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Abstract
There  are  proven  benefits  accompanying  robotic  surgery  for  patients,  surgeons,
communities,  and  health  systems.  At  the  same  time,  there  have  been  challenges  in
expanding  its  use  in  global,  rural,  and  low-resource  settings.  These  challenges  include
inequitable access to technology, disparities in surgical education and training, economic
challenges, and structural or systemic barriers. In this paper, we examine these disparities
and discuss innovative ways in which these obstacles can be tackled in order to ensure
broader  global  access  to  robotic  surgery.  These  include collaboration  with  government,
industry,  and  health  system  leadership  to  create  multi-partner  and  multidisciplinary
implementation models, accounting for country-specific variables such as health policies,
financing  models,  availability  of  surgically  trained  workforce,  and  training  models.  The
introduction of lower-cost platforms, expanded access to current platforms, and healthcare
policies  and  financial  models  prioritizing  access  to  safe,  affordable  surgical  care  are
necessary.
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INTRODUCTION
Although minimally invasive surgery (MIS) is accepted as the modern standard of care for many surgical

diseases
[1,2]

, there are disparities in MIS access across the globe
[3-5]

. This inequity creates an ethical dilemma

since it deviates from the World Health Organization constitution that considers the “highest attainable

standard of health as a fundamental right of every human being without distinction of race, geography,

religion, economic, or social condition”
[6,7]

. Achieving equity is one of the basic tenets of fairness and human

rights in modern society
[6,7]

.

In an attempt to bring attention to these inequities, Mitzman et al. coined the term “MIS deserts” to describe

areas where MIS access/utilization remained subpar
[8]

. We discuss the factors contributing to the existence of

MIS deserts and discuss strategies to achieve equitable global access to robotic surgery.

IMPACT OF MIS
The advantages of MIS are multifaceted. Surgeons who utilize MIS techniques experience better ergonomics

and greater operator comfort, that translate into fatigue mitigation, reduced musculoskeletal strain, and

increased longevity in their careers
[9]

. Robotic platforms offer the added advantage of superior visualization

through high-definition cameras, tremor reduction, and better maneuverability with surgical instruments
[10]

.

These impact outcomes by exposing patients to fewer postoperative complications and improved surgical

quality outcomes
[1,2]

. The resultant rapid recovery, improved mobility, reduced demand for hospital-based

resources, and morbidity containment results in faster return to work and drives long-term cost reduction,

ultimately benefiting the society and the entire healthcare system
[1,2,9]

.

ACCESS TO MIS
Although 28%-32% of global disease burden is attributable to surgically treatable conditions, over half the

global population cannot access surgical treatment
[11]

. In other words, an estimated 5-billion people

worldwide lack access to safe and affordable surgical care
[11]

. This would result in a predicted negative effect

on overall health status, healthcare expenditure, life expectancy, and functionality for those populations

affected
[12]

. Some estimate that, without urgent investment in surgical scale-up, low- and middle-income

countries (LMICs) would sustain cumulative losses in economic productivity of US$12.3 trillion between

2015 and 2030
[11]

.

Many authors defined factors contributing to MIS deserts, including: inadequately trained workforces,

paucity of MIS equipped hospitals, inadequate insurance coverage, limited healthcare funding, geography,

economic circumstance, and individualized limitations within specific healthcare delivery systems
[10,13,14]

.

Despite better understanding of these factors, there has been little measurable progress toward global MIS

equity over the past three decades.

