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Abstract

Emerging technologies are changing hand surgery by improving surgical precision, min-
imizing tissue disruption, and expediting patient recovery. These advancements have the 
potential to revolutionize surgical procedures, patient outcomes, and rehabilitation pro-
cesses. However, there are still challenges that need to be addressed before these technolo-
gies can be widely adopted. These challenges include the learning curve for surgeons, high 
costs, and ethical considerations. Future research should focus on addressing the limita-
tions of these technologies, exploring their long-term effects, and evaluating their cost-ef-
fectiveness. To successfully implement them, a collaborative approach involving clini-
cians, researchers, engineers, and policymakers is necessary. This review provides an over-
view of current and future trends in emerging technologies for hand orthopedic surgery.
[GMJ.2024;13:e3325] DOI:10.31661/gmj.v13i.3325
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Introduction

The emerging technologies significantly 
impact the field of orthopedic surgery 

[1]. The convergence of engineering innova-
tion and medical expertise has given rise to 
a spectrum of emerging technologies that are 
reshaping the landscape of hand-surgical in-
terventions. This surge in technological ad-
vancements holds the promise of revolution-

izing not only surgical procedures but also pa-
tient outcomes, rehabilitation processes, and 
the overall trajectory of hand health [2, 3]. 
Hand orthopedic surgery, which involves the 
diagnosis and treatment of disorders and in-
juries affecting the hand and upper extremi-
ties, has traditionally relied on manual tech-
niques and limited tools [4]. Moreover, the 
role of emerging technologies in hand ortho-
pedic surgery extends beyond the operating 
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room. These advancements have also led to 
significant improvements in patient care and 
rehabilitation [5, 6]. Virtual reality (VR) and 
augmented reality (AR) technologies, for in-
stance, allow surgeons to simulate surgical 
procedures and educate patients about their 
condition [7–9]. This enhances patient un-
derstanding and enables more informed de-
cision-making. Furthermore, emerging tech-
nologies have facilitated the development of 
personalized treatment plans and rehabilita-
tion protocols, tailored to individual patients' 
needs and characteristics [10, 11]. 
This technological advancements in hand 
orthopedic surgery have improved surgical 
outcomes and patient care and paved the way 
for further advancements. As technology con-
tinues to evolve, hand orthopedic surgery is 
expected to benefit from these advancements, 
ultimately leading to better patient outcomes 
and a higher quality of care [12, 13]. 
In this review, we embark on a comprehesive 
exploration of the current trends and future 
directions in the realm of emerging technol-
ogies within hand and orthopedic surgery. 
From three-dimensional printing and robot-
ics to augmented reality, wearable devices, 
and nanotechnology, these technologies are 
catalyzing a paradigm shift in the way hand 
surgeries are approached and executed. The 
convergence of precision, customization, and 
real-time data acquisition is unlocking new 
dimensions in the understanding and treat-
ment of hand-related conditions. 

1. Three-dimensional (3D) Printing in 
Hand Surgery

3D printing has revolutionized the field of 
hand surgery by allowing for the creation of 
custom implants and instruments tailored to 
each patient's unique anatomy [14–16]. 
This personalized approach has greatly im-
proved surgical outcomes, particularly in cas-
es of complex hand injuries and deformities 
[16, 17]. 
The process begins with obtaining a detailed 
scan of the patient's hand using advanced im-
aging techniques such as CT scans or MRI 
[14].  These scans provide the necessary data 
to create a precise 3D model of the patient's 
hand, including any affected bones, tendons, 

or ligaments. Using this model, surgeons can 
design and print custom implants that per-
fectly fit the patient's anatomy, leading to im-
proved functionality and reduced risk of com-
plications [14–18].
3D printing also offers the flexibility to create 
surgical tools and guides that are specifically 
adapted to the intricacies of each case. This 
level of customization ensures that surgeons 
have access to the most suitable instruments 
and aids in achieving optimal results during 
procedures [19–21].  

1.1. Patient-specific Implants
Traditional implants often face challenges in 
achieving an ideal fit due to anatomical vari-
ations among individuals. However, with 3D 
printing, implants can be precisely tailored to 
the unique anatomy of each patient [22, 23].
This customization not only enhances the im-
plant's fit but also optimizes its functionality, 
leading to improved postoperative outcomes 
and a reduction in complications. The use of 
3D printing for patient-specific implants has 
shown promising results in hand surgery, and 
further research is needed to explore its long-
term effects [15, 18, 24].

