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Featured Application: Building on the ability of current innovations to improve patient, staff and 

intervention outcomes in open, laparoscopic, robotic and image-guided robotic surgeries, the paper 

proposes among others a potential application related to the exploitation of a suitable digital 

background for planning, predicting, prospecting, training and execution with staff in the loop, of 

surgical activities in general. 

Abstract: This review aims to place open, laparoscopic, robotic and image-guided robotic surgical 

interventions in the context of complex medical surgeries, taking into account patient well-being, 

staff effort and task reliability. It deduces the specificities of each technique and subsequently focuses 

on image-guided interventions and their practice in staff training, preparation and implementation 

of a possible autonomous intervention. These complex interventions are intended to be minimally 

invasive (MI), precise and safe therapies. The accuracy of robotic positioning could be improved by 

reductions in complexity and uncertainty involved in the intervention procedure. These can be 

achieved by matching the real controlled procedure and its virtual replica. The contribution discusses 

considerations for staff training and/or planning of surgical interventions using real and virtual 

phantoms, and the use of augmented matched digital twins (DT) for real interventions. The different 

topics presented in the article, although explicit, are reinforced by examples from the literature to 

facilitate a deeper understanding. The results of this review highlight the importance of robotic 

imaging-assisted procedures involving MI, nonionizing and precise interventions. Moreover, DTs 

currently integrated in different health applications, combined with digital tools, could provide an 

effective solution for the management of such interventions. 

Keywords: surgical interventions; patient well-being; staff effortlessness; minimally invasive; 

nonionizing; robotic positioning accuracy; image-guided; real-virtual matching 

 

1. Introduction 

All over history, the need for progress has been constant. Long before recorded history, health-

related methodologies concentrated on human well-being have used surgery to achieve better 

therapeutic outcomes. The potential of surgery has been explored throughout history and early 

surgeons mastered the basics of human anatomy and organ structures. However, evidence of healing 

behaviors and surgical practices remains a difficult scientific frontier to explore in paleopathology, 

but exploring such a frontier can help understand medical and health care practices in general, for 

example, in ancient Egypt [1]. In fact, ancient Egyptian civilization has provided exceptional written 

and bio archaeological evidence of medical advances in antiquity regarding infections, trauma, and 

other conditions [2,3]. Further than ancient Egyptian surgeries and up to the present day, the surgical 

historical timeline has been often studied [4]. Nowadays, many repetitive practices and skills 

contribute to a new well-being, through health-related approaches that emphasize safety, comfort 

and therapeutic results. Recent advances in medicine have made it possible to discover the origins of 
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various diseases and establish approaches to treat them, mainly through surgical interventions. The 

effectiveness of these operations is directly related to the aforementioned factors related to the 

patient's health, which largely depend on the visual and tactile abilities of the therapeutic team. These 

surgeries aim to be minimally invasive (MI) and precisely monitored, thus preserving healthy tissues 

surrounding the affected areas.  

In the previous little decades, surgical procedures have developed quick-progressing 

disciplines, where innovative skills are quickly initiated and spread out through the different surgical 

area of expertise. Actually, surgical strategy has progressed considerably and is continuously 

expanding across open, laparoscopic and robotic surgeries. The Advances in experienced surgical 

practices have brought many benefits to patients. On the other hand, methodological complexity has 

increased and the tasks of surgeons have changed significantly.  

Since the beginning of surgery, the open technique has been commonly used to “see well” and 

is still used in situations related to complex anatomy and problematic processes. Laparoscopic 

surgery has significantly transformed the long-established open surgical methodology, due to the 

various advantages it presents to patients through a MI procedure [5,6]. Such a MI procedure has 

changed the line of attack to particular body areas by providing an expanded view through a 

microscopic camera and an illuminated tip of a mini-sized tool. In addition, laparoscopic intervention 

is concomitant with reduced postoperative distress and faster healing, allowing the management of 

small clinical episodes [7,8]. In addition, it allows important returns, such as improved wound 

aesthetics and decreased risk of obstruction [7]. However, laparoscopic procedures using elongated 

tools as well as 2-D vision exposures could create several surgical ergonomic risks [5,9,10]. Robotic 

MI surgery avoids such limitations and its use is increasing in different situations such as for hernia 

surgery. Thus, surgical dexterity and ergonomics are improved thanks to an increased robotic degree 

of freedom and 3-D vision as well as a general rise in the practice of MI surgeries. Surgical robotic 

intervention has evolved from, simple passive actions for instrument retraction or holding such as 

rail-mounted tools or camera routing, to active robotic organizations whose motion span of 

instruments allows elevated performing and improved strictness for splitting up, and stitching while 

expending a MI approach [11]. In addition, it removes tactile tremors and laparoscopic surgery 

fulcrum effect. Robotic wrist instruments offer multiple degrees of freedom to surmount the 

restriction of laparoscopic tools that often do not allow its tip to attain the anterior of the tissue [12] 

and permit suturing in difficult ergonomic positions.  

From the above discussion, the safety, comfort and therapeutic outcomes related to the patient's 

health, which are the main objective of different surgical technologies, depend on different factors 

related to the degree of tissue invasiveness, accuracy of tracking, duration of the procedure, speed of 

healing, etc. These factors are related not only to the patient but also to the medical staff regarding 

surgical dexterity, ergonomics and ease of execution. In open surgery, almost all outcomes depend 

largely on the visual and tactile abilities of medical staff. These abilities are, in short, advantageously 

replaced by less invasive laparoscopic or robotic technologies. The difference between the latter two 

lies mainly in the way of replacing open surgery and the corresponding ease of execution by staff. 

