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Abstract:

Biomaterials are essential to the advancement of robotic surgery, enhancing surgical
precision, facilitating tissue healing, and reducing complications. These materials sup-
port the integration of robotic systems with human tissues, improving the efficacy and
safety of surgical interventions. Ongoing developments in biomaterials, especially the
integration of smart, nanostructured, and biodegradable materials, are poised to greatly
improve surgical outcomes and extend the applications of robotic surgery. However,
overcoming challenges such as ensuring biocompatibility, managing material degrada-
tion, and addressing regulatory concerns is essential for their widespread clinical imple-
mentation.

Future research in biomaterials for robotic surgery holds significant promise to enhance
surgical precision, improve patient safety, and optimize clinical outcomes. As techno-
logical progress continues, the integration of smart, customizable, and biocompatible
materials into robotic systems will not only enhance surgeons' capabilities but also min-
imize complications and accelerate patient recovery with reduced long-term health. In
this work we present the recent advancements in the field of robotic surgery.

Keywords Robot assisted surgery; Implants; Biocompatibility; Endocrine disrupting
chemicals; Surgical precision; Patient safety.
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1.  Robotic surgical interventions

Robotic surgery allows surgeons to perform complex procedures with greater precision,
flexibility, and control, than traditional methods. Robotic-assisted surgery devices include
several components, including a console that allows surgeons to view a 3D reconstructed
model of the surgical field and control the movement of surgical instruments (Picard et al.,
2019). Such a bedside system includes mechanical arms that hold and manipulate surgical
tools as needed by the surgeon, along with additional carts that store and support the nec-
essary hardware and software components. During robotic-assisted surgery, the surgeon
sits close to the patient. A small camera and surgical instruments are inserted through
small incisions, allowing the surgeon to visualize the surgical field on a video monitor and
manually manipulate the robotic arms that mimic the surgeon’s actions. These multi-arm
robotic systems feature advanced visual feedback and controlled movements. Robotic sur-
gery could offer several advantages over conventional open surgery, including reduced
pain, blood loss, risk of infection, less scarring, shorter hospital stays and shorter recovery
times (Marescaux & Diana, 2015; Wen et al., 2014).

Robotic surgery is increasingly being adopted due to its enhanced visual capabilities, im-
proved dexterity, and better ergonomic support for surgeons (Khajeh et al., 2023; Hopkins
et al., 2020; Markar et al., 2011; Safiejko et al., 2022; Kamarajah et al., 2020). These robotic
platforms facilitate implant placement with sub-millimeter accuracy, thereby minimizing
the risk of nerve damage and implant malposition. The precision of robotic navigation is
also contingent on the visibility of biomaterials in intraoperative scans, including fluoros-
copy and 3D CT imaging. In recent studies, researchers reviewed over 247 publications on
robotic technical skill metrics, spanning manual rating scales, simulators, and Al-driven
performance tools. Although many Al models demonstrated accuracy rates of 290% in
controlled laboratory settings, validation in real surgical environments showed accuracy
levels ranging from 67% to 100% (Boal et al., 2024). Al systems frequently utilize sensor-
integrated simulators and smart surgical instruments to capture force application, motion
trajectories, and procedural errors, enabling objective assessment of surgical performance
and skill acquisition. Moreover, robotic guidance significantly improves pedicle screw
placement accuracy, with clinically acceptable Grade A/B placement rates frequently ap-
proaching 98-99%, while also reducing intraoperative revision rates, radiation exposure,
and perioperative blood loss compared with conventional manual or fluoroscopy-guided
techniques (Wei et al., 2022).

Biomaterials play an essential role in the design and integration of these implants and
guidance interfaces, supporting both surgical precision and patient safety. A scoping re-
view of 129 studies published up to mid-2022 revealed that most Al interventions re-
mained at low levels of autonomy, predominantly offering the assistance rather than task
autonomy; these interventions were largely focused on non-clinical models, such as in sil-
ico simulations or animal studies (Vasey et al., 2023). Biomaterial sensors, such as those
providing force and tactile feedback, are essential components of these systems, facilitating
real-time data capture and enhancing their overall functionality (Miyazaki et al., 2019).
Surgical robots are regulated as medical devices by the FDA and European CE marking,
but a clear framework for evaluating these systems, particularly their AI components, is
lacking. The IDEAL framework (Idea, Development, Evaluation, Assessment, and Long-
term follow-up), which aims to improve the evaluation of complex interventions, is being
adapted for robotic surgery. It includes stages from first-in-human evaluation to long-term
follow-up, with newer adaptations providing guidance on preclinical evaluations of sur-
gical devices (Marcus et al., 2024). Currently, most intraoperative Al applications in robotic
surgery are in the preclinical phase, characterized by low autonomy and diverse evalua-
tion methods. As Al systems gain higher autonomy, the focus will shift from Al-specific
metrics to process outcomes. Future research should emphasize standardized evaluation
and structured reporting to ensure the safe integration of used technologies.
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2 The role of biomaterials and robotic surgery

