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Abstract 

Robotic systems are changing the landscape of medical imaging by enhancing precision, consistency, 

and real-time image guidance. Integrated with advanced imaging modalities like Magnetic Resonance 

Imaging (MRI), Computerized Tomography (CT), and Ultrasound, robotic platforms empower 

clinicians to improve diagnostic accuracy and patient outcomes. This paper traces the evolution of 

robotic systems for medical imaging, delving into key engineering principles, such as kinematic 

architecture, actuation methods, and control algorithms and describes critical applications in 

ultrasound, MRI, and CT-guided procedures. We also discuss the challenges hindering widespread 

adoption and explore potential future developments, including workflow optimization, cost reduction, 

and deeper integration with artificial intelligence (AI) methods. 
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Introduction: 

Medical imaging is one of the most essential parts of modern diagnostic and therapeutic strategies and gives 

the most valuable information about disease processes across many clinical areas. Conventional imaging 

techniques like Magnetic Resonance Imaging (MRI), Computerized Tomography (CT), Ultrasound, and 

Positron Emission Tomography (PET) have been improved recently to have higher resolution and speed and 

the ability to combine different modalities [2]. These improvements have resulted in reduced procedure 

time, improved anatomic detail, and, therefore, better patient care. However, conventional imaging systems 

are still fully dependent on the operator's dexterity and experience, which leads to irreproducibility in image 

quality [3]. This is because robotic systems offer improved precision, stability and control to an extent that 

cannot be achieved by humans [4]. When used appropriately with imaging data, they can operate or control 

themselves or parts of the process to improve diagnostic consistency and patient safety [2]. This paper 

outlines the background of the application of robotic systems in medical imaging, describes the technical 

aspects that are required for the systems to function, and describes the various applications. We also discuss 

the various challenges and opportunities in the present scenario and, based on that, offer a vision for the 

future. 

Main Body: 

Evolution of Robotic Systems in Medical Imaging: 

Medical imaging is one of the most important parts of the modern approach to diagnosing and treating 

diseases regardless of the field of medicine [1]. Over the last few years, the improvement in the resolution, 

speed, and availability of image fusion of different modalities in MRI, CT, ultrasound, and PET has been 
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remarkable [2]. These improvements have resulted in shorter procedure times, better anatomic detail, and, 

therefore, better patient care. The first robotics applications in medical imaging were telemanipulation to 

stabilize instruments and overcome the problem of human tremors, mainly in microsurgery and 

neurosurgery [1, 5]. The first setups were aimed at error reduction through mechanical stabilization, and the 

imaging data was not deeply integrated with real-time. Eventually, when the imaging equipment was 

enhanced, new robotic platforms appeared that used intraoperative images, particularly CT or MRI, to guide 

interventions more accurately [6]. By the late 2000s, more attention was paid to real-time image feedback, 

such that robots could move in response to intraoperative data [4]. This led to the construction of MRI-

compatible robots for targeted interventions in high-field magnets and robotic arms fitted with ultrasound 

probes for both diagnosis and interventions. With the increase in computational power and availability of 

machine learning algorithms, robotic systems have picked up autonomous path planning and target 

localization as well [2]. 

Technical Aspects of Robotic Imaging Systems: 

Kinematics and Manipulator Architecture 

Medical imaging robotic systems can be divided into serial or parallel kinematics.  

Serial Manipulators: They have links arranged in a sequential manner to achieve a large work area, and the 

forward kinematic equations are simple. They are usually employed in situations where there is a need to 

cover a large distance, for example, abdominal ultrasound scans [5,8].  

Parallel Manipulators: Most of these manipulators are developed with a closed-loop kinematic chain, and 

they are characterized by high rigidity and accuracy, which are important for precise applications, for 

example, stereotactic MRI-guided biopsies [1,6]. When planning the manipulator architectures, the 

workspace, the load ability, and the sterilization ease are considered. It is indispensable to adapt these 

characteristics to the imaging devices to guarantee the safety and efficiency of the system [4]. 

 

Figure 1: Serial/Parallel manipulators. 
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Figure 1 illustrates the two primary kinematic architectures used in medical robotic systems serial and 

parallel manipulators by highlighting key components such as the end effector, kinematic links, kinematic 

chains, and fixed base. 

Actuation and Material Selection 

MRI-Compatible Materials: The present robots designed for MRI guided interventions are made of 

titanium, ceramic or certain plastics because ferromagnetic materials can lead to image distortion and safety 

hazards [2, 9].  

Pneumatic vs. Electric Drives: Pneumatic actuators are safe and MRI-compatible but do not have the 

control accuracy of electric motors. Electric motors, however, can interfere with the electromagnetic 

spectrum if unshielded [10]. Increasingly, the trend is for hybrid actuation systems, pneumatic components 

for coarse position control, and specialized electric motors for fine control [3]. 

Control Systems, Sensors, and Real-Time Feedback 

Imaging Feedback Loop: The actions of robotic systems are guided by real time imaging data; MRI, CT, or 

ultrasound. Algorithms track instruments, or anatomical features or fiducial markers to 'adjust' robotic 

motion in milliseconds [4].  

Force and Tactile Sensing: Force sensors at the end effector are used to maintain constant contact between 

an ultrasound probe and the patient's body, improving image quality and comfort of the patient. Tactile 

feedback can also provide the operator with information on unexpected resistance, which can prevent tissue 

damage [5].  