1.2. Anatomical Models for Preoperative 
Planning
The creation of detailed anatomical models 
through 3D printing has become an invalu-
able asset in preoperative planning for hand 
surgeries [15]. Surgeons can now visualize 
and interact with patient-specific anatomical 
structures, allowing for a more comprehen-
sive understanding of complex cases [14].  
This hands-on approach aids in the formula-
tion of precise surgical strategies, ultimately 
contributing to enhanced procedural accuracy 
and improved patient outcomes. The use of 
3D printed anatomical models has shown po-
tential in reducing surgical complications and 
improving surgical efficiency [15, 24]. 

1.3. Custom Prosthetics
The field of prosthetics has witnessed a trans-
formative shift with the advent of 3D print-
ing technology. Custom-designed prosthetic 
hands, fingers, or other orthotic devices can 
be manufactured with meticulous precision, 
accommodating the specific needs and pref-
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erences of individual patients [14, 15]. This 
personalization not only improves the com-
fort and functionality of prosthetics but also 
addresses the aesthetic concerns of patients, 
fostering a more holistic approach to reha-
bilitation. The use of 3D printing for custom 
prosthetics has shown promising results in 
improving patient satisfaction and quality of 
life [25, 26]. 

2. Robotic-assisted Systems

Robotic systems are designed to enhance 
surgeon ergonomics, reducing fatigue during 
lengthy procedures. Improved ergonomics 
contribute to sustained focus and steady con-
trol, ultimately enhancing surgery [27, 28]. 
Robotic-assisted hand surgery offers several 
advantages over traditional open surgeries. 
One significant advantage is improved sur-
gical precision. Robotics enables surgeons to 
execute precise movements with sub-millime-
ter accuracy, which is particularly beneficial 
in procedures requiring delicate manipula-
tions such as nerve repair or microsurgical 
interventions. This level of precision can lead 
to better outcomes and reduced risk of com-
plications [29, 30].
Another advantage of robotic-assisted hand 
surgery is minimized tissue trauma. Minimal-
ly invasive robotic procedures often result in 
reduced tissue trauma compared to tradition-
al open surgeries.  This can translate to less 
postoperative pain, faster recovery times, and 
improved patient satisfaction. By minimizing 
tissue trauma, robotic-assisted hand surgery 
offers a less invasive option for patients, lead-
ing to improved overall patient experience 
[31, 32].  Additionally, robotic systems are 
designed to enhance surgeon ergonomics. The 
ergonomic design of robotic systems reduces 
fatigue during lengthy procedures, allowing 
surgeons to maintain focus and steady con-
trol. This ultimately contributes to enhanced 
surgical outcomes. By reducing fatigue and 
improving ergonomics, robotic-assisted hand 
surgery can improve the overall quality of 
care provided to patients [33, 34]. 
Despite the advantages of robotic-assisted 
hand surgery, there are certain considerations 
to use this technology. The integration of ro-
botic systems in hand surgery has introduced 

technological complexities that require spe-
cialized training for surgeons and support 
staff [35–37]. 
Overcoming these challenges necessitates on-
going education and the development of stan-
dardized protocols. Surgeons must familiarize 
themselves with the robotic platform, master 
the hand-eye coordination required for precise 
manipulation, and adapt to the unique inter-
face and feedback mechanisms provided by 
the robotic system [33, 38]. 
Furthermore, support staff, including nurses 
and technicians, need to be trained to effec-
tively assist in robotic-assisted procedures. 
These training requirements highlight the 
need for continuous education and collabo-
ration between healthcare professionals and 
technology developers. This collaboration is 
essential for successful implementation and 
advancement of robotic-assisted hand surgery 
in the healthcare field [36, 38, 39]. 
Cost considerations also pose challenges to 
the widespread adoption of robotic-assisted 
hand surgery. The initial investment in robotic 
systems, including the purchase of the equip-
ment and installation, can be substantial [31]. 
Additionally, maintenance costs, including 
regular servicing and software updates, need 
to be factored into the overall budget.  Fur-
thermore, the need for dedicated personnel to 
operate and maintain the robotic system adds 
to the financial burden. Despite these chal-
lenges, studies have shown that the benefits 
of robotic-assisted hand surgery, such as re-
duced surgical time, improved accuracy, and 
enhanced patient outcomes, can potentially 
offset the initial investment and ongoing costs 
[40, 41]. 
Currently, robotic-assisted hand surgery finds 
applications in various procedures, including 
arthroplasty and peripheral nerve surgeries 
[42, 43]. These procedures benefit from the 
precision and dexterity offered by robotic sys-
tems, leading to improved surgical outcomes 
and reduced post-operative complications 
[30, 44]. 