2.1 Physical and radiological characteristics of the biomaterials

Biomaterials are indispensable in robotic surgery, particularly as minimally invasive tech-
niques and robotic technologies continue to evolve. Robotic surgical systems rely on bio-
materials in a variety of ways, such as implants guided by robotic technology, force or
pressure sensors, surgical simulators, tactile interfaces at robotic consoles, and biomateri-
als that serve as trackable objects. Additionally, next-generation robotic platforms are ex-
ploring algorithms capable of automatically detecting implant edges (Gémez-de-Gabriel
& Harwin, 2015; Cazalini et al., 2017). Machine learning models, trained on the unique
textures and densities of materials, enhance robotic targeting. To ensure optimal system
performance, the biomaterials must possess consistent radiological profiles or include con-
trast features that aid Al in recognizing key elements. The success of robotic surgery is
heavily influenced by the physical and radiological characteristics of the biomaterials used.
If a material is too radiolucent, robotic guidance systems may struggle to provide real-time
feedback. Conversely, if it is too reflective, imaging artifacts or misinterpretations may oc-
cur. Furthermore, if not properly calibrated, machine learning systems may fail to accu-
rately recognize the object. Although biomaterials are essential in abdominal surgeries,
their use carries inherent risks. Current research focuses on improving biocompatibility,
reducing infection rates, and preventing adhesion formation to optimize patient outcomes.
Clinicians must remain aware of potential complications and incorporate the latest ad-
vancements in biomaterial technology to minimize risks (Nikam et al., 2023).

2.2 Biocompatibility of materials

Biomaterials play a pivotal role in robotic surgery, as implants must exhibit compatibility
with both robotic instrumentation and the biological environment of the human body.
Commonly used biomaterials include titanium and its alloys, particularly Ti-6Al-4V, and
polyether ether ketone (PEEK). Titanium alloys are widely utilized because of their excel-
lent biocompatibility, high corrosion resistance, favorable mechanical properties, and ca-
pacity to support osseointegration, making them suitable for robotic spinal procedures
such as pedicle screw and rod systems. PEEK, a high-performance thermoplastic polymer,
is frequently employed in spinal cages and cranial implants because its elastic modulus
more closely resembles that of cortical bone, thereby reducing stress shielding and implant
subsidence. Additionally, the radiolucent nature of PEEK enables improved intraoperative
and postoperative imaging assessment, which is particularly advantageous in robotic and
image-guided surgical procedures (Toth et al., 2006). Despite stringent regulatory require-
ments for biomaterial safety and performance, challenges remain regarding long-term clin-
ical effectiveness. Potential risks include inflammatory or immune responses, material
degradation, wear debris generation, and inadequate osseointegration, all of which may
affect implant longevity and clinical outcomes. Therefore, rigorous preclinical testing and
long-term post-market surveillance remain essential to ensure patient safety and optimize
surgical performance.

2.3 Potential risks associated with biomaterials

Biomaterials, including surgical meshes, sutures, implants, and surface coatings, play a
critical role in tissue repair, reinforcement, and reconstruction in abdominal surgery. De-
spite their substantial clinical benefits, their application may be associated with several
biological and mechanical risks requiring careful consideration. Following implantation,
biomaterials interact dynamically with host tissues and may trigger a foreign body re-
sponse characterized by protein adsorption, macrophage activation and fusion into foreign
body giant cells, chronic inflammation, and fibrous capsule formation. Persistent inflam-
matory responses can contribute to fibrosis, chronic pain, impaired tissue integration, and,
in severe cases, implant failure or rejection (Anderson et al., 2008).

