared to other treatment strategies, and may shorten hospitalization times and 

decrease treatment costs16.  

Pitfalls of HIFU therapy may include long procedural duration in case of large targeted volumes, local pain after 

treatment in some cases, and the need of general anesthesia, which can be hazardous in patients with serious 

conditions34. In one study, patients treated for local body tumors only received HIFU therapy six months after a 

myocardial infarction to ensure good cardiac reserve that can tolerate anesthesia15. It was advised that 

hypertension and diabetes should be under control, and blood glucose levels should be between 5.6 and 11.2 

mmol/L before treatment. Additionally, treatment should be performed early in the morning, and all patients 

should be fasting overnight to help for safe anesthesia15. 

Complications of HIFU therapy include local edema, skin toxicity, and interfering objects affecting the ability to 

treat36. HIFU cannot be applied to tissues that are not compliant with US, such as lung and bone34. Initial 

therapeutic limitations consisted of the difficulty of monitoring changes in temperature and tissue mechanical 

properties36,37. It was not possible to control precise thermal exposure upon lesion formation. Currently, dual-

mode ultrasound arrays (DMUAs) allow for image-guided HIFU surgery with robust image-based identification of 

target tissue to monitor HIFU lesion formation38. 
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 HIFU therapy using dual-mode ultrasound arrays 

Utilizing DMUAs in US-guided HIFU therapy allows for imaging and treatment using the same elements. 

Monitoring of temperature changes in tissues was realized by applying sparse imaging and speckle tracking 

techniques to the radiofrequency (RF) data that is acquired before, during and after HIFU therapy. Pulse-echo 

imaging techniques and post-beamforming filtering of the RF data was implemented to visualize HIFU-induced 

lesions and track lesion formation in real-time. Accurate spatial registration allows for refocusing of the HIFU 

beams in the presence of large scattering obstacles, such as bone tissue, that may partially obstruct the focus 

and thus distort the HIFU beam. Finally, DMUAs allow for inherent registration between the imaging and 

therapeutic coordinate systems38. In vitro experiments showed accurate temperature and lesion formation 

monitoring, as well as refocusing around critical obstacles that partially obstruct the HIFU beam39.  

The use of DMUAs for imaging-guided treatment of atheromatous plaques was investigated in vivo38. Diagnostic 

US was used to verify the presence of plaque in the femoral artery of familial hypercholesterolemic swine, while 

the therapeutic transducer was used for the delivery of discrete HIFU shots with an estimated focal intensity of 

4000 to 5600 W/cm2 and 500 to 2000 ms duration, for several transverse plaque slices in direction of the target 

artery. Results showed confined plaque tissue damage, without damage to the endothelium. Aforementioned 

study provided the first demonstration of real-time DMUA and diagnostic imaging-guidance in targeting fine 

tissue structures for precise lesion formation in the presence of arterial pulsation and tissue motion. A later study 

proved the feasibility and acute safety of using noninvasive HIFU with DMUAs to form localized thermal lesions 

within atherosclerotic plaques, also without damaging the endothelium40. This study concluded that further long-

term studies are needed to assess how induction of these lesions can modify the progression of atherosclerotic 

plaques. 

Recently, real-time monitoring and lesion formation control utilizing a DMUA system was advanced by real-time 

signal processing of echogenicity changes during lesion formation, allowing for the cessation or reduction of the 

HIFU exposure, e.g. intensity and/or time, to prevent overexposure41. Uncontrolled volumetric HIFU lesions 

resulted in significant pre-focal buildup due to excessive exposure from multiple full-exposure HIFU shots, 

whereas adaptive lesion formation resulted in tissue damage consistent with the size of the focal HIFU spot. 

Controlled lesions were produced with no evidence of overexposure by stopping or reducing the HIFU exposure 

in real-time. More-over, underexposure at the target location was also detected using the same DMUA-echo 

data. This adaptive closed-loop control of lesion formation resulted in lower treatment times while confining 

tissue damage to the target volume41.
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 Atherosclerotic plaque targeting 

To evolve HIFU to a standard treatment modality for atherosclerosis, localization and targeting of atherosclerotic 

plaques is required. To ensure contiguous lesion formation within plaques, subsequent discrete HIFU shots need 

to be delivered to multiple transverse planes in direction of the target vessel. Partially overlapping lesions can 

be formed with adjacent HIFU lesions and through thermal conduction within the substance of the plaque, 

leading to a confluent ablated zone40. In the treatment of atherosclerotic plaques, transverse treatment planes 

are typically spaced 1 mm apart to ensure partially overlapping HIFU lesions across treatment planes (Figure 1.3). 

A HIFU shot is defined as HIFU energy delivery in one focal spot. Depending on the diameter of the artery and 

plaque size, 6 to 8 HIFU shots need to be delivered in the target area and 25 to 40 planes are typically treated.   

 

Figure 1.3 Targeting the arterial wall with high intensity focused ultrasound. Left. Transverse treatment planes (side view) in direction of the 

target artery spaced 1 mm apart. Right. 2D transverse treatment plane with thermal HIFU lesions. HIFU = high intensity focused ultrasound. 

 Robotic transducer control 

In 1998, a robotic approach to HIFU based neurosurgery was investigated, aiming to simultaneously move and 

focus the HIFU probe, thereby minimizing off-focal hot-spots and cavitation42. Over the last decade, a hybrid 

control approach in HIFU therapy has been studied in the form of a noninvasive medical robot called Focused 

Ultrasound Surgical Robot, either for Breast Surgery (FUSBOT-BS) or Urological Surgery (FUSBOT-US)43,44. The 

accomplished compensated end-point accuracy of the robotic system was within 0.5 mm. A recent study 

developed an experimental US imaging-guided robotic HIFU ablation system for tumor treatment, aiming to 

integrate the technologies of US imaging-guidance, robotic positioning control, and HIFU treatment planning so 

that the robotic arm can position the DMUA-transducer to ablate the targeted tumors (Figure 1.4)45. An average 

positioning error of 1.01 0.34 mm, and a HIFU ablation accuracy of 1.32 0.58 mm was found. These studies 

stress the advantage of robotic HIFU control in positioning and monitoring during HIFU therapy. 

1 mm 

Artery 
Vein 

Artery 

Vein 

Thermal HIFU lesions 

Transducer 

HIFU beam 
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 Multi-modality imaging 

In recent years, multi-modality imaging techniques have been investigated to advance imaging for clinical 

diagnosis, most commonly including combinations of CT, single photon emission computed tomography (SPECT), 

positron emission tomography (PET), and MRI. With hybrid imaging approaches, the reliance on image co-

registration is reduced as the patient remains in the same position while both data sets are acquired. MR-guided 

focused US proved to be of significant importance in terms of real-time thermal exposure monitoring and 

providing excellent soft-tissue contrast for targeting purposes during HIFU procedures46,47. Along with the 

development of advanced FUS transducers, efficacy of MR-guidance can be improved in consideration of new 

clinical applications, such as moving-organ ablations48. A real-time navigation system with US-CT/MRI fusion 

imaging has shown to be precise for targeting and successful ablation of target tumors, which were undetectable 

solely using US49. It may be useful to combine CT/MRI with the DMUAs integrated imaging mode and thereby 

advance pretreatment planning, imaging-guidance, monitoring and targeting of atherosclerotic plaques during 

HIFU treatment50. The use of MRA images for pretreatment planning, patient selection and pre- and 

postoperative assessment of the target area is expected to be of additional value in targeting atherosclerotic 

plaques. 

 

 
 

Figure 1.4 “The ultrasound imaging-guided robotic HIFU system”, reproduced from An et al.45 
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 Aims 

The aim of this project was to optimize localization and targeting accuracy during HIFU treatment of 

atherosclerotic lesions in the femoral artery using a six degrees of freedom robot. Additionally, the use of pre- 

and periprocedural MRA imaging will be investigated, as well as the feasibility of treating patients suffering from 

PAD with HIFU therapy in the future. 

 

Aims 

1. To implement robotic transducer control. 

a. Analyze the experimental setup incorporating a DMUA transducer and robot. 

b. Analyze the default and desired robot control. 

c. Investigate the required accuracy and repeatability of robotic transducer control for atherosclerotic 

plaque targeting. 

d. Investigate the safety and feasibility of robotic transducer control for atherosclerotic plaque 

targeting. 

 

2. To validate robotic transducer control. 

a. Investigate the safety of robotic transducer control. 

b. Investigate the robot’s accuracy and repeatability to ensure contiguous lesion formation during 

HIFU therapy.  

c. Investigate the feasibility of robotic transducer control in vivo. 

 

3. To investigate HIFU targeting of the common femoral artery, superficial femoral artery, and popliteal 

artery in patients suffering from PAD. 

 

4. To investigate the added value of combining DMUA-imaging with MRA images for targeting and 

localization purposes.
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 Experimental setup and robotic transducer control 

 Introduction 

During HIFU therapy, subsequent discrete HIFU shots need to be delivered to multiple transverse planes in 

direction of the target vessel. It is therefore important to precisely position and move the transducer during a 

HIFU procedure. To advance transducer positioning and improve efficiency during HIFU therapy, a DMUA-

transducer is mounted to a six degrees of freedom (DOF) robot. It is hypothesized that using a robot to control 

the transducer improves the accuracy, monitoring and guidance of atherosclerotic plaque targeting, and thereby 

increases therapeutic success. It has already been shown that experimental robotic HIFU setups are capable of 

reliable transducer positioning during therapy, with average system accuracies ranging from 0.1 to 1.01 mm43–

45,51–53. One study ensures successful targeting of 1 mm volumes with a positioning error of 0.59 0.25 mm, and 

a maximum orientation error of 2.3, assuming predictable sound wave propagation52. However, 

aforementioned studies investigated the use of custom-built robotic transducer manipulators with fewer DOFs 

for other clinical applications, as opposed to utilizing an industrial six-DOF robot to advance atherosclerotic 

plaque targeting. It is important to define requirements for the successful implementation of the unique robotic 

HIFU setup and custom transducer control, and subsequently investigate the required accuracy and safety 

measures. 

Aims 

The aim is to investigate the requirements of robotic transducer control for successful implementation of 

localization and targeting of atherosclerotic plaques during a HIFU procedure, using a HIFU system, a DMUA-

transducer and a six-DOF robot. 

 

1. Analyze the experimental setup 

 

2. Analyze UR3 robot control 

a. Analyze default robot control using Polyscope 

b. Design and implement custom robot control software. 

 

3. Investigate the required accuracy and repeatability of the robotic transducer control. 

 

4. Investigate the safety requirements with respect to the robotic transducer control.
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 Experimental setup 

 The HIFU system and DMUA transducer 

Transducer specifications 

The DMUA-transducer (Imasonic Inc., Voray sur l’Ognon, France) is a concave 3.5 MHz, 32x2 phased array with 

a 50 mm radius of curvature and a fractional bandwidth of ~40%. The element pitch and height are 1.6 and 34 

mm respectively, divided in two rows of equal height with inter-row spacing of 0.2 mm. The transducer is capable 

of operating in a variety of imaging and therapy modes on transmit, and receive on all array elements.  

HIFU software  

The HIFU software consists of an Image Targeting Control Panel, and a separate Closed-Loop Imaging and 

Treatment control panel, wherein patient information, the system status and the HIFU research settings are 

displayed and can be adjusted (Figure 2.1). The Targeting Control Panel is used to image with real-time single-

transmit focus (STF) or synthetic aperture (SA) imaging. STF imaging is primarily used during therapy to provide 

high frame rate imaging to monitor the dynamics of lesion formation at the treatment site, whereas SA imaging 

allows for tracking of the vessel dynamics with higher image quality54. STF and SA-imaging settings such as the 

amplitude, sample width, dynamic range and frame count, can be adjusted in the research settings panel. Prior 

to HIFU delivery, the transducer cable and thermocouples need to be attached to the HIFU system, which allows 

for checking the receiving and transmitting HIFU elements and the transducer temperature. Subsequently, SA 

imaging is required, and the skin region, the therapeutic region of interest and the HIFU focus need to be 

manually selected (Figure 2.1). HIFU delivery settings such as HIFU shot duration, pulse width and amplitude can 

be adjusted. Subsequently, HIFU prescription shots can be delivered with the configured HIFU amplitude, or sub-

therapeutic HIFU shots can be delivered, with 20% of the configured HIFU amplitude and with the closed-loop 

control (CLC) disabled. After HIFU delivery, the lesion control profile can be opened to assess the HIFU lesion 

formation and CLC interference.
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Figure 2.1 Image Targeting Control Panel HIFU software with skin interface, region of interest and HIFU focus selected. 