These abilities or their substitutes are relatively situation-specific considering the patient, the staff, 

the operational complexity, and the cost. Thus, despite the clear superiority of robotic technology, 

laparoscopy and even open surgery have their places in many specific situations. 

The prospect of safe, autonomous MI surgery with technology-substituted tactile and visual 

skills, all under the control of staff (staff in the loop), was a dream of the past and achievable with 

recent digital intelligence. This ensures the well-being of patient as well as ease and added value for 

staff. As abovementioned, surgery interventions aim at large to be MI and accurately targeted, thus 

preserving healthful tissues adjacent to the suffering spots. In addition, staff are expected to provide 

individualized treatment to patients, taking into account factors such as genetic characteristics, 

lifestyle, environment and response to medical procedures. In addition to the benefits of MI 

intervention, the precise position and visual ability could be substituted by laparoscopic technology 

[7,8,13], robotics [9-11] or advantageously reliable image-assisted robotics [14-17]. Actually, image-
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assisted robotic surgery seems to be a logical descendant of laparoscopic and robotic surgeries with 

an obvious enhancement, in skill as well as in the surgeon resources who adopts a more comfortable 

position for the whole procedure interval. In addition, such robotically image-assisted intervention 

could be managed as autonomous surgery as mentioned earlier. Moreover, such autonomous 

procedure could be employed for planning and/or training of staff by using phantoms representing 

real living tissue body portion concerned. In fact, such autonomous procedure is mainly more 

advocated for further complex surgeries. Additionally, such intricacy that can be faced in foremost 

surgical interventions [18-21] or restricted delivery of drugs [22-24] necessitates activities in a 

constrained zone, to preserve healthful tissues contiguous the disturbed region. In such autonomous 

robotic controlled interventions, several challenges may be met, associated to the supervision of 

uncertainty, complexity, and unforeseen hazardous occurrences. Such difficulties can be treated 

exploiting methods of control centered on paired real–virtual matching [17,25]. Moreover, the 

personalized treatment as well as the interventional specifications mentioned above could be 

predetermined by a pair of corresponding real and virtual phantoms allowing the confirmation of 

the intervention outcome. In general, such adapted management could be autonomous [26], assisted 

by staff arbitration. Moreover, in perspective, it can include the real patient with the staff in the loop. 

This contribution aims to highlight the role of innovative concepts of the moment in improving 

the conditions of patients, staff and interventional results in the surgical practices of open, 

laparoscopic, robotic and image-guided robotic surgeries. It also aims to illustrate the roles and needs 

of each of these types of surgery today. These analyses take into account the precision of the 

intervention, the safety and the degrees of invasive and autonomous characteristics of the 

intervention, as well as the comfort of the staff and the healing conditions. The exploitation hence 

orients and focuses on image-guided interventions and their practice in staff training, preparation 

and implementation of a possible autonomous intervention. The accuracy of robotic positioning 

could be improved by reductions in complexity and uncertainty. These can be achieved by matching 

the actual controlled procedures involved and their virtual procedures. The contribution examines 

considerations for staff training and/or planning of surgical interventions using real and virtual 

phantoms, and the use of augmented matched digital twins (DT) for real interventions.  

The contents of this article are summarized as follows. In the second section, open, laparoscopic 

and robotic surgeries are discussed and analyzed. The third section is dedicated to the details of 

image-guided robotic interventions and their performances in the case of nonionizing scanners and 

particularly magneto resonance imager (MRI). The fourth section introduces the possibility of a self-

sufficient scheme for controlling MRI-assisted interventions and it’s monitoring for managing 

complexities and uncertainties via DT tools. Section 5 presents MRI radiofrequency field ruling 

equations and their implication in, the scanner as well as the verification of MRI-compatibility of 

inserted robotic tools in scanner scaffold. Section 6 details DT monitoring involvements in surgical 

interventions including, projecting, tutoring and implementation with human involvement in 

increased DT. Section 7 discusses some notions revealed in the preceding analyses. The last section 

summarizes the main conclusions of the paper. 

2. Open, Laparoscopic and Robotic Surgeries 

2.1. Open vs MI Surgeries  

Two commonly performed open and MI surgery techniques that have different characteristics 

and benefits. The open procedure also termed long-established surgery is the customary method that 

has been expended for lots of years. In this case, generally one sizable cut is fashioned to get into the 

surgical spot. This opening permits to directly see and get into the organ tissue being worked on. The 

open technique permits some profitable situations, as distinct and straight sight of the surgical zone, 

letting accurate handling and skill, and enhanced entrance to intricate or outsized configurations that 

might be challenging to attain by means of MI practices. Conversely, open intervention as well 

presents a number of weaknesses. The big cut can steer to further suffering, bigger bleeding, and an 
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elongated healing period matched to MI procedures. Moreover, there is a greater menace of 

infectivity and a further perceptible big cut trace. 