Motion Compensation: Patient movement, such as respiratory and cardiac motion, can be accounted for by 

gating or tracking algorithms that can be incorporated into robotic platforms. This dynamic compensation is 

important for targeting moving structures or lesions [6, 8] 

Software Integration and Automation 

Preoperative Planning: Many modern robotic systems are integrated with preoperative scans to define 

anatomical targets and safe zones. Mixture models enable surgeons or radiologists to plan needle trajectories 

and constraints in a virtual environment before the patient is in the operating suite [2]. 

Intraoperative Visualization: GUIs display real-time imaging data along with the robot's current 

orientation and tool position, offering intuitive control and decision-making [4].  

Machine Learning and AI: State of the art algorithms can segment organs, identify tumors and predict 

tissue boundaries, which is an automation of steps which previously required manual input [5, 7]. This leads 

to more reliable targeting and a reduction in overall procedure time. 
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Figure 2: Schematic of Medical Robotic Imaging System. 

Figure 2 Provides a comprehensive overview of a medical robotic imaging system, illustrating the primary 

components and their functional interactions. At the top, the Hospital Network & picture Archiving and 

Communication System serves as a repository for patient data and preoperative images, supplying essential 

diagnostic and historical information for the system. These data flow into the Integrated Control & Planning 

System, which combines advanced image processing algorithms with robotic motion planning and AI-based 

decision-making capabilities. The Robotic Manipulator, equipped with joints and an end-effector, then 

receives real-time commands and sensor feedback to precisely position imaging probes or surgical 

instruments while the Imaging Modality (MRI, CT, Ultrasound, etc.) transmits live images back to the 

control system to fine-tune movement and ensure accurate targeting. Finally, the Operator & Monitoring 

Station provides clinicians with an interactive user interface to oversee the entire process. Here, imaging 

data, robotic parameters, and any critical alerts are displayed, allowing healthcare professionals to monitor 

patient safety, intervene if necessary, and optimize procedural outcomes. 
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Applications: 

Ultrasound-Guided Robotics 

The use of robotic arms with ultrasound probes is particularly crucial in cases of repeated and high-

definition imaging requirements such as fetal assessments or liver examinations. It also enables remote 

ultrasound services through telemedicine since a specialist can manage the robot from a distance while local 

staff assist with patient positioning and comfort [4]. 

MRI-Guided Interventions and Diagnostics 

MRI provides unique soft tissue contrast and functional imaging capabilities and is therefore well placed to 

act as a guide to biopsies and minimally invasive therapies6. Robotic systems in MRI suites are compatible 

with strong magnetic fields using pneumatic or piezoelectric actuators6. Clinically, they improve the 

precision of prostate biopsies, brain tumor interventions, and targeted drug delivery and so improve the 

accuracy and safety of such procedures [2, 10]. 

CT-Guided Procedures 

In CT guided interventions, such as biopsies, ablations or drain placements, robotic systems provide 

accurate and reproducible needle insertion [8]. These robots calculate the optimal path from 3D 

reconstructions of the patient’s anatomy and thus avoid complications like vascular injury or organ 

perforation. They also improve occupational safety by reducing the time clinicians spend in the radiation 

field [6]. 

 

Figure 3 Source: https://www.interventional-systems.com/ 

Figure 3: Robotic-assisted biopsy using CT guidance. 

Multi-Modal Imaging Platforms 

Research interest is increasing in the integration of MRI, CT, Ultrasound, and, in some cases, PET in a 

single robotic system for diagnostic purposes. These hybrid or fusion imaging robots are able to switch 
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easily between the different modalities or even superimpose the data sets in real-time, making it possible for 

the clinician to take advantage of the good points of each modality [4]. 

Challenges and Future Directions: 

Regulatory and Validation Processes: This ensures safety and efficacy through testing and clinical trials 

[3]. Integration of new AI driven functionalities can increase costs and extend development timelines 

because of these procedures.  

Cost and Accessibility: It also poses a problem in the form of a barrier to adoption, especially for low-

resource healthcare settings, due to the high cost of specialized materials and advanced sensors [4]. 

Research into cost effective designs and manufacturing processes under way could help to overcome this 

gap.  

Integration with Existing Systems: This is essential. It is between robotic platforms, imaging devices, and 

hospital information systems. Standardization of data formats, and communication protocols is a significant 

challenge [4, 5].  

Training and Skill Acquisition: Operating robotic imaging systems is a unique blend of technical 

proficiency, radiological expertise and surgical knowledge. Adoption will require widespread adoption of 

comprehensive training curricula, simulation programs and user-friendly interfaces [1, 8].  

Future Technologies: In the future, technologies are predicted to improve excellence in AI and 

miniaturized actuators which will lead to more sophisticated algorithms for real time tissue characterization 

and automated procedure planning. which will significantly enhance accuracy and efficiency in robotic 

imaging systems. At the same time, smaller, MRI-compatible robots will likely open new frontiers in 

endoluminal or intracavitary imaging and interventions, further reducing invasiveness and broadening 

clinical applications [9]. 

Conclusion: 

Medical imaging has reached a new level of accuracy, speed, and reproducibility while overcoming many of 

the limitations of conventional imaging technologies through the help of robotic systems. Whether it is an 

MRI-compatible platform for partial tumor biopsies or an adaptable ultrasound-based arm for telemedicine, 

these technologies, in total, optimize clinical workflows and improve patient outcomes. However, the main 

obstacles that hinder the integration of broad integration include regulatory and financial barriers, training 

issues, and interoperability problems. In the future, the development of AI algorithms, miniaturized 

actuation, and multi-modal imaging will greatly improve diagnostic efficacy, minimization of invasiveness, 

and the extent of image-guided interventions. In their present state, these platforms are expected to become 

more economical and easier to use and, therefore, more widely used in the future, thus influencing the future 

of medical imaging and improving the quality of patient care. 
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