This dismal view of global health metrics dims further when four factors are brought into focus: (1) the data

documenting the superiority of MIS is robust
[1-5]

; (2) the statistics quoted describe general access to surgical

care
[11,12]

; (3) inequities worsen when we focus on MIS deserts alone instead of surgery in general
[3-5]

; and (4)

the disparities expand further when robotic surgery is substituted for MIS deserts. The reality is that the gaps

are even greater in robotic surgery, where higher capital costs and increased infrastructure needs exacerbate

existing barriers to equitable care.
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CURRENT STATE OF GLOBAL ROBOTIC SURGERY
The key components of robotic surgical platforms are mechanical arms that replicate the movement of

surgeons’ hands with remarkable precision
[13]

. The surgeon manipulates the robotic instruments from a

console that features high-definition 3D visualization systems to provide depth perception and clarity
[15]

. The

robotic system’s software includes advanced algorithms that assist with real-time tracking and motion

scaling, ensuring smooth and controlled movements
[15]

. Some platforms also feature simulation capabilities

for training, allowing surgeons to practice techniques in a virtual environment
[15]

. Robotic systems may also

be integrated with various imaging technologies such as fluoroscopy or magnetic resonance imaging (MRI),

providing real-time feedback and enhanced intraoperative guidance
[16]

. These systems are equipped with

safety and override features that prevent accidental movements or errors and ensure that they operate

reliably
[15]

. The smaller incisions and wristed intracorporeal movement of the instruments decrease

movement, torque and abdominal wall trauma
[15]

. These components make robotic surgical platforms

superior to conventional laparoscopy.

Currently, several surgical platforms are in use [Table 1]. The Intuitive Surgical da Vinci system is the most

widely adopted, operating in over 70 countries
[15]

. It received U.S. Food and Drug Administration (FDA)

approval in 2000 and has more than 8,600 platforms deployed worldwide, with more than 14 million

procedures performed worldwide by 2022 in virtually all surgical subspecialties
[15]

. Newer systems such as

Versius, Hugo, and Senhance are also gaining traction and expanding utilization across Europe, Asia, and

Latin America
[17-19]

.

While the da Vinci system has the highest upfront and recurring costs, other platforms may offer lower cost

for specialized applications, as listed in Table 1
[17-19]

. The da Vinci and Hugo systems utilize proprietary

consoles, whereas the Versius and Senhance platforms feature modular, open-architecture designs
[15,17-19]

.

Additionally, the da Vinci instruments have limited reusability, while Senhance and Versius emphasize

reusability, and the Avatera platform utilizes disposable tools
[15,17-19]

.

With 25 years of FDA approval, the da Vinci system boasts the longest safety record and a substantial body

of studies on safety and efficacy
[15]

. It has also established simulation tools to facilitate adoption and

training
[15]

. Other platforms show promising safety profiles but require longer-term data to confirm their

effectiveness.

COSTS OF ROBOTIC SURGERY ACCESS
The rapid adoption of robotic surgery has widened the disparity because LMIC health systems have limited

funding to afford the technology
[25,26]

. It is useful to distinguish between three levels of cost burden: capital

costs borne primarily by hospitals and health systems (acquisition and installation), per-case costs driven by

disposable instruments and consumables, and system-level costs borne by governments and payers through

reimbursement structures. The initial investment to obtain the most commonly utilized robotic platform

ranges from approximately USD $1.5-2.5 million, with additional costs for maintenance, training, and

consumables
[25]

. Newer systems have lower capital costs, which may impact global adoption
[25]

.

Many studies have examined the cost-effectiveness of robotic surgery, yielding mixed results. Ng et al.

observed an increase in robotic surgery between 2012 and 2019, accompanied by increased hospitalization

costs for all robotic surgeries reviewed
[27]

. Conversely, other studies suggest that the initial capital costs of

robotic-assisted surgery are offset by the long-term benefits, including reduced hospital stays, quicker

recovery times, lower complication rates, and improved surgical outcomes
[28]

.
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Table 1. A comparison of robotic surgical platforms in clinical use

Platform Developer
FDA approval/entry
year

Approximate
cost (USD)

Countries
deployed

Applications Key features Safety profile Notes

da Vinci (Xi/X/Xi
SP)

Intuitive Surgical
(USA)

2000 (original); Xi 2014
$1.5-$2.5M +
$100k/year

70+
All major general surgery
(hernia, colorectal,
bariatric, foregut, etc.)