3.  Augmented Reality (AR) and Virtual 
Reality (VR) 

AR and VR  are rapidly evolving technologies 
that overlay or replace the physical world with 
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digital information [9, 10]. In recent years, 
these technologies have been increasingly in-
tegrated into various medical disciplines, in-
cluding hand surgery. The use of AR and VR 
in hand surgery provides a distinctive oppor-
tunity to revolutionize conventional surgical 
planning, education, and intraoperative guid-
ance, ultimately improving procedural accu-
racy and patient outcomes [7, 9, 10].
These technologies have been used to create 
preoperative surgical plans, enabling surgeons 
to visualize the surgical site from various per-
spectives [7, 10]. The use of AR and VR in 
surgical planning can enhance a surgeon's un-
derstanding of a patient's unique anatomy and 
pathology, leading to a more precise and per-
sonalized surgical approach. Vles et al. [10] 
presented  that these technology can reduce 
operative time and improve surgical preci-
sion, resulting in better patient outcomes.
Additionally, AR and VR provide an inno-
vative platform for surgical education due to 
their immersive nature [9, 37]. Trainees can 
practice surgical procedures in a virtual envi-
ronment, improving their technical skills and 
decision-making abilities. These technologies 
provide real-time feedback, enhancing the 
learning process. Studies have shown that AR 
and VR-based training can improve trainees' 
procedural accuracy and confidence, thereby 
enhancing patient safety [45]. 
Moreover, AR and VR technologies have been 
used to provide real-time, intraoperative guid-
ance, enhancing the surgeon's spatial aware-
ness and precision [7].  Digital information, 
such as the patient's unique anatomy or the 
planned surgical approach, is overlaid onto 
the surgical field to assist the surgeon during 
the procedure [7, 10]. 

4. Smart Implants and Wearable Technol-
ogies 

The smart implants and wearable technologies 
offer real-time monitoring of surgical sites, 
providing clinicians with immediate insights 
into postoperative conditions such as tem-
perature, inflammation, and healing progress 
[13, 46–48]. Biomechanical sensors embed-
ded in implants can monitor joint motion and 
muscle activity, providing valuable feedback 
on the effectiveness of surgical interventions 

and guiding personalized rehabilitation strat-
egies [46, 49]. 
Wearable devices extend post-operative mon-
itoring beyond the clinical setting, including 
smartwatches and specialized rehabilitation 
wearables [50]. They provide a comprehen-
sive understanding of the patient's recovery 
journey by continuously tracking vital signs, 
activity levels, and rehabilitation exercises. 
These devices also promote increased pa-
tient engagement through features such as re-
al-time feedback, reminders, and personalized 
rehabilitation plans, resulting in improved 
adherence to postoperative care regimens and 
better outcome [51, 52].
Large datasets related to postoperative recov-
ery are being generated through the integra-
tion of smart implants and wearables [53].   
Advanced analytics and machine-learning 
algorithms can process this data, providing 
clinicians with valuable insights into recovery 
trends, potential complications, and individ-
ualized responses. Real-time data collection 
also enables early detection of complications, 
allowing for timely interventions and im-
proved patient safety [13, 52]. Smart implants 
and wearables allow for personalized rehabil-
itation plans based on real-time data, optimiz-
ing recovery and promoting functional resto-
ration [49, 52].
By enabling remote monitoring through tele-
health platforms, wearable technologies also 
extend the reach of post-operative care. Cli-
nicians can assess patient progress, provide 
guidance, and make necessary adjustments to 
rehabilitation plans without the need for fre-
quent in-person visits. This remote monitor-
ing capability improves patient convenience 
and reduces the burden of travel, while still 
ensuring effective postoperative care [48, 51, 
52].