Mechanical complications may also arise due to material fatigue, stiffness mismatch, fiber
fracture, shrinkage, or degradation of biomaterials such as polyethylene terephthalate
(PET) and expanded polytetrafluoroethylene (ePTFE) meshes. These changes can compro-
mise structural integrity and potentially lead to tissue erosion, adhesion formation, or in-
flammatory reactions. Furthermore, progressive mechanical degradation or loss of implant



- 142026
it ZF SOCRATIC 1

UNIVERSITY | Faculty of ‘
Proceedings of 14th Socratic Lectures 2026 OF LJUBL]ANA | Health Sciences LECTU RES

5

integrity over time may increase the risk of hernia recurrence or injury to surrounding
tissues and organs.

Synthetic biomaterials, particularly polypropylene-based meshes, are also susceptible to
bacterial colonization and biofilm formation, which may complicate treatment because
biofilms provide microorganisms with increased resistance to host immune responses and
antimicrobial therapies. Biocompatibility-related issues can additionally impair tissue
healing and excessive fibrotic remodeling may contribute to scar formation and functional
impairment. In degradable biomaterials, the release of degradation byproducts, such as
acidic compounds generated during hydrolysis of polymers including polylactic acid
(PLA), may alter local tissue pH and induce irritation or inflammatory reactions. Although
uncommon, hypersensitivity or allergic reactions to biomaterial components, additives,
metals, or preservatives have also been reported.

3. Future research prospectives of biomaterials in robotic surgery

Ongoing innovation in biomaterials in robotic surgery is pivotal to advancing minimally
invasive, personalized, and regenerative surgical approaches (Chatterjee et al., 2024).
Furthermore, there is an increasing demand for the development of advanced biomaterials
that are not only biocompatible but also exhibit smart, responsive characteristics, ensuring
both their functionality and safety over the long term without adverse health effects.

3.1 Potential association of biomaterials and endocrine system

The potential long-term effects of biomaterials, particularly from synthetic polymers such
as PVC and polyurethane, on the endocrine system are of significant concern. These
materials can release plasticizers, such as phthalates and bisphenol A (BPA), which are
known endocrine disruptors. Chronic exposure to these chemicals can alter hormonal
balance, affect fertility, and increase the risk of cancer. However, more long-term human
data are required to fully understand these risks. Recent studies have underscored that
bisphenol A, phthalates, and other plasticizers can interfere with endocrine function,
impacting reproductive and metabolic health. These substances may leach from implanted
polymers, further complicating their safety profile. Additionally, plastic-related chemicals,
including phthalates and bisphenols, have been identified as endocrine-disrupting
chemicals (EDCs), neurotoxicants, and potential carcinogens. Such chemicals are linked to
various health hazards, including metabolic disorders and cardiovascular diseases, as
highlighted in recent reviews (Eales et al., 2022).

3.2 Biomaterials for enhanced tissue regeneration

The integration of mesenchymal stem cells (MSCs) with biomaterials in abdominal surgery
represents a promising strategy for enhancing tissue regeneration and wound healing.
MSCs exert therapeutic effects primarily through paracrine signaling by releasing bioac-
tive factors that promote cell proliferation, angiogenesis, extracellular matrix remodeling,
and immunomodulation, including macrophage polarization toward anti-inflammatory
phenotypes (Wei et al., 2013). However, the clinical application of stem cell-based thera-
pies remains limited by challenges related to cell sourcing, viability, tumorigenic potential,
and regulatory issues. Increasing evidence suggests that many MSC effects are mediated
by extracellular vesicles and exosomes, which offer advantages such as lower immuno-
genicity, improved safety, and easier handling. MSC-derived exosomes carry proteins,
growth factors, and microRNAs involved in tissue repair and represent a promising cell-
free approach for improving biomaterial integration and regenerative outcomes (Tan et al.,
2024).

3. Conclusions

The integration of biomaterials in abdominal robotic surgery holds substantial promise for
enhancing surgical outcomes; however, several challenges remain, including issues related
to biocompatibility, mechanical properties, infection risks, and regulatory hurdles. Ad-
vancements in smart biomaterials, 3D printing, and nanotechnology, coupled with the es-
tablishment of standardized evaluation protocols, are essential for addressing these chal-
lenges and maximizing the potential of robotic surgery.
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