2.2. MI Laparoscopic and Robotic Surgeries 

Laparoscopic surgery uses some slight cuts on body surface, routinely of length in the range of 

cm. Across these little openings, dedicated surgical mechanisms and a miniature camera named 

laparoscope are introduced. This technology evolves, as mentioned before, different benefits related 

to MI incisions and enlarged laparoscope vision of operation zone. They respectively help reduce 

pain, bleeding, healing time and visible scars, as well as precise and manageable engagements. 

Laparoscopy is very commonly used in abdominal surgeries and also as diagnostic tool [27]. 

Conversely, laparoscopy procedure might be incompatible with all cases concerning patients or 

surgery types [28] and needs in general dedicated tuition and instrumentation, in specialized 

healthcare services. Actually, specific procedures behaving intricate as neurosurgery or wide-ranging 

might yet necessitate open technique or more sophisticated robot-assisted laparoscopic techniques 

[29]. Note that the difference between laparoscopy and the robotized option pertain mainly to the 

medical staff regarding surgical dexterity, ergonomics and ease of execution. 

When it comes to robotic surgery, the goal is generally not to take the place of the surgeon but 

to increase his ability to care for the patient. The robot is therefore a surgical device, which is managed 

by computer, where its control is commonly mutual between the surgeon and the computer. Medical 

robots are therefore often referred to as surgical aides [30]. Surgical robots involve different practiced 

or prospective categories depending on their concept and corresponding appropriate types of 

surgery [31,32]. The first brand is planned remotely by the surgeon and involves laparoscopic 

operation, robotic-supported suturing and tissue handling [29]. The second is controlled through staff 

supervision, which reflects better abilities contrasted to the last one and can be used for surgical 

removals as e.g. (hysterectomy, prostatectomy or cholecystectomy) [33,34 ]. The third category is the 

joint control of surgeon skills and robot capability and can be used in surgeries such as (retinal, sinus, 

orthopedic) [35,36]. The fourth involves more autonomous robotics administered by staff and could 

be used e.g. for (microsurgery, neurosurgery, tumor ablation, anastomosis) [37,38]. The last category 

involves an entirely autonomous surgical robot executing complex surgeries devoid of direct staff 

interaction (but still surveyed) and could be used e.g. for (biopsies, transplantation, intricate 

reconstructive surgeries, microsurgery in sensitive bodily zones) [39,40].  

3. Image-Guided Interventions 

It is clear from the discussion in the last section that both open and laparoscopic surgery options 

each have a number of advantages and disadvantages. In summary, the open strategy allows for 

direct entry and improved panorama but is accompanied by a larger incision and slower healing, 

while laparoscopic option allows for smaller incisions, faster healing, and less visible scars but may 

not be appropriate in all circumstances. As mentioned earlier, the choice of surgical strategy depends 

on several factors, including the patient's disease, the complexity of the procedure, and the expertise 

of the staff. Only after a comprehensive assessment can the most appropriate choice be offered to the 

patient, evidence-based decision making [41]. We have also seen that robot-assisted laparoscopic and 

robotic techniques allow for more complex problems to be performed with improved surgical 

dexterity, ergonomics, and staff ease. An advanced extended strategy of such assistance going further 

towards task enhancement could be image-guided robotic surgery, thus exploiting the precision of 

robotic positioning and high-resolution 3-D vision thanks to scanner imaging. In fact, if we only 

consider vision and positioning skills in surgery, open surgery uses external light projection and the 

surgeon's hands, laparoscopic surgery replaces external light projection with internal light projection, 

robotic surgery uses pre-images and computer positioning, and image-guided surgery uses 

instantaneous imaging aiding in immediate positioning.  

The MI image-guided robotic interventions in general improve patient comfort and security 

along with precision in execution and therapeutic effectiveness. Moreover, such approaches can work 
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at practically all body zones, involving surgery or implanted restricted drug release. The scanner type 

plays an important role in the procedure. Several imagers can be employed in image-assisted 

interventions. Still, even that the imaging processes are adapted each to specific cases [42], those 

employing ionizing emissions as positron or X-ray seem inappropriate for medical treatments of wide 

intervals as in the case of complex image-guided surgeries. Thus, scanners fitting such elongated 

surgeries are those reflecting nonionizing features, specifically ultrasound and magnetic resonance 

[43-45]. The scanner is supposed to deliver 3-D high-resolution panorama of tissue details alongside 

interventional robotic tools. Thus, the robotic support performs inside the scaffold of the imager 

together with tissue involved part, permitting actions administration in a closed-loop manner, 

pursuing tissue topology, locating tools and monitoring their actions. In such a way, the scanner 

capacities and the robot skills are fused in an effectual task. 

The two nonionizing scanners can achieve the abovementioned duty with specific restrictions 

for each. The ultrasound scanner can only perform in airless and boneless windows [16,17] while MRI 

requires a scaffold with a free electromagnetic field (EMF) environment [46-51] but can work 

universally in all organs of the body. In addition, ultrasound has appropriate flexibility and cost, 

while MRI, which allows excellent soft tissue images, has a more expensive and complex use. The 

choice between the two scanners therefore depends on the circumstances. However, when patient 

comfort and safety are important, procedures, such as brain surgery, should use MRI-guided 

robotics. Note that, MRI offers an unequaled contrast permitting the imagining of tumors besides 

other anomalies imperceptible by other imaging scanners. It reflects exact 3-D vision competency, 

comprising multimodal imaging, for instance, blood stream, temperature, and tracking of 

biomarkers. Thus, under such conditions, the administration by an MRI assistance of robots would 

permit an outstanding intervention. 