 

HIFU range, therapeutic operating field and intensity distribution 

The optimal HIFU focus is located at 0 mm laterally and 50.1 mm axially, based on the transducer’s average radius 

of curvature, 50.1 mm ±0.05 mm (Measurement report Imasonic Inc., France). The lateral (horizontal) and axial 

(depth) ranges of the transducer are -15 to 15 mm, and 25 to 65 mm, respectively. The HIFU range is hardware-

limited and cannot be changed using the software. The transducer’s therapeutic operating field (ThxOF) is an 

elliptical region around its geometric focus, with an extent of ±7 mm laterally and ±5 mm axially, wherein HIFU 

therapy is most effective. As HIFU intensity decreases rapidly outside its geometric focus, targeting outside the 

ThxOF results in unacceptable reduction in focusing gain at the target and may lead to less unequivocal lesions54. 

Targeting outside the ThxOF should therefore not be performed (Figure 2.2). 
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Figure 2.2 HIFU intensity distribution around the transducer’s geometric focus (lateral value 0 mm, axial value 50.1 mm). 

 

Bolus cover 

To ensure proper contact with the skin surface, a bolus cover is screwed onto the concave-shaped transducer. 

Degassed water is circulated through the space between the transducer and the membrane of the bolus cover, 

which needs to be in contact with the skin to ensure US coupling to the region of interest. The distance between 

the distal end of the concave-shaped transducer and the patient’s skin ranges from 15 to 25 mm, depending on 

how far the bolus cover is screwed onto the transducer (Figure 2.3). 

 

 
Figure 2.3 Distance between the distal end of the DMUA-transducer and bolus cover. Left. Distance with bolus cover screwed on maximally. 

Right. Distance with bolus cover screwed on minimally. 
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 The UR3 robot 

The transducer is fixed to a UR3 robot, an industrial robot with 6 rotating joints, weighing 11 kg, and capable of 

handling a maximum payload of 3 kg in 360-degree rotation on all wrist joints, and infinite rotation on the end 

joint (Figure 2.4)55. In robotics, repeatability is defined as the capability to repeatedly return to the same pose 

under equal circumstances. Repeatability of the UR3 is ±0.1 mm, and its reach radius is 500 mm. Maximum speed 

of the joints are ±180°/s for the first three joints, i.e. the Base, Shoulder and Elbow, and ±360°/s for the last three 

joints, i.e. Wrist 1 to 3. The robot’s distal end is called the tool, which can move with a maximum speed of 1 m/s.  

The UR3s control box facilitates the robot’s power supply and has several analog and digital in- and output 

connections to add custom safety features and control the UR3 with external devices.  

The UR3 can be configured, controlled and programmed utilizing Polyscope, the graphical user interface (GUI) 

installed on the Teach Pendant, a separate 30.48 cm touchpad (Figure 2.4 and Chapter 2.3.1). 

 

 

Figure 2.4 UR3 robot with Touchpad.
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Custom robot control 

To allow for custom robot control of the transducer, and thereby improve positioning and targeting during HIFU 

therapy, a desktop computer running MATLAB (MathWorks, Natick, MA, USA) is linked to the UR3 robot’s control 

interface through an Ethernet socket connection (Chapter 2.3.2). A 3Dconnexion SpaceMouse® Pro 

(3Dconnexion, Munich, Germany) was linked to MATLAB software to allow for direct 3D navigation of the UR3 

robot, using its six-DOF sensor. 

 Transducer bracket 

A manually manufactured bracket is used to mount the DMUA transducer to the UR3 (Figure 2.5.A). Its length, 

width and height are 69.9, 76.2 and 127.0 mm, respectively. Four 6 mm bolts are used to mount the bracket to 

the distal end of the UR3 robot. The transducer is mounted to the inferior end of the bracket with two 6 mm 

bolts, where a rectangular gap in the center provides space for the two water tubes and the transducer’s 

controlling cable, which is attached to the HIFU system. 

 Robot frame 

The UR3 robot is fixed to a custom manufactured steel frame, capable of handling the weight of the robot and 

its payload (Figure 2.5.B). The steel frame can be moved and is angle-adjustable, so the configuration of the 

robot can be changed at its Base. Breaks at the level of the wheels are present to prevent movement of the steel 

frame and thereby ensure stable positioning. 

            

Figure 2.5 A. Inferior view of the bracket.             B. Angle-adjustable steel frame with UR3 robot and bracket attached. 

UR3 robot 
Steel frame 

Bracket Change the frame angle 



 

Experimental setup and robotic transducer control 

MASTER THESIS TECHNICAL MEDICINE N.C. MORSINK 29 

 Water degassing system 

A portable water degassing system (FUS-DS-50 Water Degassing System, FUS Instruments Inc., Toronto, Ontario, 

Canada) is used to produce and circulate degassed water through the water bolus (Figure 2.6). 

 

Figure 2.6 UR3 robot with bracket and transducer attached. Two tubes facilitate the circulation of degassed water between the water 
degassing system and the bolus cover. 

 

 Robot control 
The center point at the level of the UR3 robot’s end effector is called the Tool Center Point (TCP), and its 3D 
position is defined as the robot pose, a six-element vector containing x, y, and z-values for both the translation 
and orientation ( 

Equation 2.1). The robot can be moved and translated by changing the robot pose, either by using Polyscope or 

by using external control software.  

 

[-166.98  -375.92  308.94  -0.1596  -0.0699  -0.1788] 

 
Equation 2.1 Example robot pose with x, y and z-values for both the translation (blue, mm) and orientation (green, radians), with respect to 
the robot’s base.  

UR3 robot 

Bracket 

Transducer with bolus cover 

Water degassing system 

Water tubes 

Water leakage reservoir 

Water syringe 

x y z x y z 
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 Robot control using Polyscope 

Using Polyscope, the UR3 can be programmed to move the TCP to specific waypoints, each joint can be controlled 

separately and a real-time 3D visualization of the UR3 is displayed (Figure 2.7). To control the robot during HIFU 

therapy, Polyscope was preprogrammed to move the UR3 between -10 and 10 mm for the x, y and z-direction in 

orientation of the tool (Figure 2.8). During preclinical testing, this program was experienced to be laborious, as 

robot motion needed to be configured for all three directions successively prior to the execution of robot motion. 

Moreover, the range of robot motion was very limited and the robot poses could not be saved. Accessing the 3D 

real-time UR3 robot visualization from the program was experienced to severely interrupt the workflow, and 

additional features, such as displaying the linear 3D distance between robot poses, cannot be implemented in 

Polyscope. Therefore, the requirements of controlling the UR3 robot for atherosclerotic plaque targeting were 

identified, and custom robot control software was designed and implemented (Chapter 2.3.2).   

 

 

Figure 2.7 Polyscope’s interface to move the robot’s distal end, as well as each individual joint. A real-time 3D visualization is present and 

the robot’s pose, i.e. position and orientation, is displayed. 
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Figure 2.8 Polyscope program to move the UR3 robot’s distal end during HIFU therapy. The program is started and a 1 mm offset of the UR3s 

distal end is entered. After pressing the green button, a value for Y and Z can subsequently be entered as well, and robot motion is executed. 
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 Design and implementation of custom robot control software  

MATLAB software was used to build a GUI customized for robot and transducer control for atherosclerotic plaque 

targeting (Figure 2.9).  

Primarily, any control interface should be able to translate and rotate the UR3 robot in the three orthogonal 

directions, i.e. x, y and z, separately. Translation of the UR3 robot in these directions was implemented, both in 

global coordinates, i.e. in the orientation of its Base, and in local coordinates, i.e. in the orientation of the Tool 

(Figure 2.10). By default, the point of rotation is the UR3s end effector. To ensure the transducer stays in place 

with respect to either the patient’s skin, or the last therapy location within the arterial wall, rotation over either 

the transducer-skin interface or the actual HIFU focus point was implemented (Figure 2.11). Rotation over the 

skin is required prior to HIFU therapy to ensure proper contact of the skin and the bolus cover. Rotating the 

transducer with respect to the HIFU focus point may be required between subsequent HIFU shots or treatment 

planes to keep the transducer perpendicular to the target artery.  

Utilizing the custom GUI, the robot pose corresponding to the transducer’s actual position is displayed real-time 

and can be saved, along with the axial and lateral HIFU coordinates of each ablation position. Consequently, the 

transducer can be moved to any of the saved robot poses during HIFU treatment.  

If the distance between two subsequent HIFU shots is too large, the created HIFU lesions may not be adjacent. 

To ensure contiguous lesion formation, the linear distance between subsequent therapy locations are calculated 

and displayed using the robot poses and corresponding HIFU focus coordinates. 3D lines, representing the robot, 

the transducer and the HIFU foci, are visualized and expected to improve therapy control throughout a HIFU 

procedure. All robot motion can be saved and displayed in the GUI, with corresponding times of execution. The 

number of HIFU shots in the current therapeutic plane is displayed, as well as the number of treated planes and 

the total number of HIFU shots delivered. 
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Figure 2.10 UR3 robot translation in direction of, and rotation around the x-axis (red), y-axis (green) and z-axis (blue). Left. Translating and 

rotating the UR3 robot in global coordinates, i.e. in Base orientation. Right. Translating and rotating the UR3 robot in local coordinates, i.e. 

in Tool orientation. Image reproduced from the User Manual (UR3 User Manual, Universal Robotics). 

 

 

 

 

Figure 2.11 Transducer positions prior to rotation (non-transparent) and after rotation (transparent). Left. UR3 robot rotation with respect 

to the transducer-skin interface. Right. UR3 robot rotation with respect to the HIFU focus within the arterial wall. HIFU = High Intensity 

Focused Ultrasound. 
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 Required accuracy and repeatability of robotic transducer control 

As HIFU lesion formation is induced with submillimeter accuracy and to ensure contiguous lesion formation, any 

potential positioning error should be within the submillimeter range. Repeatability of the UR3 robot is ±0.1 mm55. 

Accuracy of the UR3 robot, i.e. the error between the intended and actual robot motion, is not reported by 

Universal Robots.  

To illustrate, a rotation error of 1.0 at the level of the robot’s end effector in one direction, results in a linear 3D 

positioning error of 1.25 mm at the level of the transducer-skin interface and 1.65 mm at the level of the optimal 

HIFU focus (Figure 2.12). The linear 3D translations at the level of the transducer-skin interface as a result of 

0.10, 0.50, 1.00, 2.00 and 5.00-degree rotations at the level of the UR3s end effector are calculated, respectively 

(Table 2.1). Using the custom software, aforementioned translations are calculated in real-time and used to 

rotate the robot around either the transducer-skin interface or the HIFU focus, instead of the default rotation 

around the UR3 robot’s distal end.  

As we aim to deliver HIFU therapy with submillimeter accuracy in subsequent transverse treatment planes 

spaced 1 mm apart, accuracy and repeatability should be within ±0.1 mm for UR3 robot translations, and ±0.1° 

for robot rotations. Accuracy and repeatability of robot translations and rotations using the custom software are 

tested with respect to these requirements (0). 