5. Biomechanics and Sensor Technologies 
for Hand Function Assessment

The human hand has a complex biomechan-
ical architecture that performs a multitude of 
tasks with precision and dexterity [11].  As-
sessing its function after surgical intervention 
is a critical component of patient care. Recent 
advancements in sensor technologies have 
opened new avenues for the detailed evalua-
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tion of hand function, providing valuable data 
that can inform treatment and rehabilitation 
strategies [54].  
The use of sensor technologies has revolution-
ized the collection of data on hand functions 
in real-time. This capability provides imme-
diate feedback on a patient's performance 
during rehabilitation exercises, facilitating 
more dynamic and responsive treatment plans 
[46, 54].
Additionally, the immediacy of data collec-
tion promotes greater patient engagement, as 
individuals can actively participate in their 
recovery by tracking their progress and set-
ting tangible goals. Improved adherence to 
rehabilitation protocols is associated with en-
hanced patient engagement, resulting in better 
functional outcomes [49, 55].  
Sensor technologies, such as accelerometers, 
gyroscopes, and electromyography (EMG), 
enable precise measurement of joint kine-
matics and muscle activity, allowing for bio-
mechanical assessment of joint movement 
and muscle activity [48]. These tools provide 
quantitative data that offer an objective basis 
for evaluating patient recovery. Clinicians can 
tailor rehabilitation programs to address spe-
cific deficits identified through sensor-based 
evaluations by assessing range of motion, 
force generation, and coordination [11, 48, 
54]. 

6. Nanotechnology Applications 

Hand orthopedic surgery involves procedures 
to restore the function and integrity of the 
hand's anatomical structures. The application 
of nanotechnology in this field offers unprec-
edented opportunities to improve the efficacy 
of surgical interventions [56]. Nanotechnolo-
gy involves the manipulation of matter at the 
nanoscale, where unique phenomena enable 
novel applications. At this scale, materials 
exhibit physical, chemical, and biological 
properties that can be used to overcome the 
limitations of conventional hand orthopedic 
surgical approaches [57–60].

6.1. Drug Delivery Systems

Nanotechnology has had a transformative im-
pact on the field of drug delivery systems by 

enabling precise control over the release of 
therapeutic agents at the intended site, there-
by enhancing the effectiveness of drugs and 
minimizing adverse effects on the body as 
a whole [58]. Various nanocarriers, includ-
ing liposomes, dendrimers, and polymeric 
nanoparticles, can be specifically engineered 
to transport anti-inflammatory, analgesic, or 
antimicrobial agents directly to the surgical 
site in the hand. This targeted approach of-
fers significant advantages in the management 
of postoperative pain and infection, both of 
which are critical factors that can greatly in-
fluence surgical outcomes and patient recov-
ery [59, 58].
 
6.2. Tissue Engineering

Nanofibrous scaffolds, which include bio-
compatible and biodegradable materials, pro-
vide an ideal environment for cell attachment, 
proliferation, and differentiation [57]. So, this 
technology has greatly advanced the field of 
tissue engineering, specifically in the regen-
eration and repair of bone, tendons, and liga-
ments in hand surgery [61]. 
Tissue regeneration can be further enhanced 
by adding growth factors and other bioactive 
molecules to these scaffolds. Nanoscale sur-
face modifications of scaffolds can imitate the 
natural extracellular matrix, promoting cellu-
lar interactions that lead to improved tissue 
integration and healing [62]. 

6.3. Implant Coatings
Hand orthopedic surgeries often involve the 
use of implants for fracture fixation or joint 
replacement [63]. Nanotechnology has been 
instrumental in developing coatings for these 
implants to improve biocompatibility, reduce 
wear, and prevent infection. Nanocoating can 
be designed to release antimicrobial agents, 
reduce inflammatory responses, and promote 
osteointegration. In addition, the longevity 
and success of the implant can be enhanced by 
the application of nanoscale surface textures 
that influence protein adsorption and cell be-
havior [56, 62]. 