Considering the universal (all body parts) use of MRI-assisted surgery, to fruitfully conduct an 

intervention, the MRI meets important implementation issues mainly related to involvement of three 

different EMFs in its functioning. These EMFs exhibit dissimilar natures (strength and frequency), 

displaying sensitive responses to external electromagnetic (EM) noise, and forcing a limited position 

zone within the imaging configuration.  

4. Control and Monitoring of MRI-Assisted Interventions 

Intraoperative image-guided surgery that meets safety demands related to scanners and surgical 

procedures in general uses MRI and ultrasound scanners [16,17,19]. MRI scanners are increasingly 

being used in surgery, mainly because of their greater ability to distinguish tumors from healthy 

tissue in procedures involving tumor removal [52-55]. As abovementioned, MRI scanner is EM-

sensitive. In addition to its possible disruption by external EMFs, the introduction of external 

substances could disrupt its operation; thus, robotic components introduced into the scaffold, near 

tissue parts, must be MRI-compatible, i.e. without magnetic or conductive constituents. However, 

robotic engagements typically require high-performance actuation actions, while a small number of 

actuator types behave in an MRI-compatible manner. One potential class of actuation mechanisms 

that are generally compatible with MRI exploits piezoelectric materials, which come in different 

types. Further detailed information about these actuators, their configurations, ingredients, 

fabrication, research, and uses are presented elsewhere, for example in [56-65]. These tools are devoid 

of magnetic substances and made of dielectric piezoelectric materials, but equipped with thin 

conductive electrodes necessary for their excitation. In fact, piezoelectric materials are presumed to 

be compatible with MRI, while the compatibility of conductive electrodes depends on their structural 

configuration and therefore needs to be verified. This issue will be addressed in Section 5.2.      

4.1. Closed-Loop Control of Image-Guided Robotic Actions 

As mentioned before, patient safety is associated to the restriction quality of therapy to the 

distressed zone in the course of surgery. Such correctness hinge on the actuation precision of the 

surgical tool and its localization in the space. Consequently, the requirement for such high-quality 
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spatial pursuing indicates an image-controlled position detection. Such clauses entail a joint 

configuration functioning autonomously, as illustrated by the schematics of a self-controlled surgical 

setting in Figure 1. Such organization consist of scanner, tissue-touched zone, surgical tool, position 

and actions processing, and robotic control and actuation [16,17]. The precision involved in such a 

closed-loop control procedure, related to position localization and actuation quality, would be 

shaped by various confounding features, including the degree of complexity of the combined 

constituents of the procedure, the associated uncertainties, and various unexpected peripheral risk 

occurrences. Only the reduction of such perturbing features permits a consistent control. 

4.2. Compatibility and Control Perturbations  

As mentioned above, MRI scanners are subject to disturbances due to exposures to external 

EMFs or the introduction of substances that disturb their own fields. On the other hand, the control 

of their robotic assistance may involve disturbances due to the complexity and uncertainties as well 

as unexpected external risk incidences. This section aims to analyze the reduction of these various 

disturbances. 

 

Figure 1. Schematics of a self-controlled image-guided robotic surgical setting including, scanner, tissue-touched 

zone, surgical tool, position and actions processing, robotic control and actuation. 

4.2.1. MRI-EMFs and Compatibility 

This section aims to illustrate the problem of MRI-compatibility of inserted materials related to 

robotic tools in the scanner scaffold. Such compatibility is associated with image fidelity and 

accuracy. An MRI-compatible material is supposed not to alter the image. 

An image generated in an MRI scanner is shaped by signals occasioned by the connections of 

magnetic fields with living tissues. Thus, three different fields are exploited to construct 3-D images. 

A high static field engendering a vector of magnetization in tissues aligning their protons and 

quantifying their intensity. Three low-frequency repeated gradient fields space-positioning aligned 

tissues protons fashioning a 3-D spatial reconstruction. Finally, a radiofrequency (RF) field exciting 

the tissues vector of magnetization allowing its revealing by the scanner, which can be processed and 

converted into images [16]. 

Actually, MRI, image the hydrogen atoms nuclei that are detained within the body. A hydrogen 

nucleus is a proton, which is a mass of positive charge rotating on itself around an axis. Protons are 

arbitrarily oriented in tissues, and spin individually. Therefore, they display zero magnetic field 

performing out of phase. Considering the MRI theory, tissues protons require three arrangements 

inside the concerned tissue: aligning protons in a settled direction, rotating them together, and 

localizing their space distinct origin. These three arrangement could be respectively realized by: the 

static magnetic field B0, excitation by wave RF field B1 having a frequency corresponding to the 

natural frequency of protons’ rotation fL (Larmor frequency) allowing a resonance action, and 3-D 

space gradient G(x, y, z) applied to the field B0, permitting the position distinct values of B0d (x, y, z) 
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= B0 + G(x, y, z). Note that the value of fL is function of B0 and equal to 42.5 MHz per tesla, and the 

corresponding position distinct values fLd (x, y, z) will be function of B0d (x, y, z). As mentioned before 

the three fields used in MRI, static, gradient and RF, differ in strength, frequency and presence while 

operating. Thus, B0: 0.2–10 T, 0 Hz, permanently present; gradient: 0–50 mT/m, 0–10 kHz, pulses of 

few ms; B1: 0–50 μT, 8–300 MHz, (amp. mod. pulses) of few ms. A representation of the three MRI 

field components is shown in Figure 2.   