 
 

Figure 2.12 Linear displacement of the transducer and the HIFU focus (blue arrows) as a result of rotation around the UR3 robot’s distal end 

with angle .  
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Table 2.1 Relationship between a rotation (degrees) at the level of the end effector of the robot, and the resulting linear translation at the 
transducer-skin interface (mm) and the optimal HIFU focus (mm). 

 

 Safety measures robotic transducer control 

For the entire duration of a HIFU procedure, the transducer will be in direct contact with the patient and exerts 

continuous pressure on the patient’s skin. Additionally, the robot will operate with people and other equipment 

in its vicinity. For the robotic approach to be safe for patients and therapists, safety measures are required. The 

robot has multiple safety-related functions (Table 2.2) to limit the movement of its joints and the TCP. 

Additionally, we have implemented several safety-related features in the custom robot control software. 

Polyscope 

Using Polyscope, the robot’s maximum force, power, speed and momentum can be configured such that the 

robot cannot harm humans or collide with its environment. The maximum power the TCP may exert without 

harming the patient needs to be investigated, for both the continuous pressure that is performed for the entire 

duration of a HIFU procedure and for the potential high-energetic impact due to fast or undesired robot motion. 

Additionally, the maximum joint speed, i.e. the maximum angular velocity of individual joints, and the desired 

joint position limits, i.e. allowed position range of individual joints, need to be configured accordingly.  The 

position and orientation of the TCP can be limited through the configuration of safety planes and a tool 

orientation boundary, restricting the operating area of the robot.    

Utilizing aforementioned limiting safety functions may improve the safety using our robotic approach. As soon 

as the robot arm approaches a safety-related limit, the advanced path control software decreases speed or issues 

a program execution stop. A physical emergency stop button is present which immediately stops robot motion 

when pressed. Moreover, a Freedrive button is present, which allows the robot to be physically moved when 

pressed. It is always possible to force a joint to move by pushing or pulling the robot arm hard (500 N). This may 

be required in case of an emergency or when robot power is either not possible or unwanted.

Rotation distal robot end (degrees) 0.10 0.50 1.00 2.00 5.00 

Translation transducer-skin interface (mm) 0.13 0.63 1.26 2.51 6.27 

Translation optimal HIFU focus (mm) 0.17 0.83 1.66 3.31 8.26 
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Table 2.2 Limiting safety-related functions of the UR3 robot, reproduced from55. TCP = Tool Center Point robot. 

 

Limiting Safety Function  Description 

Joint position  Minimum and maximum angular joint position 

Joint speed  Maximum angular joint speed 

TCP position  Planes in Cartesian space limiting robot TCP position 

TCP speed  Maximum speed of the robot TCP 

TCP force  Maximum pushing force of the robot TCP 

Momentum  Maximum momentum of the robot arm 

Power  Maximum applied robot arm power 

 

Custom software 

To limit the risk of unexpected robot motion, translation and rotation thresholds are used in the custom 

software. These thresholds are defined to prevent excessive pressure on the patient and collision with other 

people or additional equipment. Translations exceeding 15 mm and rotations exceeding 10 need to be 

confirmed with an additional check, prior to robot execution. If necessary, these thresholds can be adjusted in 

the GUI. In case of excessive pressure or if immediate access to the treatment site is required, the robot needs 

to be moved away quickly. A safe button is implemented in the software, which immediately moves the robot 

100 mm upwards in global coordinates, i.e. away from the patient (Figure 2.9 and Figure 2.10).  
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 Conclusion 

The experimental setup to target atherosclerotic plaques with HIFU incorporates a HIFU system, a DMUA-

transducer and an industrial six-DOF UR3 robot. The DMUA-transducer and the robot are integrated using a 

customized steel frame and bracket.  A water degassing system and bolus cover facilitate circulation of degassed 

water through the bolus, and thereby US coupling to the region of interest.  

As using Polyscope for localization, targeting and monitoring during a HIFU procedure was rather laborious, 

custom robot control software was designed and implemented investigated. A custom GUI was designed and 

implemented to improve robot control (Table 2.3). The GUI is expected to improve transducer positioning and 

monitoring with the real-time visualization of the 3D ablation positions, displaying the distance between 

subsequent ablation positions, and the possibility to save each therapeutic robot position. 

Multiple software-related safety measures were applied in both Polyscope and the custom software, and the 

required accuracy and repeatability of using the UR3 and the custom software for atherosclerotic plaque 

targeting were defined (Table 2.4 and Table 2.5). To ensure contiguous lesion formation and sufficient 

monitoring during a HIFU procedure, these requirements need to be tested using the custom software and 

experimental setup (0). 

 

Table 2.3 Functionalities of custom designed and implemented graphical user interface for UR3 robot control. 
 

Facilitate external control of the UR3 robot in Polyscope 

1. Receive robot poses through Ethernet connection 

2. Send robot command with desired robot pose through Ethernet connection 

 

Robot control utilizing the custom MATLAB-software 

1. Connect and disconnect to / from robot 

2. Receive and save robot poses with axial and lateral HIFU coordinates 

3. Calculate desired robot poses 

a. Facilitate submillimeter displacements of the transducer 

b. Translate robot in global and local coordinates 

c. Rotate transducer around transducer-skin interface and HIFU-focus 

4. Move to saved robot poses 

a. 3D visualization of the UR3s TCP, the transducer, and the HIFU-foci 

b. Log all robot motion 

c. 3D mouse control of the UR3 robot 
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Table 2.4 Software-related safety measures in the graphical user interface and Polyscope. 

 

 

 
Table 2.5 Accuracy and repeatability requirements of UR3 robot control. 
 

Requirements UR3 robot control 

 

1. Repeatability 0.1 mm 

2. Accuracy translations 0.1 mm 

3. Accuracy rotations 0.1° 

Safety measures custom software   

1. Translation threshold 15 mm 

2. Rotation threshold 10° 

3. Safe pose 100 mm up in global coordinates 

 

 

Safety measures UR3 robot 

   

1. General limits  Maximal  Normal mode 

a. Force (N)  250  150 

b. Power (W)  1000  300 

c. Speed (mm/s)  5000  1500 

d. Momentum (kg m/s)  100  25 

   

2. Joint limits   

a. Joint speed 191/s 

b. Joint position -363 to 363 

  

3. Boundaries   

a. Safety planes TCP position Not configured 

b. Tool orientation boundary TCP Not configured 

  

4. Safety inputs and outputs Not configured 
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 Requirements of robotic transducer control 

 Introduction 

During HIFU therapy, the transducer is moved between ablation positions, imaging is performed to verify proper 

positioning and subsequently HIFU therapy is delivered. Utilizing the custom software, ablation positions can be 

saved, visualized and used to return the transducer to specific therapy locations during a HIFU procedure. To 

ensure contiguous lesion formation, we investigated the previously discussed requirements with respect to 1) 

robot accuracy and 2) repeatability, for different functionalities of the custom software and Polyscope (Table 

3.1). To guarantee safe use of the robot we investigated 1) the expected force and impact of the robot’s distal 

end (the tool), 2) motion of the UR3s distal end in case of an emergency break, and 3) the applied robot force by 

the UR3s distal end in case of an emergency break.  

 

Table 3.1 Accuracy and repeatability requirements of UR3 robot control.  
 

Test Required Universal robots 

1. UR3 translation accuracy 0.1 mm Not reported 

d. Translation accuracy using the custom software. 

e. Translation accuracy under pressure. 

f. Translation accuracy using Polyscope. 

 

2. UR3 rotation accuracy 0.1 mm Not reported 

a. Accuracy of rotation angles using the custom software 

b. Accuracy of rotating the UR3 around a saved HIFU focus using the custom software. 

 

2. UR3 repeatability 0.1° 0.1 mm 

a. Repeatability of translations using the custom software 

b. Repeatability of returning the UR3 to saved robot poses using the custom software. 
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 Materials and Methods 

 Translation accuracy 

Translation accuracy using the custom software 

To measure the accuracy of robot motion using the custom software, the UR3 robot’s distal end was placed 

against a digital measuring device, which was calibrated to zero prior to moving the robot. Robot motion in the 

direction of the measurement device was performed, ten times for each distance. For 0.15, 0.25, 0.5, 1, 2, 5 and 

10 mm translations an electronic digital indicator (Mitutoyo Digimatic Indicator, Mitutoyo, Japan) with 0.001 mm 

accuracy was used to measure the distance over which the tool moved (Figure 3.1.A). For 20, 50 and 100 mm 

translations, a digital caliper (Mitutoyo Absolute Digimatic Caliper, Mitutoyo, Japan) with 0.01 mm accuracy was 

used (Figure 3.1.B).  

For all robot experiments, the measurements were subtracted from the intended distances or rotations, and the 

mean, standard deviation and range were calculated for the error of each distance or rotation using MATLAB 

(MathWorks, Inc., Natick, MA, USA).  

Translation accuracy under pressure 

For 1, 2, 5 and 10 mm translations, the previous experiment was repeated ten times with the robot’s distal end 

exerting a downwards force of approximately 50 N against a force gauge (Advanced Force Gauge 1000N, 

Mecmesin, Slinfold, West Sussex, UK). The force gauge has an accuracy of 1 Newton (N) and a 5 kHz sample rate 

(Figure 3.2.A). 

Translation accuracy using Polyscope 

Using Polyscope, the UR3s distal end was moved 1, 2, 5 and 10 mm in direction of the digital indicator, 

respectively (Figure 3.1.A). The experiment was repeated ten times for each distance.  

Agreement between robot control through Polyscope and the custom software for 1 mm translations was 

assessed by calculation of the Bland-Altman 95% limits of agreement using SPSS Statistics Version 24 (SPSS, 

Chicago, IL, USA). 
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Figure 3.1 Robot motion (red arrows) during the accuracy and repeatability experiments using the custom software. A: UR3 robot accuracy. 

B: UR3 robot accuracy. C: UR3 robot repeatability. D: UR3 robot repeatability saved poses. 

 

 

 

Figure 3.2 Robot motion (red arrows) during the force and impact measurements. A: Maximum tool force measurements for 1 mm 

translations and during an emergency break. B: Maximum tool impact with varying distance and speed. C: Side view of the UR3s distal end 

against the power gauge. D: UR3 robot accuracy under pressure.
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 Rotation accuracy  

Accuracy of rotation angles using the custom software 

To measure the accuracy of UR3 robot rotations, a digital distance laser (Bosch Professional GLM 30, Bosch 

GmbH, Germany) with 2 mm accuracy was horizontally attached to the distal end of the robot in direction of the 

x, y, and z-rotations of the tool, i.e. forward-backward, left-right, and (counter)clockwise rotations, respectively. 

Cardboard was placed against the facing wall and the distance to the cardboard was measured using the laser. 

The distance between the point of rotation, i.e. the center point of the UR3s distal end, and the cardboard varied 

for each rotation direction (x, y and z), depending on the specific robot configuration and laser mounting.  

Prior to each rotation, the robot was moved to the saved pose with the laser positioned horizontally. The laser 

was subsequently used to visualize the tool orientation on the cardboard before and after 1, 2, 5 and 10 

rotations in the x, y and z-direction, respectively (Figure 2.10 and Figure 3.3). For each rotation, the laser beam 

was marked in the cardboard with a needle. Finally, the cardboard was placed horizontally with the laser 

positioned at point C, and the distance to a wooden stave, positioned at the level of point B, was measured 

(Figure 3.3). The angle of rotation was calculated using the horizontal distance between the laser and the facing 

wall, and the measured distances before and after rotation (Equation 3.1). Each rotation was measured ten 

times.  

 

Figure 3.3 UR3 robot rotation accuracy experiments using the custom software. A digital distance laser is attached horizontally to the distal 

end of the robot (A). The end of the laser beam was marked on the cardboard before (B) and after (C) rotation. The distances AB and BC 

were measured and used to calculate the angle of rotation (). 