3D vision, wristed
instruments, proprietary
console

Extensive safety data;
considered gold
standard

8,000+ systems installed
globally[15,20]

Versius CMR Surgical (UK)
CE: 2019, India 2019, US:
2024

~$1M 20+
Colorectal,
cholecystectomy, hernia

Modular arms, open
console, portability

Growing data,
CE-cleared,
FDA-approved

Targets cost-sensitive
systems, mobile design[18,20]

Hugo™ RAS
Medtronic
(Ireland/USA)

CE: 2021, LatAm 2022,
US trials ongoing

~$1M
10+ (Europe,
LatAm, Asia)

Cholecystectomy, urology,
GYN

Open console, modular
carts, integration with
Medtronic instruments

Ongoing post-market
studies

Aims to challenge da Vinci
in cost and integration[19,20]

Senhance
Asensus Surgical
(USA)

CE: 2012, FDA: 2017 ~$1M 20+
Colorectal, hernia,
bariatrics, GYN

Haptic feedback, eye
tracking, open console

Safe; fewer
complications; slower
uptake

Laparoscopic skill
translation; minimal
footprint[17,20]

OTSAW (under
development)

OTSAW Digital
(Singapore)

In R&D TBD TBD Targeting general and MIS AI-assisted navigation TBD AI integration focus[20,21]

Avatera
Avatera Medical
(Germany)

CE: 2019 ~$1M
Select EU
markets

General and urologic
surgery

Single-use instruments,
compact system

Limited safety data
published

Focus on reducing
sterilization and infection
risks[20,22]

REVO-i
Meere Company
(South Korea)

South Korea: 2018 ~$1M
Korea + select
Asia

Urology, general da Vinci-like system
Minimal safety reports
available

Still very limited in
distribution[23]

Maestro™
Moon Surgical
(France/USA)

FDA: Dec 2022; CE: Sept
2023; Commercial FDA:
June 2024

Not disclosed;
lower-cost
positioning

US + select EU
General, bariatric, GYN,
urologic, colorectal

Robotic assistant;
holds/positions instruments
and camera; compatible
with standard laparoscopic
tools; AI ScoPilot (FDA
2025); NVIDIA Holoscan

2,300+ patients
(US/EU, 2025); early
commercial phase;
SAGES TAVAC
reviewed 2023

Laparoscopic assistant
model (not fully
autonomous); one-hour
onboarding; targets
cost-sensitive, high-volume
laparoscopy markets[20,24]

Intuitive Ion
(robotic
bronchoscopy, not
general surgery)

Intuitive Surgical 2019 ~$600k 100+ Thoracic diagnostics Catheter-based robotic arm Not for general surgery
Included for context - not
used for general surgery[15]

FDA: U.S. Food and Drug Administration; CE: European Conformity; GYN: gynaecology; TBD: to be decided; MIS: minimally invasive surgery; AI: artificial intelligence; EU: European Union; SAGES: Society of American
Gastrointestinal and Endoscopic Surgeons; TAVAC: Technology and Value Assessment Committee.

Healthcare systems considering acquisition should consider a per-case model. When capital costs are amortized over expected annual procedure volumes, the per-case

cost of robotic surgery decreases substantially with increasing utilization; systems performing <​ 100 robotic cases annually may find per-case costs prohibitive, while

those achieving ≥ 300 cases annually may approach cost-parity with laparoscopic approaches
[28]

.
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EFFECTIVENESS OF ROBOTIC SURGERY
Robotic surgery offers many advantages over laparoscopic, including three-dimensional visualization, tremor

reduction, increased instrument dexterity, and greater degrees of freedom of wristed instruments
[10,13]

. These

benefits directly lead to better exposure in the operative field, accurate dissection planes, and technically

proficient procedures. The resulting data demonstrate that robotic procedures result in lower complication

rates, decreased blood loss, shorter hospitalization, improved overall patient satisfaction scores, quicker

return to daily activities, reduced hospital costs and long-term healthcare costs
[28]

. Procedure-specific

advantages have also been documented, such as decreased anastomotic leak rates in robotic Roux-en-Y

gastric bypasses
[2]

, decreased blood loss in robotic hysterectomies
[29]

, and decreased mortality in robotic

cardiac surgery
[30]

.