 

 

Figure 2. MRI field components: (a) electromagnet B0, (b) gradient coils (one couple for one axis), (c) RF coil 

(birdcage) B1. 

The components producing the three fields are normally protected. Those of static and gradient 

fields are compensated and regulated. The arrangement of RF field (often birdcage form, see figure 

2.c), which is directly related to images, is the most exposed to perturbations mainly due inserted 

external matters. Thus, the MRI-compatibility of a matter inserted in the scanner scaffold (in the 

birdcage) is determined by its effect on the distribution of the field B1, i.e. for an MRI-compatible 

matter, the field distributions without or in presence of the matter are identical. Such compatibility 

could be checked from EMF computations of RF field B1 distribution in the birdcage, see section 5.2. 

4.2.2. Complexity and Uncertainty Handlings 

As stated previously, the precision implicated in the image-assisted robotic control associated 

with actuation and window positioning is conditional on troubling dynamics, including the 

complexity degree of different involved blended components, the related identification uncertainties, 

and unusual outer threat occurrences. The reduction of such potential troubles as well as the 

consideration of specific individual process information are indispensable for the correct functioning 

of the controlled image-guided procedure. Such objectives could be accomplished by monitoring the 

involved parameters in a matched real-virtual pair by means of a digital-twin (DT) tool [66]. A DT is 

characterized by an integration of data within a pair of a physical event and its digital replica in a 

two-way manner. Such approach is practiced for managing of complexity in controlled procedures 

[67] and structured as a physical-virtual pair allowing self-adjusting behavior. Thus, the physical side 

of the pair delivers processed sensed data to the virtual side while the last transmits control 

commands to the physical side. This self-adjustment matching helps reduce pair uncertainties and 

unexpected randomness in process control. It thus appears clearly that the management of 

complexity, uncertainties and randomness by DT responds well to the troubling dynamics of image-

assisted robotic control mentioned above. Note that, generally DTs can be planned at the echelons of 

a structure, a substructure or a particular component and employed for diagnostics, prediction, 

procedure conditions monitoring, optimization and risk evaluation [68].  

Recently, DT has been gradually introduced into the health sector, which has allowed its use in 

different treatments to be gradually explored, thus enabling the renovation of daily life, health, 

connected monitoring and prolonged management of disorders. Many cases have been studied for 

this purpose, see for example [69-79]. 
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4.3. DT Supervision of MRI-Assisted Interventions 

The detailed DT supervision organization of an image-assisted robotic control is fashioned in 

this section. In general, concerning the abovementioned communications between the DT sides, the 

processed data of the physical side delivers detected information compared and adjusted, by external 

“IoT” data and learnt historical one. The occasioned outcome once trained as data analysis is 

conveyed, with an appropriate model reduction indication, to the DT virtual side. Actually, a swift 

communication (matching) between sides of DT necessitates a faithful virtual model but with 

undersized execution time. Thus, the comprehensive coupled model, which realistically represents 

the physical procedure, would be reduced allowing moderate computation time however preserving 

the picture of the real procedure. Management of an image-guided robotic control employing a DT 

pair fulfills an operational adaptive control procedure involving the real procedure matched with a 

reduced virtual model [80]. Figure 3 illustrates schematically the features of a DT monitoring an 

image-assisted robotic surgery. Such procedure monitoring could be used for staff training, 

predictions using physical phantoms and their digital replicas, or a real patient–virtual replica model, 

involving self-ruling matching with staff in the loop. 

 

 

Figure 3. Schematically illustration of the features of a DT monitoring an image-assisted robotic surgery. 

The coupled model includes all components and actions of the image-guided robotic surgery 

procedure illustrated in Figure 1, namely the MRI scanner, tissue-affected area, surgical tool, position 

and action processing, robotic control and actuation. A significant part of the procedure is related to 

the MRI imaging involving the tissues and the surgical robotic tool. As mentioned earlier, the two 

components of the MRI magnetic fields related to the static and gradient fields are compensated and 

regulated, while the RF field arrangement is directly related to the images. This occurs through the 

processing and transformation of the field signals following the excitation and restoration of the B1-

wave RF field. Thus, the 3-D RF field distribution in the birdcage comprising the tissues and the tool 

enables the outcome of the imaging process as well as the control of the MRI-compatibility.  

5. MRI RF Field Ruling Equations 

 As abovementioned, the excitation and restoration of RF wave field in the MRI scanner produce 

a 3-D field distribution permitting after signal processing and image conversion to obtain a 3-D image 

of tissue details including robotic surgical tool. The mathematical equations governing such RF EMF 

phenomenon are based on Maxwell’s local comportment differential form of the general EMF 

equations [81]. In the situation of RF EMF excitation of living tissues, we can use the next formulation 

of EMF harmonic fields: 

∇ × H = J                                                                        (1) 

J = Je + σ E + j ω D                                                               (2) 
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E = −∇ V − j ω A                                                                 (3) 

B = ∇ × A                        with ∇ · A = 0                                   (4) 

In the above Equations (1–4), H and E are the vectors of the magnetic and electric fields in A/m 

and V/m, B and D are the vectors of the magnetic and electric inductions in T and C/m2, A and V are 

the magnetic vector and electric scalar potentials in Wb/m and volt. J and Je are the vectors of the total 

and source current densities in A/m2, σ is the electric conductivity in S/m, and ω is the angular 

frequency = 2πf, f is the frequency in Hz of the exciting EMF. The symbol ∇ is a vector of partial 

derivative operators. The magnetic and electric comportment laws, respectively, between B/H and 

D/E are represented by the permeability μ and the permittivity ε in H/m and F/m. 