 

 = 𝒕𝒂𝒏−𝟏 (
𝑩𝑪

𝑨𝑩
) 

 

Equation 3.1 

Wall 

⍺ 

A B 

C 

Robot 

Laserbeam Laser 
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Accuracy of rotating the UR3 around a saved HIFU focus  

The accuracy of rotating the UR3 around a saved HIFU ablation position was investigated with the digital distance 

laser vertically attached to the UR3s distal end, facing down. A wooden stave was horizontally fixed to a table, 

and the UR3 was positioned above the wooden beam. Using the custom software, the robot pose was saved with 

the distance between the laser and wooden beam as axial HIFU coordinate. This distance is used by the software 

to calculate the required robot translation to rotate around a HIFU focus. A needle was used to mark the laser in 

the wooden stave before and after robot rotation. Subsequently, the distance between the two points was 

measured using a digital caliper. The experiment was repeated ten times, for 20-degree rotations in the x and y 

rotation direction, respectively. As z-rotations are not required to rotate around a saved HIFU focus during 

therapy, this direction was not measured. 

 Repeatability 

Repeatability of robot translations using the custom software 

The UR3 was positioned with its distal end pressing against the electronic digital indicator, which was then 

calibrated to zero. Repeatability of linear translations was tested by moving the tool 10, 20, 50 or 100 mm away 

from the indicator and back (Figure 3.1.C).  

Repeatability returning to saved robot poses 

Repeatability of returning the UR3 to saved robot poses was tested by moving the robot to four randomly saved 

poses, and back to its original pose against the digital indicator (Figure 3.1.D). The distance on the digital indicator 

upon return represents the positioning error before and after robot motion. Both experiments are repeated ten 

times for each distance and set of robot poses, respectively. 

 UR3 tool force 

The robot power at the UR3s distal end cannot be directly translated to the configured maximum robot power 

configured in Polyscope, as this depends on the impact and acceleration of the robot, and the power required 

by the individual robot joints. Additionally, Universal Robots does not provide information on the underlying 

algorithms and these factors vary with each robot configuration. To measure the maximum robot power that is 

expected to be applied during a typical HIFU procedure, the robot power at its distal end was measured using 

the saved robot poses of the first nine animal experiments (0).  

The UR3 was moved to the saved robot pose corresponding to the last therapy location of each animal 

experiment using Polyscope. The steel frame with the robot was moved to position the robot’s inferior part of 

the distal end against the power gauge, which was subsequently calibrated to zero (Figure 3.2.B and Figure 

3.2.C). The robot pose was saved in the GUI and the UR3 was moved 1 mm in direction of the power gauge in 
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tool orientation. This was repeated until a protective stop was induced by the robot to measure the maximum 

exerted force using the Maximum Hold function of the power gauge. After restarting the UR3, it was moved back 

to the saved pose. This experiment was repeated ten times and the mean, range and standard deviation were 

calculated. 

 UR3 tool impact force 

To measure the potential maximum impact force of the tool during the performed animal experiments the UR3 

was moved to the therapy pose wherein the measured force was highest, i.e. to the third 14-days follow-up 

animal experiment (Table 3.7).   

The UR3 was positioned 10 mm above the force gauge, which was subsequently calibrated to zero. The tool 

speed was 0.2 mm/s and the acceleration was 0.02 mm/s2, similar to the speed and acceleration used during the 

animal experiments. The robot was moved 20 mm downwards in global coordinates and the maximum force due 

to the impact of the distal robot end was measured while a protective robot stop occurred (Figure 3.2.D). The 

experiment was repeated ten times, and repeated for a tenfold of the tool speed and acceleration, i.e. 2 mm/s 

and 0.2 mm/s2, respectively. 

 Motion and applied force in case of an emergency break  

Linear 3D motion during an emergency break and upon robot restart 

The UR3 was positioned with its distal end pressing against the electronic digital indicator, which was then 

calibrated to zero (Figure 3.2.B and Figure 3.2.C). The robot pose was saved using the custom software, and the 

emergency button on the Touchpad was pressed. The offset was measured immediately after the emergency 

stop, after restarting the UR3, and upon return to the original saved robot pose, respectively. This was repeated 

ten times.   

Exerted force during an emergency break and upon robot restart 

The UR3 was moved to a saved robot pose corresponding to the last therapy location of each animal experiment 

using Polyscope (0). The steel frame with the robot was moved to position the inferior part of the UR3s distal 

end against the power gauge, which was subsequently calibrated to zero (Figure 3.2.B and Figure 3.2.C). The 

robot pose was saved in the GUI, and the emergency button on the Touchpad was pressed. The maximum force 

exerted onto the power gauge during the emergency break and upon robot restart were measured, respectively. 

The UR3 was subsequently restarted and moved back to the saved pose. This experiment was repeated ten times 

for the last saved robot pose of each of the nine animal experiments. The mean, range and standard deviation 

was calculated for the applied robot force. 
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 Results 

 Translation accuracy 

Translation accuracy using the custom software 

The mean error of robot positioning with the custom software remained under 0.1 mm for all translations 

(Table 3.2 and Figure 3.5). 

Translation accuracy using the custom software with force at the UR3s distal end 

The mean translation accuracy with 50 2 N exerted by the robot’s distal end was below 0.1 mm for 1 and 2 

mm translations, and higher than 0.1 mm for 5 and 10 mm translations (Table 3.3). 

Translation accuracy using Polyscope 

The mean accuracy of 1 to 10 mm translations using Polyscope was below 0.1 mm (Table 3.2). No significant 

differences between Polyscope and the custom software were found as measurements are inside the Bland-

Altman 95% limits of agreement (Figure 3.4). The mean difference between 1 mm robot motion using Polyscope 

and the custom software was 0.0115 ±0.02172 mm. 

Table 3.2 Mean translation errors with standard deviation and range. 

 

Distance (mm) Custom software (mm) Using Polyscope (mm) 

0.15 0.0063 ±0.0204 [-0.0280 – 0.0410]  

0.25 -0.0052 ±0.0151 [-0.0340 – 0.0170]  

0.5 -0.0027 ±0.0142 [-0.0240 – 0.0190]  

1 0.0029 ±0.0144 [-0.0320 – 0.0220] 0.0088 ±0.0288 [-0.0360 – 0.0580] 

2 -0.0133 ±0.0086 [-0.0270 – 0.0020] 0.0078 ±0.0316 [-0.0380 – 0.0750] 

5 -0.0272 ±0.0114 [-0.0440 – -0.0090] 0.0252 ±0.0528 [-0.0530 – 0.0950] 

10 -0.0512 ±0.0066 [-0.0620 – -0.0400] 0.0685 ±0.0135 [0.0440 – 0.0870] 

20 0.0060 ±0.0667 [-0.1000 – 0.0900]  

50 0.0310 ±0.0802 [-0.0600 – 0.1500]  

100 0.0370 ±0.0250 [-0.0100 – 0.0800]  

 
 
Table 3.3  Mean translation error using Polyscope and when force is exerted by the UR3s distal end, with standard deviation and range. 

 

Distance (mm) Accuracy under pressure (mm) 

1 0.0457 ±0.0253 [-0.0070 – 0.0770] 

2 0.0394 ±0.2870 [0.0060 – 0.0920] 

5 0.1014 ±0.0491[0.0250 – 0.1980] 

10 0.2822 ±0.0456 [0.1970 – 0.3390] 
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Figure 3.4 Bland-Altman plot of 1 mm translation accuracy using Polyscope and the custom software. Mean is visualized (red line), along with 

95% limits of agreement (green lines).  

 Rotation accuracy 

Rotation accuracy: accuracy of rotation angles using the custom software 

The measured distances were used to calculate the distance between the point of rotation of the UR3s distal end 

and the cardboard, depending on the specific robot configuration and laser mounting (Table 3.4). The mean error 

of robot positioning remained under 0.1 for rotations in all three directions (Table 3.5and Figure 3.6). 

Rotation accuracy: rotating the UR3 around a saved HIFU focus 

Accuracy of rotating the UR3 around a saved HIFU focus in the x and y-direction was 0.7880 0.1971 mm 

(range 0.5 – 1.1 mm) and 0.5550  0.1854 mm (range 0.24 – 0.80 mm), respectively.  

Table 3.4 Distances between the point of rotation and the cardboard for each rotation direction and magnitude. 

 

                  Direction 

Magnitude 

Distance X (mm) 

(forward-backward) 

Distance Y (mm) 

(left-right) 

Distance Z (mm) 

(counter-clockwise) 

1 9359 9520 9614 

2 9355 9516 9614 

5 9311 9513 9614 

10 9285 9510 9614 
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Table 3.5 Mean rotation error in the x, y and z-direction with standard deviation and range. 

 

Rotation (degrees) Mean error X (degrees) Mean error Y (degrees) Mean error Z (degrees) 

1 -0.0112 ±0.0115 0.0239 ±0.0062 0.003 ±0.0124 

Range [-0.0345 – 0.0083] [0.0191– 0.0371] [-0.0190 – 0.0617] 

2 -0.0032 ±0.0095 0.0048 ±0.0086 0.0186 ±0.0057 

Range [-0.0142 – 0.0164] [-0.0042 – 0.0199] [0.0072 – 0.0280] 

5 -0.0036 ±0.0063 0.0202 ±0.0066 0.0566 ±0.0050 

Range [-0.0146 – 0.0037] [0.0136 – 0.0316] [0.0477 – 0.0655] 

10 0.0431 ±0.0069 0.0852 ±0.0068 0.0562 ±0.0062 

Range [0.0311 – 0.0550] [0.0752 – 0.0928] [0.0469 – 0.0701] 

 

 Repeatability 

The mean error between the original and saved robot pose upon return was -0.0118 0.0174 mm (range -0.0320 

– 0.0250 mm). The mean error of robot repeatability remained under 0.1 mm for all translations and for 

returning the robot to a saved robot pose (Table 3.6 and Figure 3.5). 

 UR3 tool force 

For each robot pose, the maximum power exerted by the robot’s distal end was measured, and the range and 

standard deviation was calculated (Table 3.7). The maximum measured force was 105.9 N, corresponding to the 

last saved robot pose of the third 14-days follow-up animal experiment. The lowest force measured was 70.6 N, 

measured for the last saved robot pose of the first acute animal experiment. Standard deviation varied from 0.4 

to 1.4 N for all poses. 

 UR3 tool impact force 

The maximum measured force during tool impact was 114.7 N, measured after 10 mm motion with 2.0 mm/s 

and an acceleration of 0.2 mm/s2 (Table 3.8). The lowest force measured was 94.6 N, measured after 100 mm 

motion with 0.2 mm/s and an acceleration of 0.02 mm/s2. 
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Table 3.6 Mean translation error upon return after backwards and forward translations with standard deviation and range. 

 

Distance (mm) Mean translation error (mm) 

10 -0.0025 ±0.0043 [-0.0130 – 0.0010] 

20 0.0110 ±0.0094 [-0.0060 – 0.0230] 

50 0.0087 ±0.0058 [-0.0030 – 0.0170] 

100 -0.0039 ±-0.0053 [-0.0140 – 0.0030] 

 
 
Table 3.7 Means of the maximum tool forces measured before the occurrence of a protective robot stop for the last robot pose of the 
preclinical animal experiments, with standard deviation and range. 

 

Animal experiment pose Mean force at UR3s distal end (N) 

Acute 1 70.6 ±0.6 [69.6 – 71.2] 

Acute 2 81.7 ±0.4 [80.8 – 82.2] 

Acute 3 105 ±0.8 [103.8 – 106.4] 

3-days follow-up 1 96.3 ±1.4 [94.4 – 97.8] 

3-days follow-up 2 80.6 ±0.6 [80.0 – 81.2] 

3-days follow-up 3 100.6 ±0.6 [99.6 – 101.6] 

14-days follow-up 1 75.5 ±0.5 [74.8 – 76.2] 

14-days follow-up 2 99.8 ±1.0 [97.4 – 101.2] 

14-days follow-up 3 105.9 ±0.9 [103.8 – 106.8] 

 

 Motion and applied force in case of an emergency break 

Linear motion during an emergency break and upon robot restart 

The mean 3D robot position deviations immediately after an emergency break, after restarting the robot, and 

after returning to the saved position, were 3.0289 0.7751 mm (range 1.1870 – 3.9090 mm), 3.4541 0.0562 

mm (range 3.3170 – 3.5080 mm), and 0.0010 0.1211 mm (range -0.0270 – 0.0150), respectively (Figure 3.5). 