While robotic surgery is propelled by technology-driven advantages, conventional laparoscopic approaches

are effective, equally viable, and often yield comparable results without the high capital investment for

robotic systems
[ 3 1 ]

. Indeed, for simple procedures, such as cholecystectomy, appendectomy, and

straightforward herniorrhaphy, well-performed laparoscopic surgery achieves equivalent outcomes at

substantially lower cost, and should remain the standard of care in resource-limited settings where robotic

investment is not feasible
[31,32]

. This should be balanced by the fact that laparoscopy has a steep learning

curve, which can prove challenging for surgeons who have not yet mastered the approach
[9]

.

GLOBAL DISTRIBUTION
When discussing the distribution of robotic platforms, it is important to distinguish between low-income

(LIC) and middle-income countries (MICs), as their challenges and viable solutions differ substantially. In

LICs, such as those in sub-Saharan Africa, there are critical shortages of basic surgical infrastructure, trained

workforce, and safe perioperative capacity, making direct robotic adoption impractical without foundational

investment
[11,33]

. On the other hand, MICs such as Brazil, India, and Thailand may have the institutional

infrastructure to support phased robotic adoption, but face barriers of affordability, uneven geographic

distribution of technology, and inequitable access across urban and rural populations
[33-36]

. These challenges

are magnified when considering access to robotic surgery, which requires substantial healthcare resources,

including reliable power, strong information technology services, and a robust hospital infrastructure
[25]

.

STRATEGIES TO ACHIEVE EQUITABLE ACCESS TO ROBOTIC SURGERY
It is clear that there cannot be a single overarching strategy to achieve equitable access to robotic surgery for

all nations across the globe since each nation faces differing individual challenges. However, we attempt to

discuss strategies to overcome the obstacles in general.

Human resources

A key barrier to adopting robotic surgery is the lack of a diverse and adequately trained surgical workforce,

and difficulty attracting and retaining trained specialists
[37]

. This becomes especially relevant in LMICs

because trained surgeons may perceive these healthcare systems as unattractive due to the potential for them

to de-skill with low case volumes, lack of institutional support due to poor healthcare budgets, a paucity of

opportunities for continued medical education, and a paucity of the necessary infrastructure, equipment and

multidisciplinary workforce to support modern practice
[32,37,38]

.

The first step, therefore, is to make the healthcare environment in LMICs attractive in order to attract trained

healthcare personnel. Traditionally, healthcare personnel had to travel to high-volume centers for training.

This led to the well-described “brain drain phenomenon” - the emigration of highly-trained surgeons from

LMICs to high-income countries (HICs)
[39]

. A potential solution may be to explore on-site training in LMICs
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where visiting trainers from high-income nations may form alliances/relationships with teachers and

training programs in LMICs. This requires infrastructure, and international cooperation.

We should also recognize that many LICs deal with critical shortages of all categories of trained staff. In these

systems, training of surgeons alone would not be sufficient. For example, i t is estimated that

anaesthesiologists number <​ 1/100,000 population in many sub-Saharan African countries - an insufficient

number to safely conduct robotic cases
[40]

. Additionally, post-operative follow-up for patients who undergo

robotic procedures at central hospitals depends on functional primary care, referral, and rehabilitation

infrastructure, which is often weak or under-resourced in LICs
[41]

. Balancing technology introduction with

sustained local capacity building (training all levels of healthcare staff) is essential to prevent the acquisition

of equipment that cannot be maintained or safely operated. The second step for any implementation strategy

must account for the full care continuum, not solely the operative episode
[34]

.