The solution of the above EMF equations should count for particular features of involved 

structures such as geometrical complexity, matter inhomogeneity, variables nonlinear behaviors, 

which indicate advanced computational approaches. Fulfilling such characteristics imposes matter 

local answer insinuating the employ of discretized 3-D methods as finite elements method (FEM) or 

comparable approaches (BEM, FDTD, etc.) [82-89]. 

Such a solution could be used, to verify the MRI-compatibility of the different objects introduced 

into the scanner, using EM compatibility (EMC) routines [16].  

5.1. Models in DT 

In the present contribution the term model is employed to designate several issues. These 

involve physical tissue representation model (physical phantom), digital tissue virtual model (virtual 

phantom), different procedure components models, compound coupled procedure model and 

reduced procedure model. For example a DT procedure as this given in figure 3 used for prediction 

(pre-interventional) task, would involve a physical and virtual phantoms in addition to a procedure 

coupled model [90,91] and its reduced or surrogate [ 92,93] model version. 

Virtual numerical models (digital phantoms) can personify the living tissue body part involved 

in the surgical procedure. Important features of these models should correspond to the nature of 

material and organic properties, geometric form and consistency with the computational approach 

used. Diverse body copies with living tissue features exist in the literature [94-99]. Figure 4 displays 

a structural body with its different body parts and tissues [100]. 

 

 

Figure 4. High-resolution human body model including different organs and tissues, [100]. 

5.2. EMC Analysis in MRI Setting  

As mentioned in Section 4, the MRI scanner displays sensitive responses to EM noise due to 

exposure to external EMFs or insertion of EM-sensitive materials into the scanner scaffold, both of 

which can disrupt the scanner's own EMFs. The MRI EM-sensitive matters are mainly ferromagnetic 

and conductive materials.     

Considering that the static and gradient fields are compensated and regulated as mentioned in 

section 4.2.1., the interaction of a material introduced (such as those constituting the robotic structure) 
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into the MRI scaffold with the RF B1 field can be examined. Via such an analysis, the compatibility of 

the material with MRI can be verified or established. Thus, the EMC analysis allows to identify the 

impact of the insertion of external materials into the MRI atmosphere on the 3-D distribution of the 

B1 field obtained from the solution of equations (1-4) that is image correlated. The equations are 

solved for a given field excitation source amplitude and frequency with the inserted stuff behavior 

laws parameters σ, μ, and ε. 

As mentioned in Section 4, typical MRI-compatible actuation mechanisms are those using 

piezoelectric materials, which are free of magnetic substances and made of dielectric piezoelectric 

materials (assumed to be MRI-compatible), but equipped with thin conductive electrodes (their MRI-

compatibility is subject to their structural configuration) necessary for their excitation. These 

conductive electrodes could be responsible for the disturbance of the 3-D distribution of the RF B1 

field, due to their eddy currents induced by this field. These currents mainly depend on the 

conductive surface perpendicular to the field. Such occurrence could be used in the actuation 

perspective to reduce disturb in the distribution of RF field [17]. Perturbation control could be 

achieved by matching the field distributions with and without the introduced structure. Figures 5 

and 6 show such demonstration (see [17] for more details). Figure 5 shows the RF field B1 distribution 

(vertically directed) in the section of an empty birdcage within the tunnel of the scanner. Figure 6 

displays a case of a cubic piezoelectric covered by skinny electrodes on two opposite surfaces of the 

cube typifying a simple piezoelectric actuator (Figure 6a). Figures 6b and 6c show the distributions 

of the field in the two situations with the electrodes perpendicular and parallel to the field direction 

respectively. 

 

Figure 5. MRI RF B1 - vertically directed - (at 63.87 MHz, B0 1.5 T) distribution in the situation of no material [17]. 

 

Figure 6. MRI RF B1 (vertically directed) field distribution in the case of insertion of a piezoelectric covered by 

two electrodes, (a) material framework (b) distribution of B1 field - electrodes perpendicular to the field (c) 

distribution of B1 field - electrodes parallel to the field [17]. 

Note that the conductors effect, in the case (parallel to the field), is drastically reduced (Figures 

5 and 6c are almost same). These results illustrate a simple qualitative example of possible EMF noise 

image perturbation and thus actuation perspective by reducing such disturb. 
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6. DT Monitoring Involvements 

6.1. Projecting of Medical Arrangements 

Following the DT supervision of MRI-assisted surgery discussed in Section 4.3., such 

supervision requires planning to adjust and verify the various medical pre-arrangements. This would 

be accomplished by using physical phantoms and their digital replicas in the DT tool. These pre-

arrangements include patient and surgery specific data, corresponding adjustments of MRI scanner 

parameters, MRI compatibility of objects inserted into the scaffold, and related actuation and control 

of robotics specific to the surgery involved. Such pre-arrangements are illustrated on figure 7. 