Highest mean robot position deviation was 3.4541 mm, measured upon robot restart. The mean positioning 

error after an emergency break was below 0.1 mm upon return to the last saved robot pose (Figure 3.5). 

Exerted force during an emergency break and upon robot restart 

The maximum measured force at the robot’s distal end after an emergency break and upon robot restart was 

30.2 N and 76.1 N, respectively (Table 3.9). As aforementioned, the distal robot end is stabilized by its internal 

motors, which causes the robot joints and distal end to move upon restarting the UR3. In four out of nine robot 

poses, the distal end did not move towards the power gauge after pressing the emergency button. 
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Table 3.8 Maximum tool force for varying distances, speed and acceleration, with standard deviation and range. 

 

Distance to gauge (mm) Speed (mm/s) Acceleration (mm/s2) Maximum force (N) 

10 0.2 0.02 109.6 ±1.1 [108.0 – 111.4] 

10 2.0 0.20 114.7 ±1.0 [113.2 – 116.6] 

100 0.2 0.02 94.6 ±0.3 [94.4 – 95.2] 

100 2.0 0.20 96.9 ±0.5 [96.2 – 97.8] 

 
 
 
Table 3.9 Mean of the maximum tool forces measured immediately after pressing the emergency button and upon robot restart, with 
standard deviation and range. 

 

 Animal experiment pose After emergency break (N) Upon robot restart (N) 

 Acute 1 25.4 ±0.7 [24.4 – 26.8] 43.2 ±1.9 [38.6 – 45.4] 

 Acute 2 26.3 ±0.5 [25.6 – 27.0] 69.9 ±0.7 [68.8 – 71.0] 

 Acute 3 21.2 ±1.5 [18.8 – 23.2] Not in direction of gauge 

 3-days follow-up 1 30.2 ±0.4 [29.8 – 31.0] 75.5 ±1.0 [74.2 – 76.8] 

 3-days follow-up 2 29.5 ±1.0 [28.0 – 31.0] 76.1 ±0.3 [75.6 – 76.6] 

 3-days follow-up 3 23.4 ±1.8 [20.8 – 25.4] Not in direction of gauge 

 14-days follow-up 1 15.6 ±0.8 [14.8 – 17.2] Not in direction of gauge 

 14-days follow-up 2 21.9 ±0.5 [21.0 – 22.6] Not in direction of gauge 

 14-days follow-up 3 20.6 ±0.4 [20.0 – 21.2] 39.0 ±0.6 [38.4 – 40.2] 
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 Discussion 

We have tested the accuracy and repeatability of controlling the UR3 with the custom software with respect to 

the previously defined requirements (Table 3.1).  

The mean positioning error was below 0.1 mm for all translations and for the repeatability, which is in line with 

the repeatability of 0.1 mm as stated by Universal Robots. The positioning error was smaller than 0.1 mm for 

robot translations using Polyscope, as well as for returning the UR3 robot to saved robot poses using the custom 

software. Additionally, robot control using the custom software and using Polyscope were compared for 1 mm 

translations and no significant differences were found. 

Accuracy and repeatability of the robot and the custom software were tested for commonly used distances 

during the application of HIFU therapy. During initial positioning, the DMUA-transducer is moved over relatively 

large distances to verify proper positioning with respect to target tissue, typically between 25 and 40 mm parallel 

to the target artery. Subsequently, the transducer is moved upwards and downwards, to verify proper 

positioning on diagnostic US, or to apply more US gel. Relatively small robot rotations are performed between 

subsequent HIFU shots, to maintain perpendicularity of the transducer with respect to the target area. Although 

the use of larger rotations is limited, it may be useful to test the accuracy of larger rotations in the future. 

The mean rotation error was smaller than 0.1 for robot rotations in all three directions. The angles of rotation 

were calculated using goniometric function (the tangent), assuming a straight 90 angle between the laser beam 

and the facing wall, while we cannot be sure that the floor and the opposite wall are perfectly straight and 

perpendicular to one another. These potential positioning inaccuracies may have affected the calculated rotation 

errors.  

20-degree rotations around a saved HIFU focus resulted in a mean linear positioning error of 0.8 and 0.6 mm for 

the x and y-direction, respectively. As the distance between the laser and the wooden stave was relatively small, 

i.e. between 500 and 600 mm, the size of the laser beam was relatively large compared to the size of the compass 

needle. It was therefore difficult to mark the linear differences before and after robot rotation, relative to the 

laser beam. Additionally, the linear differences between the laser beam before and after robot rotation were 

measured on a 2D surface, while rotations were performed in 3D. Any upward or downward motion of the UR3s 

distal end as a result of 3D robot rotation was therefore not included in the measurements. We tried to 

compensate for this limitation by rotating the UR3 over its center position above the wooden stave, from a -10 

rotation on one side, to a 10 rotation position on the other side, for both the x and y-direction. However, it is 

hypothesized that aforementioned limitations resulted in overestimated rotation errors. Positioning errors 

during 3D rotations over a HIFU focus point may need to be better quantified in the future, for example by using 

an ultrasound phantom containing visible markers with predefined distances to simulate HIFU treatment.  

When a force was exerted by the UR3s distal end, 5 and 10 mm translations resulted in a positioning error of 0.1 

and 0.3 mm, respectively. It was difficult to position the digital indicator horizontally at the same height as the 
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URs distal end, and exactly in line with the executed robot translations. We hypothesize that the measured errors 

were overestimated due to these positioning inaccuracies.  

The highest tool force measured was 105.9 N, corresponding to the last saved robot pose of the third 14-days 

follow-up animal experiment. Highest tool force measured during tool impact was 114.7 N for 2.0 mm/s and an 

acceleration of 0.2 mm/s2. The highest mean tool offset after an emergency break was 3.5 mm, measured upon 

robot restart after an emergency break. As relatively large distances were used to push the transducer onto the 

skin during the first animal experiments, i.e. up to 20 mm, 3.5 mm robot motion in case of an emergency break 

is not expected to harm the patient.  

Highest tool force exerted after an emergency break was 76.1 N, also measured upon robot restart. As observed 

in the force measurements, the robot’s distal end did not always move in direction of the power gauge after an 

emergency break, and thus not towards a hypothetical patient. The robot moved either in direction of the power 

gauge or in the opposite direction, away from the power gauge. The positioning error was below 0.1 mm upon 

return to the last saved robot pose using the custom software. 

Based on preliminary testing, tool speed was lowered to 0.2 mm/s, and the angular joint position and speed were 

not restricted to maintain sufficient speed of robot motion during a HIFU experiment. As the configuration of the 

robot varies for each procedure, depending on the operating room and location of the target, we did not 

implement safety planes to limit the robots Tool Center Point (TCP) position. Ideally, these planes are defined 

prior to each individual HIFU procedure, limiting the robot to move outside the target area. Doing so may 

minimize the risk of robot collision with humans and equipment in its environment. In the future, it may be useful 

to investigate if the required time for safety plane configurations prior to HIFU treatment is feasible in daily 

clinical practice.  
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 Conclusion 

In this study, we find that the robot translations and most rotations can be executed with the desired accuracy 

and repeatability using the custom software. Returning the UR3 to saved therapy positions throughout HIFU 

treatment and after an emergency break was also found to be within the desired accuracy. Accuracy of rotating 

the transducer around a HIFU focus point can be better quantified in the future.  The exerted force by the UR3 

at the level of the transducer-skin interface depends on the specific robot configuration. To minimize the risk of 

undesired robot motion in the future, the feasibility of configuring safety planes prior to HIFU treatment may 

need to be investigated.  

One study that investigated the integration of US imaging-guidance and robotic positioning control found an 

average positioning error of 1.01  0.34 mm and a HIFU ablation accuracy 1.32 0.58 mm45. Another study 

investigated a hybrid control approach in HIFU therapy and found a robotic endpoint accuracy of 0.5 mm44. The 

accuracy and repeatability of using the custom software to control the six-DOF UR3 robot was found to be smaller 

than aforementioned results. Based on the results in this study, the proposed robotic positioning and monitoring 

approach is expected to significantly improve atherosclerotic plaque targeting during US-guided HIFU 

interventions.  
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 In vivo robot control of the transducer using the custom software 

 Introduction 

To evolve high intensity focused ultrasound (HIFU) to a standard treatment modality for atherosclerosis, precise 

localization and transducer positioning will need to be investigated in vivo. Feasibility of using the UR3 robot and 

custom software to control the DMUA-transducer is investigated by targeting the dorsal wall of the femoral 

artery in porcine models during ultrasound (US)-guided HIFU therapy.  

 Materials and methods 

In nine healthy porcine models (50 kg), HIFU therapy was applied using the UR3 robot and the custom software. 

Animals were terminated on the same day (n = 3), after 3 days (n = 3) or after 14 days (n = 3) to analyze the target 

tissue after therapy. Ethical approval was granted by the Animal Welfare Body Utrecht.   

Using conventional US, the femoral artery in the inguinal region was identified on one side and subsequently 

marked on the skin. A 3D mouse with a six degrees of freedom (DOF) sensor was used to control the UR3 robot 

for initial positioning of the DMUA-transducer onto the pig’s skin. Subsequently, HIFU imaging, and transducer 

motion in the proximal and distal direction of the target artery were performed to identify the trajectory located 

inside the transducer’s therapeutic field (ThxOF). Using the HIFU software, image quality was optimized and the 

required skin region, target region and the HIFU focus were set. Six to eight HIFU shots were delivered to the 

dorsal wall of the femoral artery, in 25 to 40 transverse planes spaced 1 mm apart in direction of the target 

artery. The number of shots in each plane varied depending on artery diameter.  

The custom software was used to move and rotate the transducer with respect to the desired therapy locations. 

The axial and lateral HIFU coordinates, and corresponding 3D robot positions were saved to visualize all 3D 

ablation positions in real-time. The linear 3D distances between subsequent ablation position were displayed to 

allow for precise spacing and ensure partially overlapping lesions, thereby creating a confluent ablation zone. 

 Results 

The workflow of HIFU therapy for atherosclerotic plaque targeting using the transducer, robot and accessories 

was optimized during the experiments (Table 4.1). Diagnostic US was performed to identify the target area prior 

to HIFU treatment (Figure 4.1).  
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Using the custom software, we were able to control DMUA-transducer motion with the UR3 robot (Figure 4.2). 

The transducer could be moved and rotated in all three orthogonal direction, with respect to either the skin or 

the HIFU focus. The custom software improved transducer positioning and monitoring during treatment, 

especially real-time distance feedback and visualization of the 3D ablation positions (Figure 4.3). The histology 

results are currently being analyzed, and will be published in the future. 

The saved data was used to visualize the ablation positions of each experiment with respect to the transducer’s 

ThxOF (Figure 4.4). In other words, the saved ablation positions for all treatment planes were plotted per 

experiment along with the transducer’s ThxOF. For each graph, corresponding to one animal experiment, the 

percentages of HIFU ablations delivered outside the ThxOF are also calculated and visualized (Figure 4.4).  

To identify potential improvements in the HIFU workflow, the saved times and data in the log file were analyzed. 