Healthcare funding

In many LMICs, healthcare receives a small portion of national budgets, frequently insufficient to meet basic

healthcare needs
[25]

. In these models, the high capital costs for robotic platforms may be prohibitive. This is a

major contributor to unequal global deployment patterns. In these settings, it is important for the medical

fraternity to present the feasibility data discussed previously to policymakers so that they appreciate that

acquisition is a long-term investment that brings financial benefits and improvements in societal and

national wellbeing
[32,36-38]

.

Once a decision is made for capital acquisition, it is important to consider the specifications of each robotic

platform [Table 1]. Platform selection must account for on-the-ground adaptability rather than technical

specifications alone. The Versius system’s modular arm design offers theoretical portability advantages in

facilities lacking elevators or large operating theaters, though the feasibility of inter-facility transport and the

training cycle required for local biomedical engineers must be evaluated in context
[18]

. The Senhance system’s

reusable instrument model could reduce per-case consumable costs significantly, but requires reliable

sterilization infrastructure and stable supply chains - conditions that cannot be assumed in LICs where

consumable shortages have disrupted surgical programs
[17]

. The da Vinci system’s reliance on stable

high-voltage electrical supply is a critical infrastructure consideration in settings where power outages are

routine; backup power solutions must be integral to any deployment plan. Decisions about platform

adoption in resource-limited settings should be informed by systematic local infrastructure assessments

rather than defaulting to platforms designed for high-resource environments.

Several innovative models to improve access to robotic surgery globally exist. Regional equipment sharing

centers, in which a single robotic system serves multiple hospitals on a scheduled basis, can substantially

improve utilization rates while distributing capital costs across institutions
[42]

. Equipment leasing and

pay-per-procedure financial models can reduce prohibitive upfront investment, enabling health systems in

LMICs to introduce robotic surgery incrementally
[42]

. Teleoperative and artificial intelligence (AI)-assisted

remote guidance systems hold promise for extending surgical expertise to underserved areas, though

regulatory, latency, and infrastructure challenges must be addressed before widespread adoption.

Access to robotic consumables

Limited resources, particularly in acquiring MIS consumables, pose significant challenges. Innovative

approaches have emerged, including collaborations with medical supply companies and partnerships

between HIC institutions and private sector facilities within LMICs
[42]

. These efforts help reduce patient and

government costs while fostering public trust in MIS and the broader healthcare system.
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To avoid exacerbating inequities, public–private partnerships must be structured with clear governance

frameworks that prioritize local capacity building, ensure transparent pricing and technology transfer,

establish sustainable maintenance and consumable supply chains, and include provisions for training local

engineers and clinical staff rather than creating long-term dependence on external vendors. Forming

partnerships with organizations sharing common interests can significantly enhance the development and

sustainability of robotic programs in globally under-resourced communities.

Access to training

One strategy to increase access to training in LMICs is to establish training programs at local universities and

develop partnerships with surgical societies in HICs. Concrete models include regional robotic training hubs

that serve multiple facilities across a geographic area, HIC–LMIC “twinning” programs pairing institutions

for sustained faculty exchange and mentorship, mobile simulation laboratories capable of reaching rural

hospitals, and shared-platform arrangements in which a single robotic system rotates among several partner

hospitals to reduce per-institution capital burden and increase aggregate utilization rates. Innovative

methods such as simulation-based education and distance mentoring offer solutions to overcome training

limitations faced by healthcare professionals in resource-limited settings.

Ensuring access to high-quality training curriculum produces diverse trainees, who are more likely to work

in underserved communities, particularly those with higher levels of Medicaid or government insurance
[43,44]

.

Ensuring equitable access to training requires action across four interdependent domains: (1) access to

robotic platforms for hands-on training; (2) access to qualified faculty and surgeon educators; (3) access to

simulation tools, including virtual-reality trainers and box trainers; and (4) standardization of curricula and

competency assessment frameworks across training programs globally
[45]

.