 

 

Figure 7. Schematics of projection of medical arrangements in DT supervision of MRI-assisted surgery. 

6.2. Perspectives for Implementation, and Tutoring 

The planning mentioned in the last section allows to regulate the smooth handling of the 

intervention and the expected adjustments involved in the therapeutic procedure carried out. Thus, 

the upcoming surgery involving the patient could be performed in a decent imaging-assisted joint 

atmosphere, under staff supervision, or possibly as a stand-alone DT monitoring intervention 

involving staff in the loop. In addition, such preparation permits staff to forecast the disturbances 

that patients might undergo through the intervention. Such disorders might be associated to robotic 

surgical tools, implementations or drugs. Moreover, DT patient personalized planning task permits 

staff, in a harmless manner without patient, to perform processes, arbitrate decisions, and be aware 

of likely mistakes of evaluation [17,101-103]. 

Regarding living tissues of different parts of the body, they are represented in the two wings of 

the DT, as mentioned before, by physical phantoms and their digital replicas (see Figure 7). The tissue 

behaviors in these models (physical and digital) are of static character, which might be acceptable for 

some body organs in the context of specific procedures. However, these models are supposed to take 

into account the biological belongings of real tissues in general [104]. A typical example is the case of 

soft tissues moistened by fluids that support and manage them. The behavior of soft tissues 

corresponds to a complex active dynamic behavior corresponding to the mechanics of displacement 

and deformation of living soft tissues [105–109]. In fact, dealing with such sophisticated mechanical 

behavior requires adapted behavior laws and numerical approaches, which can only address such a 

problem in an estimated manner [94–99]. 

6.2.1. Human Involvement and Increased DT  

The human-robotic association materialized by the concept of DT with personnel in the loop 

allows advanced image-assisted supervision of surgical interventions, thus reducing the risk to the 

patient and ensuring a reliable end for the personnel [110-112]. Moreover, artificial intelligence (AI) 
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exercises in such therapies help to reduce the complexity of data acquisition and post-processing and 

to perform recurring planned training tasks [113,114]. Furthermore, the intervention can be 

significantly improved through expanded human-robot connections, advancing the entire 

arrangement through augmented reality (AR)-assisted robotic actions. Thus, AR combined with MRI 

scanner can minimize risks in complex surgical procedures, such as tissue damage, hemorrhage, and 

post-interventional trauma. Besides, DTs can perform an important job in AR-assisted robotic 

interventions. Thus, the possible cause of the disorder and its remedy action could be accurately 

identified via individual patient testing through deep learning databases. Moreover, several 

additional benefits of AR-DT combined are related to improved accuracy in suturing, gluing, and 

fixation compared to manual tasks [115–119]. 

6.2.2. Training Potentials 

DT has the potential to transform patient healthcare by progressively bringing personalized and 

data-driven medical care. Its use is part of digital care and is generally used in individualized medical 

treatments, which can be disease monitoring and identification, training, or interventions. DTs are 

often associated, as mentioned earlier, with AI and AR tools, as well as virtual reality (VR). Similarly, 

VR tutoring improves the ability to imitate everyday training situations with the ability to properly 

measure execution. Tutoring mainly involves planning a personalized situation or researching new 

treatments as part of general training.  

The basic DT training of commencing staff is connected to the establishment of virtual anatomy 

and body models to permit performing, skill augmenting, and polishing their perception of tissues 

of the body. DT common staff training comprises performing scenarios, attainment vital characters, 

administrating drugs, and fronting urgent circumstances. This can be associated to patient interests, 

e.g., cardiac attacks, or environmental situations, e.g., fires. In addition, DT allows training in the use 

and protection of therapeutic tools and infection management procedures [69,70]. In addition, 

Training of DTs allows staff to observe the progression of disorders and adapt treatment policies, 

selecting the most relevant therapy. Such training in individualized planning helps to advance 

premature diagnosis and explore new treatments or interventions [120,121]. 

7. Discussion 

In a general analysis of different surgical techniques, the results of this review highlighted the 

importance of minimally invasive, non-ionizing and precise interventions. In addition, taking 

advantage of an appropriate digital environment allows staff to plan, predict, prospect, train and 

execute with staff in the loop, surgical activities in general. Following the above analyses, some points 

deserve further discussions: 

 The analyses carried out in this contribution focused on open, laparoscopic, robotic and image-

guided surgeries. The only hierarchical classification of these techniques is related to their 

chronological entry into medicine. The chronological classification is often related to technical 

innovations such as optical fibers, robotics, numerical control, DT, etc. and mainly to their use 

in medicine, see for example [122,123]. Each of these surgical techniques has today its own 

specificity and impact depending on the operation concerned and the organ involved. This 

article in addition has highlighted some potentialities offered by the option of image-assisted 

surgery and by DT monitoring of the controlled procedure involved. 

 Regarding the technical innovations mentioned in the previous point, these are often presented 

as innovative because they find a new modern application even if their notion existed before, for 

example, the association of earlier neural networks and recent AI. In the context of this article, 

the recent concept of DT does not escape this observation. The action of DT based on observation 

and iterative deduction by imitation introduced by Grieves in 2002 [67] which uses a strategy 

identical to the oldest method of survival, namely camouflage described by Bates in 1862 [124], 

which allows creatures to blend into their environment thanks to adaptive matching. 
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 All the mentioned types of interventions in the paper are assisted by offline, computerized or 

real-time imaging strategies. In open surgery, a pre-made image is exploited offline by the staff, 

in laparoscopic and robotic surgeries, a pre-made computerized image is involved, and real-

time imaging is concerned in image-guided robotic surgery. As for autonomous closed-loop 

procedures including imaging, they can be used generally in computerized or image-assisted 

robotic surgeries. 