The data used for monitoring during HIFU therapy is summarized for each experiment, such as the number of 

shots, the number of planes, the mean distance between ablation positions, and duration of HIFU therapy (Table 

4.2). Therapy duration and the time between subsequent shots and planes were calculated using the time saved 

with each of the saved robot poses. The mean number of shots, the number of planes and number of shots per 

plane for all HIFU experiments were 211, 33 and 6.4, respectively. The mean distance between subsequent 

ablations was 1.13 mm, which is close to the targeted 1 mm. Mean time to position the HIFU transducer was 16 

minutes and 21 seconds, and varied from 2 minutes and 13 seconds, to 34 minutes and 7 seconds. Mean HIFU 

therapy duration was 2 hours, 2 minutes and 2 seconds, varying from 48 minutes and 50 seconds to 3 hours, 39 

minutes and 3 seconds. The mean time per shot was 37 seconds, varying from 4 seconds to 4 minutes and 35 

seconds for all experiments.  

 

 

Figure 4.1 Target identification prior to HIFU therapy. Left. The femoral artery (A), vein (V) and the targeted dorsal arterial wall (red line) on 
diagnostic ultrasound. Right. Proximal and distal target verification during initial DMUA-transducer positioning (red dashed arrows).  
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Figure 4.2 DMUA-transducer positioned onto the pig’s skin during one animal experiment using the UR3 robot and bracket. The water tubes 

facilitate circulation of degassed water through the water bolus for US coupling to the region of interest (ROI). The ROI was marked on the 

skin (red lines under transducer). Proximal and distal target verification using the DMUA-transducer is illustrated (dashed red arrow). 
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 Discussion 

Therapy monitoring 

As the distances between ablation position within the treatment planes ranges from 0.14 to 3.79 mm for all 

experiments, HIFU focus positioning can still be improved. To maintain the distances between all ablations 

around 1 mm, a warning can be implemented in the custom software which shows if the distance between the 

current and previous HIFU focus is smaller than 0.5 mm or larger than 1.5 mm. Doing so allows for replacement 

of the focus prior to HIFU energy delivery, and may thereby increase HIFU efficacy. 

Through experience with the HIFU software and assessment of the lesion control profile, we have learned that 

the time between subsequent HIFU shots should at least be 30 seconds. This was achieved in 5 out of the 9 

animal experiments. To ensure sufficient time between shots in the future, the custom software can be improved 

by adding an additional warning, or by blocking the possibility to enter HIFU coordinates, if the time between 

saved robot poses is less than 30 seconds.  

The presented durations of initial transducer positioning were calculated using the times between starting the 

robot software and saving the first ablation position. It follows that larger intervals were observed if HIFU therapy 

was not immediately started after starting the robot. Total duration of HIFU therapy was calculated using the 

times the robot software was started and therapy was finished. Any delay during the experiments, for example 

due additional testing with the HIFU software or a break, was not accounted for. As the DMUA-transducer is 

controlled through a separate system, there was a discrepancy between the times saved in the custom software, 

and the moment the HIFU shots were delivered. As the workflow did not vary significantly between the HIFU 

shots and the separate experiments, the relative time differences between saving a robot pose and the delivery 

of a HIFU shot are not expected to vary greatly. Integration of the robot control software and HIFU system offer 

a solution for these limitations in the future, and may thereby improve efficacy during HIFU therapy.  

In the second 3-days follow-up and second 14-days follow-up experiments, 32% and 100% of the HIFU shots were 

delivered outside the transducer’s ThxOF, respectively. As explained in Chapter 2, targeting outside the ThxOF 

may lead to less unequivocal lesions due to a significant reduction in focusing gain (Figure 2.2). It is hypothesized 

that HIFU lesion formation was less efficient and less homogenous in these experiments, as opposed to HIFU 

energy delivery inside the ThxOF for all ablation positions. For the other experiments, targeting outside the 

ThxOF was 20% or less. HIFU ablations were performed outside the ThxOF as the HIFU settings needed 

optimization and the operators were not yet fully acquainted with the system, prior to this first set of animal 

experiments. In the analysis of the target tissue upon excision, it was difficult to differentiate between the 

induced HIFU lesions in each experiment with respect to the presented data. Histological analysis of the target 

tissues is currently being performed and will be analyzed in the future to link the clinical outcomes to the robot 

data.  



 

In vivo robot control of the transducer using the custom software 

MASTER THESIS TECHNICAL MEDICINE N.C. MORSINK 67 

As the software was under development during the experiments, the times were not yet saved with each ablation 

positions for the first three acute, the first 3-days follow-up and the first 14-days follow-up animal experiments. 

In these cases, the times between subsequent treatment planes were retrieved from the log file. For the other 

experiments, the time between saving the first and last robot pose were retrieved for each treatment plane. The 

intervals between the last robot pose of one treatment plane and the first robot pose of the next were used to 

calculate the duration of transducer positioning between subsequent planes. Mean positioning time between 

two subsequent planes was 1 minute and 5 seconds, varying from 22 seconds to 4 minutes and 41 seconds. The 

transducer was rotated and moved to position the target artery in the center of the HIFU image plane, and 

therapy was continued (Figure 2.1).  

3D mouse control  

Using the 3D mouse, each of the six robot axes can be controlled, which can improve initial positioning of the 

transducer with respect to the target artery. However, identifying the target artery by moving the transducer 

proximally and distally to image all treatment planes was rather difficult. As the 3D mouse is highly sensitive, 

steady and precise motion was required for each axis. As the UR3 robot is mounted upside down onto the steel 

frame, the 3D mouse was calibrated accordingly. However, as the robot configuration varied for each procedure, 

the axes of the 3D mouse were not always in alignment with the robot’s motion axes, resulting in less intuitive 

motion control and decreased positioning speed. To overcome this limitation, the 3D mouse should be calibrated 

prior to each HIFU procedure, according to the robot configuration and location of the UR3 robot operator with 

respect to the robot. Additionally, training and experience of the UR3 robot operator is required to efficiently 

control the UR3 using the 3D mouse. 

3D mouse positioning did not function properly during all experiments, as the same connection was used for 

control using the GUI. The GUI was connected to the UR3 robot throughout the HIFU procedures, and a separate 

software script was required to connect the UR3 robot to the 3D mouse. Additionally, the computer did not 

recognize the 3D mouse in all cases and a computer restart or driver update was required update was required, 

severely interrupting the HIFU workflow. In the future, seamless integration of the 3D mouse and the GUI is 

required, which can be realized by further improvement of the current software.  

Water bolus and cover 

The bolus cover is bulky, and momentum was required to screw the bolus cover onto the transducer. During 

multiple experiments, water leakage was observed at the level of the transducer. Increased water leakage was 

observed with increased transducer pressure exerted onto the pig’s skin. To ensure effective imaging and HIFU 

energy delivery, refilling of the bolus or moving the transducer closer to the target artery was required. To 

maintain stable pressure, an additional water pump and pressure meter were used to monitor and change the 

water volume inside the bolus. Water pressure was restored after leakage by manually switching the pump on 

and off during a procedure. Although water pressure inside the bolus cover was more stable using the additional 

water pump, we did not manage to continuously monitor the water pressure and it was experienced as rather 



 

In vivo robot control of the transducer using the custom software 

ROBOTIC TRANSDUCER CONTROL DURING HIFU TREATMENT OF ATHEROSCLEROSIS 68 

laborious. We hypothesize that the isolating rubber ring between the bolus cover and the transducer may be 

wearing off, which was replaced after the final HIFU experiment and will be tested in future experiments. 

Alternatively, the bolus cover may need to be redesigned to lower the friction between the cover and the 

transducer, and by preventing water leakage. This is expected to improve the current workflow during a HIFU 

procedure, as less time is required to screw the bolus cover onto the transducer, and continuous monitoring and 

refilling of the bolus may be eliminated.  

3D visualization robot, transducer and ablation positions during HIFU therapy 

3D lines representing the distal end of the robot, the distal end of the transducer, and the HIFU focus are 

currently visualized for each separate ablation position. The visualized 2D and 3D ablation positions were 

sufficient for monitoring during the experimental procedures. However, due to the many possible robot 

configurations and varying transducer orientations, it was sometimes difficult to translate the visualizations to 

the actual setup during a procedure. It may prove beneficial in the future to add a more detailed visualization of 

the transducer orientation and robot configuration, e.g. a cylindrical volume with markings to denote its 

orientation with the current visualized line at its center. Different colors can be used for the transducer and the 

robot, respectively. Additionally, the transducer, robot and HIFU foci were visualized relative to each other based 

on the saved robot poses. We currently do not have a reference to the actual pig visualized.  

The custom software visualizes the ablation positions perpendicular to the transducer’s imaging plane. However, 

if the transducer is not positioned completely perpendicular to the target artery, the visualizations were not 

aligned in direction of the target artery. In five animal experiments, left-right shifts were observed between 

subsequent treatment planes as a result of this limitation (Figure 4.5). If the target artery moved outside the 

transducer’s therapeutic operating field due tortuosity, the robot was used to position the transducer with the 

target artery in the center of the HIFU imaging plane again. During the HIFU procedures, perpendicularity was 

assessed after saving ablation positions for multiple treatment planes. Subsequently, this was corrected for by 

rotating the transducer in the z-direction, until the direction of the target artery was completely perpendicular 

to the HIFU image plane. To overcome this limitation in the future, multiple robot poses can be saved during 

initial positioning of the transducer using fictional HIFU coordinates. Although, this requires more time prior to 

HIFU therapy, it is expected to improve the visualizations with respect to the HIFU imaging plane and target 

artery during the procedure.  
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Figure 4.5 3D ablation positions with direction of treated artery. Left. Left-right shift between subsequent transverse treatment planes during 

the first 3-day animal experiment (top view). Right. Drops in z-direction between subsequent transverse treatment planes during the second 

14-day animal experiment (side view).  

 

Aforementioned variation in the bolus volume during the experiments resulted in varying heights of the 

visualized ablation positions using the custom software (Figure 4.5). Sudden drops in the z-direction between 

subsequent treatment planes were observed as the transducer needed to be moved closer towards the target 

artery as a result of a gradually decreased water bolus. The resulting visualizations potentially suggest that the 

corresponding HIFU ablation positions were not adjacent, while HIFU imaging confirmed adjacent treatment 

planes and ablations. Improving the software or preventing water leakage can overcome this limitation. 

Integrating the HIFU software and the robot control software 

The HIFU software and robot control software are installed on separate systems, and the axial and lateral HIFU 

coordinates needed to be transferred verbally for each ablation position. A mean of 422 coordinates were 

verbally transferred during the HIFU procedures (Table 4.2). It was difficult to verbally transfer the coordinates 

due to the relatively high levels of noise of the HIFU system and the UR3 robot. Combined with manual entering 

in the custom software, saving the HIFU coordinates was experienced to significantly interrupt the HIFU 

workflow. Ideally, the actual HIFU coordinates are transferred automatically from the HIFU system to the robot 

control software when a HIFU shot is delivered. Additionally, the distance between ablation positions is displayed 

in the custom software and monitoring is performed by the robot operator. HIFU efficacy and monitoring is 

expected to improve by displaying the distance between the previous HIFU focus directly in the HIFU software 

when a new HIFU focus is selected. Doing so allows for direct changes of the HIFU focus prior to delivery of a 

HIFU shot, thereby ensuring adjacent lesion formation.  

Left-right 
shift 

Artery direction 

Suspected artery direction based on 3D visualization 

Drop in z-direction 



 

In vivo robot control of the transducer using the custom software 

ROBOTIC TRANSDUCER CONTROL DURING HIFU TREATMENT OF ATHEROSCLEROSIS 70 

 Conclusion 

In nine animal experiments, the feasibility of robotic DMUA-transducer control during noninvasive HIFU surgery 

for atherosclerotic plaque targeting was demonstrated in vivo. This was the first set of in vivo experiments to 

optimize the HIFU settings, robot control and workflow within our research group. There is room for optimization 

of the robot software, which was still under development during the experiments, as well is HIFU energy delivery 

inside the transducers ThxOF. Additional warnings and safety features can be implemented to improve 

monitoring of HIFU energy delivery.  