Access to simulation and standardized curriculum

While there is mandatory residency training in laparoscopic surgery to qualify for the American Board of

Surgery examination, there is currently no compulsory curriculum or requirements for robotic surgery
[45]

. It

has been reported that there is a wide variation in access to robotic training for residents and inconsistencies

in skills assessments
[46,47]

. In response to this in 2007, the Society of American Gastrointestinal and

Endoscopic Surgeons (SAGES), responsible for administering the Fundamentals of Laparoscopic Surgery

examination, highlighted the need for a formalized, standardized robotic curriculum
[48]

.

Access to faculty

Global data demonstrates significant disparities in surgeons’ access to MIS education, especially in LMIC,

rural, and low-resource communities
[25,42]

. The disparity is greater in global access to robotic surgical

education due to reduced access to robotic platforms/simulators, shortage of surgeon educators, and limited

access to robotic training centers
[25]

. We anticipate that this should improve within the next decade corollary

with the increase in global access to robotic platforms. The largest robotic surgical company operating in

over 70 countries, and new technology platforms are continually entering the market
[16]

.

Environmental sustainability considerations

The operating room accounts for one-third of hospital waste production and substantial energy

consumption
[49,50]

. Robotic systems, in particular, have a notable impact on sustainability due to high waste

and energy use
[51]

. Robotic systems generate substantial single-use instrument waste and consume

significantly more energy per-case than conventional laparoscopy
[51]

. While surgeons are motivated to

implement surgical sustainability initiatives, their specific knowledge remains low on methods to improve

sustainability in surgical practices
[52]

. Specific mitigation strategies include prioritizing reusable instrument

                                                                                           



Page 8 of 11 Johnson et al. Mini-invasive Surg. 2026;10:34

platforms in procurement decisions and investing in energy-efficient robotic systems and operating room

infrastructure. Industry leaders, regulatory bodies, and surgical societies should collaborate to develop and

enforce sustainability standards, conduct life-cycle analyses of robotic platforms, and incorporate

environmental impact metrics into adoption decision frameworks.

FUTURE PERSPECTIVES
Several powerful robotic and AI-assisted surgical innovations have emerged, such as digital twin simulations,

image-based segmentation, and advanced vision models, which possess the ability to provide autonomous

suturing. While these cutting-edge innovations and future developments have the potential to enhance

surgical care, they may also widen the gap in equitable access to these technologies
[53]

. However, it also

presents an underexplored opportunity to lower training barriers by enabling surgeons with limited robotic

experience to perform procedures safely under AI-assisted, real-time, remote expert supervision, reducing

the dependency on in-person fellowship training. Low-cost AI integrated with entry-level robotic platforms

could create a viable pathway for LMICs to introduce robotic-assisted surgery at a fraction of current costs.

Realizing this potential will require deliberate investment in open-access AI training datasets, affordable

computational infrastructure, and international regulatory harmonization that does not inadvertently restrict

LMIC adoption
[47]

.

CONCLUSIONS
While robotic surgery brings proven benefits for patients, surgeons, communities, and health systems, there

are challenges in expanding its use in global, rural, and low-resource settings. Collaboration with

government, industry, and health system leadership is now required to create multi-partner implementation

models, accounting for country-specific variables such as health policies, financing models, availability of

surgically trained workforce, and training models. The introduction of lower-cost platforms, expanded access

to current platforms, and healthcare policies and financial models prioritizing access to safe, affordable

surgical care are necessary.

Three action-oriented priorities should guide the field: (1) establish globally harmonized, competency-based

training standards for robotic surgery that are accessible to surgeons in LMICs through simulation, twinning

programs, and virtual mentorship; (2) develop sustainable, context-appropriate financing and

equipment-sharing models - including leasing, regional hubs, and public–private partnerships with robust

governance - to broaden platform access beyond high-income hospital systems; and (3) build

comprehensive, whole-team capacity that includes surgeons, anesthesiologists, nurses, and biomedical

engineers, ensuring that technology introduction does not outpace local ability to operate, maintain, and

benefit from it safely and equitably.
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