 The concept of DT mentioned and practiced in this article corresponds to different brands of 

DTs. Indeed, these emphasize the progression of the concept from simple to more sophisticated 

by adding more capabilities in between. Initially, DT was defined as a static twin, which was 

followed by twins labeled, mirror (functional or dynamic), shadow (self-adaptive or real-time), 

and intelligent (self-adaptive augmented by AI). Each of these categories is well suited for 

specific uses. For example, dynamic for intervention planning, self-adaptive for biomarker and 

drug improvement, and intelligent for strategy and care alignment, and for individualized 

treatment. 

 In the analysis of DT monitoring (tracking), the notions of complexity, fast matching, coupled 

models and reduced models have been addressed at different places. In fact, these four notions 

are related. A correct matching of a real complex procedure with its virtual replica implies taking 

into account the real complexity in the virtual model. Thus, the interdependent compound 

phenomena involved in the complex procedure must be mathematically modeled in a coupled 

manner [125]. The problem of such an exact full coupled model is that its huge execution time is 

antagonistic to a supposedly fast real-time matching. One must then find a reduced coupled 

model behaving physically exactly but with a reduced execution time. In summary, the physical 

complexity introduces a mathematical complexity and for a fast matching, the latter must be 

reduced but can still represent the former. Thus, reducing a model comprises hurrying its 

execution while degrading its precision as slim as possible [126]. The dilemma is then often to 

attain the boundary among saving time and deteriorating correctness. A reduced (surrogate) 

model is therefore substituted [92,93] for the superior model to obtain a pre-sizing. In addition, 

one can exercise non-intrusive stochastic methods (e.g., kriging and polynomial chaos) [127,128] 

that spend 3-D FEM computations with a contained set of realizations (training trials), thus 

offering efficient (reduction) metamodels. 

 The three different MRI fields B0, B1 and G are assumed to be protected and secure. In fact, the 

use of MRI scanners is normally safe for patients and medical personnel in the case of using 

common scanners with moderate efficiency (static field strength and gradient output). For recent 

high-performance scanners, some traumatic concerns could be observed. Actually in such 

circumstances, the EMFs of the scanner can trigger possible uncomfortable side-effects for 

patients or nearby personnel. The RF B1 field reflects a trivial intensity for a negligible duration 

and the corresponding tissues induced currents are insignificant. The pulsed gradient field G 

produces a variable electric field, which can create unpleasant peripheral nerve stimulation 

(PNS), especially in modern gradient coils with high output (intensity and scanning speed) [129, 

130]. In fact, efficient gradient coils produce shorter cycles with higher resolutions, thus 

amplifying their output, which leads to a shorter imaging duration. These PNSs can trigger 

sensations of muscle compression, irritation, or numbness. The static B0 field is normally safe for 

common field strengths around 1.5 T. Recently, due to improved performance, ultra-high-field 

(UHF) MRI scanners (above 7 T) have been introduced [131]. These UHF scanners induce low-

frequency currents in the conductive tissues of the moving body inside or near the scanner [132]. 

These induced currents and their fields trigger uncomfortable sensations such as falling 

sensation, light flashes, loss of balance, or muscle tremors (PNS). In addition, the interaction 

between a strong B0 field and living tissues creates magnetic induction effects due not only to 

the induced currents but also to Lorenz forces [133]. These forces correspond to charged particles 

moving through the static field and experiencing forces in a direction perpendicular to the 

motion. These forces depend on the speed of movement and the field intensity, and could 
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therefore be important in tissues for UHF scanners. Different disorders could arise due to such 

forces as for example magnetic vestibular stimulation (MVS) [134]. A common reported 

significant side-effect caused by these forces is dizziness which can eventually lead to nausea 

[135], they can also cause involuntary eye motion and other effects [136]. 

8. Conclusions 

This contribution has analyzed and paralleled open, laparoscopic, robotic and image-guided 

robotic surgical interventions with regard to patient well-being, staff efforts and assignment 

reliability. Thus, surgeries targeted to be minimally invasive, precise and safe. The specificities of 

each type of surgeries have be highlighted. Each of these surgical techniques has today its own impact 

and worth depending on the operation concerned and the organ involved. Considering the general 

targets and different advantages of these surgery types, we hence focused on image-guided 

interventions and their practice in staff training, preparation and implementation of a possible 

autonomous intervention. In order to enhance the accuracy of robotic positioning the reductions in 

complexity and uncertainty have been managed by matching the actual controlled procedures 

involved and their virtual replicas through digital twins. Thus, the staff training and/or planning of 

interventions using real and virtual phantoms have been analyzed. As well, the use of augmented 

matched digital twins for real interventions has been discussed.  

To end with, like open, laparoscopic and robotic surgeries, robotic image-assisted surgery has a 

clear potential in complex and restricted positioning procedures, which could be augmented by its 

monitoring via digital twins in a computerized environment. In addition, such digital background is 

well adapted for planning, predicting, prospecting and training of surgical activities in general. 
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