Using a six-DOF robot and custom robot control software allowed for the real-time visualization and feedback of 

the therapy locations. As opposed to manually positioning the transducer or using robotic manipulators with 

fewer degrees of freedom, the HIFU workflow was significantly increased and potentially increased therapeutic 

success. Integration of the separate HIFU system and robot control system may further increase the workflow 

by enabling for direct feedback of the HIFU coordinates and distance between ablation positions. We hope that 

this research is a first step towards the clinical implementation of our robotic HIFU surgery approach. 
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 Targeting the lower-extremity arteries in patients suffering from 

peripheral artery disease 

 Introduction 

Using the experimental setup, high intensity focused ultrasound (HIFU) shots can be delivered within the dual-

mode ultrasound transducer’s axial and lateral range. Optimal HIFU delivery occurs inside the transducer’s 

therapeutic operating field (ThxOF), an elliptical region around the transducer’s geometric focus (50.1 mm), 

laterally and axially extending ±7 mm and ±5 mm, respectively. The transducer range is hardware-limited and 

cannot be changed using the software. As we aim to treat patients with this setup in the future, it is important 

to determine which patients suffering from peripheral artery disease (PAD), and which femoral artery 

trajectories, are most suitable for HIFU therapy with respect to the transducer’s depth range. Moreover, not all 

patients may be suitable for HIFU therapy due to interpatient variation in arterial tortuosity. The aim of this study 

is to investigate the depth of the common femoral artery (CFA), superficial femoral artery (SFA) and popliteal 

artery (PA). Additionally, this may help to determine the optimal depth range of HIFU transducers to treat the 

majority of patients suffering from PAD, and indicate the need for the development of transducers with varying 

depth ranges in the future. 

 Methods 

 Patient population  

We retrospectively have analyzed magnetic resonance angiographic (MRA) images of 25 patients treated with 

percutaneous transluminal angioplasty and/or stenting in the aortoiliac- and femoropopliteal regions at the 

University Medical Center Utrecht. MRAs were acquired between 04-11-2014 and 06-06-2018. Patients with 

chronic total occlusions in the aortoiliac- or femoropopliteal arteries were excluded, as visualizations were 

unreliable due to a lack of contrast medium in these regions. Scans in which no skin was visible in the transversal 

plane were also excluded, as no reliable measurements could be performed. 

 MRA data acquisition 

MRA data was acquired with 1 mm slice thickness using an Enhanced T1 High Resolution Isotropic Volume 

Excitation sequence (e-THRIVE, Philips, Amsterdam, The Netherlands) on a 1.5 Tesla MRI system (Philips Ingenia 

1,5T, Philips, Amsterdam, The Netherlands) with Gadolinium-based contrast media.  
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 Study design 

Depth of the CFA, the SFA, and the PA were measured in the transverse planes of the MRAs using 3mensio 

Vascular (Pie Medical Imaging, Maastricht, The Netherlands). Starting 10 cm below the iliac bifurcation and 

stopping at the PA at knee level, measurements were performed every 0.8 to 3.2 cm in the cranial-caudal (CC) 

direction. Based on visual inspection of arterial tortuosity, measurements were performed more or less frequent 

in the CC direction. In each transverse slice, the artery diameter and the shortest distance between, and 

perpendicular to, the skin and the dorsal arterial wall (the arterial wall furthest from the skin) was measured on 

the left and the right side.  

The radiology reports corresponding to each MRA were used to summarize lesion presence in all patients, for 

the Common Iliac Artery (CIA), External Iliac Artery (EIA), Internal Iliac Artery (IIA), CFA, SFA, Profunda Femoral 

Artery (PFA), PA, Anterior Tibial Artery (ATA), Posterior Tibial Artery (PTA) and Fibular Artery (FA). Lesion 

presence was used to determine which arteries are most effected by PAD in this study, and which arteries may 

need to be targeted with HIFU therapy in the future. 

 Statistical analysis and data visualization 

Statistical data analysis and visualization was performed using MATLAB (Version R2017a, MathWorks, Inc., 

Natick, MA, USA). Measurements of the individual patients were linearly interpolated to 1000 data points, and 

the mean, the standard deviation, and the 95% confidence interval (CI) were calculated. The 95% CI of the artery 

depths were visualized, along with the transducer’s depth range, i.e. 45.1 to 55.1 mm, and an increase of the 

therapeutic operating field of ±3 mm. To visualize the transducer range starting from the patient’s skin, the 

minimum axial distance required by the bolus cover (15 mm) was subtracted from the transducer’s axial ThxOF.  

The percentages of the artery trajectories inside the ThxOF, inside the additional region, and outside the 

transducer’s therapeutic range were calculated per patient and subsequently averaged to calculate the 95% CI 

for all patients. Percentages were calculated for the frontal and dorsal wall separately, as well as for targeting 

both arterial walls in each patient.  

 Results 

The distances from skin to frontal and dorsal arterial walls were measured (Figure 5.1 and Figure 5.2).  Seventeen 

male and eight female were included in this study (Table 5.1).  
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Figure 5.1 Coronal magnetic resonance angiographic (MRA) reconstructions with axial levels of measurements performed in a patient. Left. 

Abdominal MRA with level of left and the right common femoral artery measurements (green line and circles). Right. Upper leg MRA with 

levels of measuring the left superficial femoral artery (orange line and circle) and the right popliteal artery (red line and circle). 

 

 

 
Figure 5.2 Transverse magnetic resonance angiographic reconstructions of a patient with artery diameters (smallest distance) and the 

distances from the skin to the dorsal arterial wall (greatest distance). A: Depth of the common femoral artery. B: Depth of the superficial 

femoral artery. C: Depth of the popliteal artery.
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Table 5.1 Characteristics of 25 patients included. 

 

 

The mean distance in CC direction over which measurements were performed was 60.4 cm (range 36.0 – 94.8). 

The mean artery depths and corresponding 95% CI between the first measurement slice and the PA at knee level 

are visualized for the left and the right side, with respect to the transducer’s axial ThxOF (Figure 5.3). 

The mean percentages and 95% CI of the artery trajectories inside the ThxOF, inside the additional region, and 

outside the transducer’s therapeutic range were calculated (Table 5.2). In all patients, the arteries enter the 

transducer’s depth range between the iliac bifurcation and the femoral bifurcation.  

The reported lesions per artery were identified for each patient (Appendix 5.A), and summarized for all patients 

(Table 5.3). On the left side, a stent or bypass was most common in the CIA (n = 4), followed by the EIA (n = 2) 

and SFA (n = 2). A significant stenosis, i.e. 50% lumen decrease, was most common in the SFA (n = 13), followed 

by the CIA (n = 5) and EIA (n = 5). On the right side, a stent or bypass was most common in the CIA as well (n = 

8), followed by the EIA (n = 4). A significant stenosis was most common in the ATA (n = 6), followed by the SFA 

(n = 5). 

Table 5.2 Mean percentages of the artery trajectories inside the transducer’s axial therapeutic operating field (ThxOF), inside the extended 

(EXT) ThxOF, and outside the therapeutic range, with the 95% CI between brackets. 

 

                                            

Side: 
Left Right 

 Wall section: Frontal Dorsal Frontal Dorsal 

ThxOF (%)  37.3 [27.3 – 47.4] 31.0 [20.4 – 41.6] 36.6 [28.4 – 44.9] 31.8 [20.4 – 43.2] 

EXT ThxOF (%) 53.2 [42.5 – 64.0] 45.3 [31.8 – 58.8] 54.1 [44.7 – 63.6] 47.6 [33.8 – 61.4] 

Outside ThxOF (%) 46.8 [36.0 – 27.5] 54.7 [41.2 – 68.2] 45.9 [36.4 – 55.3] 52.4 [38.6 – 66.2] 

 

Table 5.3 Number of lesions reported per artery for all patients.  CIA = Common Iliac Artery, EIA = External Iliac Artery, IIA = Internal Iliac 

Artery, CFA = Common Femoral Artery, SFA = Superficial Femoral Artery, PFA = Profunda Femoral Artery, PA = Popliteal Artery, ATA = Anterior 

Tibial Artery, PTA = Posterior Tibial Artery, FA = Fibular Artery. 

Patient characteristics Median Range 

Age (years) 68 40 - 81 

Length (cm) 176 160 - 200 

Weight (kg) 83 54 - 135 

Body Mass Index (kg/m2) 25.6 19.4 - 37.4 

Gender 17 male 8 female 

 CIA EIA IIA CFA SFA PFA PA ATA PTA FA 

 LEFT 

Significant stenosis (>50%) 5 5 2 1 13 2 3 2 3 2 

Stent / bypass 4 2 0 0 2 0 0 0 0 0 

 RIGHT 

Significant stenosis (>50%) 1 0 2 3 5 0 0 6 4 2 

Stent / bypass 8 4 0 0 0 0 0 0 0 0 
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 Discussion 

In the present study we find that 53.2% and 54.1% of the frontal artery trajectories are located inside the 

additional ThxOF on the left and right side, respectively. For the left and right dorsal artery trajectory, 45.3% and 

47.6% is located inside the additional ThxOF, respectively. 54.7% and 52.4% of the dorsal arterial wall is located 

outside the additional ThxOF for the left and the right side, respectively. On the left and right side, 26.2% and 

27.0% of the artery trajectory is located inside the additional ThxOF for both the frontal and dorsal arterial walls, 

respectively. 

Patient inclusion 

The number of PAD patients suitable for HIFU therapy in the future may be limited as a result of the transducer’s 

axial ThxOF with respect to the artery depths. This limitation is especially evident in patients with higher BMI, 

wherein arteries are located further from the skin. Additionally, suitability for HIFU therapy depends on the 

location of the target lesion. On the left side, the most commonly treated or stenotic arteries were the CIA, EIA, 

SFA and CFA. On the right side, the CIA and EIA were most commonly treated, while significant stenoses were 

most commonly reported for the ATA, SFA and CFA. In all patients, the arteries enter the transducer’s depth 

range between the iliac bifurcation and the femoral bifurcation. Therefore, lesions located in the CIA cannot be 

treated with the current transducer’s depth range as used in this study. Due to great interpatient variation in 

arterial tortuosity and lesion presence, it is important to measure the distance to targeted plaques for each 

individual patient. Both the CFA and SFA are affected in these studies and may be suitable for HIFU targeting. 

Additionally, it may be useful to investigate targeting of the arteries in the lower leg as well in the future, 

especially as these arteries are located less far from the skin with respect to the upper leg and abdomen. 

Axial distance required by the bolus cover  

The axial distance required by the bolus cover in combination with the concave transducer design ranges from 

15 to 25 mm, depending on how far the bolus cover is screwed onto the transducer (Figure 5.4). The geometric 

focus of the DMUA-transducer is assumed to be 50.1 mm, based on the average radius of curvature of 

manufactured transducers, i.e. 50.1 0.05 mm (Measurement reports SN 11859 and 11859 1002, Imasonic Inc., 

Voray sur l’Ognon, France). To bring the transducer’s optimal focus closer to the target arteries, the axial distance 

from skin to the target area may be decreased with some degree due to tissue compression by the transducer. 

Additionally, the distance required by the bolus cover may need to be decreased in the development of future 

bolus covers. In areas where the arteries are too close to the DMUA-transducer, i.e. at the level of the PA, the 

distance required by the bolus cover can be increased by adding water to the bolus, or by screwing the bolus 

cover less far onto the transducer. 
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Therapeutic operating field and HIFU intensity distribution 

The 95% CI of the artery depths were visualized with respect to the adjusted axial ThxOF, and an additional region 

of ±3 mm. As HIFU intensity decreases rapidly outside its geometric focus, targeting outside the ThxOF may lead 

to less unequivocal lesions and should therefore only be performed occasionally (Figure 5.5).  

 

 

Figure 5.4 Distance required by bolus cover illustrated with respect to performed measurements and the transducer’s therapeutic operating 

field.  

 

 

 
 
Figure 5.5 HIFU intensity distribution around the transducer’s geometric focus (lateral value 0 mm, axial value 50.1 mm). 
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Limitations 

No reliable measurements could be performed if the skin was not visible in the transversal MRA reconstructions, 

which was especially evident in the aortoiliac region in patients with higher BMI. These patients were therefore 

excluded. Consequently, the average BMI of the selected patients may be an underestimation of the average 

BMI of patients suffering from PAD. Additionally, the transversal field of view may need to be increased to fully 

image the abdomen of each patient in the acquisition of pre-operative MRAs.  

Measurements were performed every 0.8 to 3.2 cm in the CC direction, with an increase in areas of great arterial 

tortuosity and vice versa. Due to a difference in patient lengths and measurement interval between patients, 

data interpolation was needed to create uniform datasets and allow for comparison, incorporating some level of 

uncertainty. Moreover, arterial tortuosity was subjectively assessed based on visual inspection. 

 Conclusion 

For the left and right dorsal artery trajectory, 45.3% and 47.6% is located inside the additional ThxOF, 

respectively. The distance from the transducer to the target artery may vary due to the axial distance required 

by the bolus cover and due to tissue compression at the level of the transducer-skin interface. Large variation in 

arterial tortuosity between patients was found. Therefore, the distance to the targeted plaques needs to be 

measured for each individual patient before considering HIFU therapy. The iliac arteries were not inside the 

transducer’s depth range and can therefore not be targeted using the current transducer. Lesions were also 

reported for the lower extremity arteries and it may be useful to investigate targeting these trajectories in the 

future.  

The BMI of the patients included in this study may be an underestimation of the average BMI of patients suffering 

from PAD, which needs to be considered in selecting suitable patients for HIFU treatment in the future. 

Additionally, the transversal field of view may need to be increased to fully image the abdomen of each patient 

in the acquisition of pre-operative MRAs. These findings stress the need for careful patient selection and 

treatment planning, prior to HIFU therapy.  
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 General discussion 

 Results and limitations 

The accuracy, safety and feasibility of robotic DMUA-transducer control was investigated during preliminary and 

in vivo experiments, using the HIFU system with a DMUA-transducer and a UR3 robot. 

Experimental setup  

Several improvements of the experimental setup are required to improve HIFU workflow during a procedure. 

During the first experiments, HIFU software improvements were identified, which are currently being 

implemented. During one animal experiment, we treated one side with the sub-therapeutic HIFU shots, e.g. only 

20% of the HIFU amplitude was delivered, as opposed to the desired 80%. During this experiment, we started 

over at the other side with prescription HIFU shots. A change in software-design was proposed, and is currently 

being implemented to decrease the risk of delivering HIFU shots with suboptimal settings. Additionally, with our 

HIFU software we can select one ablation position and deliver one HIFU shot at a time. We know of another HIFU 

system which has the possibility to select multiple HIFU foci and deliver HIFU shots for the entire HIFU imaging 

plane at once. Combined with the integration of the robot control software, and automatically calculated 

distances between the ablation positions, this would really advance the HIFU workflow in the future.   

The steel frame and the HIFU system were experienced to be bulky, and required a lot of space in the operating 

room. If HIFU can become a standard treatment modality for atherosclerosis in the future, the experimental 

setup needs to be more compact. The UR3 robot could be attached to a flexible arm mounted onto the ceiling, 

instead of a large steel frame. The HIFU system and robot control software can be integrated, and may eventually 

be combined in a control room, as opposed to two relatively large mobile systems in the OR. The bolus cover did 

not function optimally, as water leakage was observed and refilling of the bolus or repositioning of the transducer 

was required to maintain stable HIFU imaging. Water leakage need to be assessed in the future after replacement 

of the rubber ring between the bolus cover and the transducer. At last, the HIFU system and UR3 robot produced 

relatively high levels of noise during the procedures, mainly due to the cooling fans of the HIFU system, which 

may need to be addressed in the future.  

Accuracy and repeatability of UR3 robot control 

Accuracy and repeatability of the UR3 robot and the custom software was investigated. Robot translations and 

rotations were smaller than 0.1 mm and 0.1, respectively, except for robot rotations around the HIFU focus. 

Error of rotation around a HIFU focus was likely higher due to positioning inaccuracies during the robot 

experiments, and may need to be tested in 3D in the future, as opposed to the performed 2D measurements.  
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Safety measures 

The required safety measures of using the UR3 for transducer positioning were investigated and implemented 

using Polyscope and the custom software. Polyscope was used with its normal safety limits, e.g. the general 

maximum force, power, speed and momentum of the UR3 robot were 150 N, 300 W, 1500 mm/s and 25 kg m/s, 

respectively. As the UR3 robot configuration changes during a HIFU procedure, limiting the position of the 

individual joints was not desired. Based on preliminary testing, the linear speed limit of the TCP was limited to 

0.2 mm/s in the dedicated Polyscope program, designed to execute robot motion from the custom robot 

software. To prevent robot collision with people and other equipment in its vicinity, it is advised to configure 

safety planes for the TCP position prior to each separate HIFU procedure, adjusted to the specific robot 

configuration and location in the operating room. During the experiments, the UR3 robot was positioned at the 

side we aimed to treat, perpendicular to the pig. The safety planes can be configured such that an emergency 

break occurs if the robot moves away from the target tissue, towards other equipment or towards the steel 

frame. A small working area perpendicular to the patient and slightly larger than the length of the aimed target 

artery should be allowed. Backward translations may cause the robot to collide with itself or the steel frame and 

should be limited accordingly. Forward translations are needed to treat the other side during a HIFU procedure, 

however, excessive forward translations may cause an emergency break at the UR3 robot’s maximum reach, i.e. 

overstretching at 500 mm from its Base.  

Artery depths in patients with respect to the ThxOF 

To investigate which patients suffering from PAD, and which arterial trajectories are most suitable for HIFU 

therapy, artery depths in human patients were retrospectively analyzed. Due to great interpatient variation in 

artery depths, we were not able to identify specific arterial trajectories suitable for HIFU therapy in all patients. 

We concluded that for each individual patient, the distance to the targeted plaques need to be measured before 

considering HIFU therapy. Artery depths could not be measured reliably in patients with higher BMI, and it 

follows that most of the target arteries in these patients are not located inside the transducer’s therapeutic 

depth range. To allow for artery depth evaluation of these patients, the transversal FOV can be adjusted during 

MRA acquisition. Measurements in patients with higher BMI can provide data on suitability of these patients for 

HIFU therapy and the required depth range in the potential development of future HIFU transducers.  

Aiming to treat the majority of patients, DMUA-transducers with a therapeutic (depth) range customized for the 

general population of patients suffering from PAD could be developed. We concluded that the arteries were not 

inside the transducer’s depth range before the first measurement slice, i.e. 10 cm below the iliac bifurcation. 

However, we only quantified artery depths from iliac bifurcation to the popliteal artery at knee level, while many 

patients (also) suffer from lesions in the popliteal artery below knee level. Lesion occurrence in the included 

patients was assessed based on the radiology reports corresponding to the MRA images. On the left side, the 

most commonly treated or stenotic arteries were the common iliac artery, external iliac artery, superficial 

femoral artery and common femoral artery. On the right side, the common iliac artery, external iliac artery, 

anterior tibial artery and superficial femoral artery were most commonly treated or stenotic. Based on this study, 
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the axial therapeutic range need to be increased to include (parts of) the common iliac artery and external iliac 

artery in the future. Alternatively, the distance between the concave-shaped transducer and the bolus cover may 

need to be decreased to bring the transducer closer to the target arteries. 

Additionally, it is important to extend the current research with artery depths below knee level. As the PA at 

knee level was either too close to, or inside the transducer’s ThxOF and the lower leg is generally smaller in 

diameter than the upper leg, it is hypothesized that the lower leg may be more suitable for HIFU therapy using 

the current DMUA-transducer as opposed to treatment of the upper leg and abdomen.  

In vivo use of the robotic DMUA-transducer control 

As outlined, the current robot control software can be improved, mainly focusing on additional checks to deliver 

HIFU therapy inside the ThxOF and with sufficient time between subsequent shots. 3D mouse control for initial 

positioning of the transducer is expected to improve HIFU workflow and identification of the target artery in all 

image planes. However, 3D mouse control requires training and experience and a calibration is required prior to 

HIFU therapy to increase intuitively. Visualizations can be improved by adding (3D) orientation markings for 

transducer orientation. To increase robot safety in the future, the robot control software should be able to 

display the force exerted by the UR3s distal end and provide active feedback if robot force or motion towards 

the patient is reaching a predefined threshold, as currently implemented for robot translations and rotations.  
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 Future outline 

Besides the outlined improvements of the current software, future improvements of the  robotic setup should 

focus on the implementation of pretreatment planning and semiautomatic robot navigation during a HIFU 

procedure. During one animal experiment, magnetic resonance imaging of the femoral arteries was performed 

prior to HIFU therapy. Additionally, a Microsoft Kinect was used to capture depth images of the UR3 robot and 

the DMUA-transducer with respect to the porcine model. ECG markers functioned as reference positions, as they 

were visible on both the MRI images, as well as the depth images of the Microsoft Kinect. 

Using markers placed on the pig’s skin parallel to the target artery with predefined mutual distances, 

pretreatment planning can be performed by measuring the perpendicular distance between the markers and the 

target artery using the preoperational MRA. During a HIFU procedure, the robot can be moved to the reference 

markers, and the required robot poses between the markers can be calculated for 1 mm 3D linear spacing 

between subsequent treatment planes. The measured artery depth should correspond to the required axial HIFU 

coordinates. Using the Microsoft Kinect as optical tracker, a 3D change in relative transducer position with 

respect to the target area can be monitored during a procedure. If the target area moves, or the transducer 

position changes unintentionally, the Kinect can be used to monitor the change in relative positions. 

Subsequently, the calculated robot poses corresponding to each treatment plane can be recalculated. 

Atherosclerotic plaque targeting can be advanced significantly in the future with an integrated HIFU and robot 

control system, if multiple HIFU shots at different locations can be delivered within each treatment plane at once 

and when pretreatment planning is combined with active positioning feedback during HIFU therapy to semi 

automatically navigate the transducer with respect to the desired therapy locations.  
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Conclusion 

The feasibility of robotic transducer control to target atherosclerotic plaques was demonstrated using a six-DOF 

robot. Custom robot control software was designed and implementing, enabling transducer translations and 

orientations in three orthogonal direction (x, y and z). 2D and 3D visualizations of each HIFU ablation position 

improved positioning and monitoring during treatment, as well as real-time distance feedback for subsequent 

ablations. The robot’s accuracy and repeatability were found to be within the desired range for robot translations 

and rotations. The exerted robot power at its distal end was quantified and will in the future be assessed to 

approve of the clinical implementation of the robot. In vivo use of the robot and custom software demonstrated 

its feasibility and potentially increased therapeutic success. Integration of the separate HIFU system and robot 

control system may further increase therapeutic efficacy by enabling direct feedback of the HIFU coordinates 

and distance between ablation positions to the HIFU operator.  

A retrospective study on patients previously treated with PTA, stenting or surgical revascularization was 

performed to determine which patients and artery trajectories are most suitable for HIFU surgery. With the 

current HIFU system,  ~30% of the dorsal arterial wall left and right can be targeted. Combined with observed 

variation in arterial tortuosity and lesion occurrence between patients, these results stress the need for careful 

patient selection and individual treatment planning in the future. 

The feasibility of robotic transducer positioning and custom robot control software was demonstrated. Future 

developments should focus on combining the HIFU system and robot control system. Subsequently, the 

implementation of pretreatment planning, active positioning feedback and (semi)automatic robot navigation is 

expected to significantly improve therapeutic efficacy in the future. This research is a first step towards the 

clinical implementation of the robotic HIFU surgery approach for atherosclerosis, and we hope that it may 

eventually lead to a standardized noninvasive treatment option for patients suffering from PAD.  
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