7. Challenges and Ethical Considerations

It is important to note that while nanotechnol-
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ogy offers promising applications in hand and 
orthopedic surgery, several challenges need to 
be addressed to translate these innovations into 
clinical practice [4]. The biocompatibility and 
long-term effects of nanomaterials must be 
thoroughly evaluated to ensure patient safety 
[56]. Additionally, manufacturing processes, 
scalability, and regulatory approvals present 
significant challenges [64]. Furthermore, the 
cost-effectiveness of these nanotechnological 
approaches must be considered in the context 
of healthcare economics [40, 42, 56]. 
Emerging technologies in the field of hand 
orthopedics present several challenges and 
ethical considerations that must be carefully 
considered. While the integration of new sur-
gical techniques and tools offers significant 
advancements in patient care, the adoption 
of these technologies is accompanied by a 
complex array of obstacles. Addressing these 
challenges is crucial to ensure the smooth in-
tegration of innovation into clinical practice 
[56, 65]. 
One of the major challenges associated with 
implementing emerging technologies in hand 
surgery is the significant learning curve for 
surgeons [66]. Mastery of new technologies 
requires extensive training and may result in a 
temporary decrease in a surgeon's efficiency, 
potentially affecting patient outcomes during 
the transitional period. Furthermore, the high 
cost of new equipment and the need for on-
going maintenance and updates can impose 
significant financial burdens on healthcare in-
stitutions [41, 67, 68].  
Patient privacy is of paramount importance, 
particularly with the increasing use of digital 
health records and telemedicine. Surgeons 
and healthcare providers must ensure that all 
patient data is protected against unauthorized 
access and breaches, adhering to stringent 
confidentiality protocols [65, 69]. 
Informed consent is another ethical impera-
tive that must be rigorously upheld. Patients 
should receive comprehensive education on 
the risks and benefits of novel surgical inter-
ventions, including an explanation of the tech-
nology, potential outcomes, and alternative 
treatment options. This will enable them to 
make well-informed decisions regarding their 
healthcare [67, 69]. 
The responsible use of technology is a ma-

jor ethical concern that includes both patient 
safety and the careful implementation of new 
surgical techniques. Surgeons must evaluate 
the evidence supporting the use of emerging 
technologies objectively and balance innova-
tion with the established principles of patient 
care [65].

8. Future Directions and Research Oppor-
tunities

Recent years have seen a rise in the use of 
cutting-edge technologies in hand orthopedic 
surgery, including robotics, artificial intelli-
gence (AI), 3D printing, and VR. These ad-
vancements have the potential to improve sur-
gical precision, speed up patient recovery, and 
reduce healthcare costs [14, 22, 24, 53, 70].
Looking to the future, the combination of AI 
and robotics has the potential to improve sur-
gical procedures by providing a more precise 
and personalized level of care. Additionally, 
3D printing technology could be used to cre-
ate customized implants, which may lead to 
better patient outcomes [8, 11, 13, 30].  
Further research is needed in several areas 
concerning the use of AI and robotics in hand 
orthopedic surgery. Key areas of investigation 
include the safety and effectiveness of these 
technologies, requiring rigorous, large-scale 
clinical trials. Additionally, the ethical and le-
gal implications of these advancements war-
rant exploration [65, 71]. Studies should also 
assess the cost-effectiveness of AI and robot-
ics and their potential impact on healthcare 
delivery and patient satisfaction [30, 65, 71, 
72]. 
A collaborative approach involving clinicians, 
researchers, engineers, and policymakers is 
needed to successfully implement these tech-
nologies. Innovation should be encouraged to 
address the limitations and challenges associ-
ated with these technologies [73–75]. More-
over, collaboration across disciplines could 
facilitate the development of new technolo-
gies and their integration into clinical practice 
[76].
Moreover, future research should focus on 
specific case studies that demonstrate the 
practical application of these ethical princi-
ples in clinical settings and hang surgery.
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ning and education, and wearables have trans-
formed postoperative monitoring and rehabil-
itation. Sensor technologies enable detailed 

evaluation of hand function post-surgery, 
while nanotechnology holds potential for 
drug delivery and tissue engineering. Despite 
these advancements, challenges including the 
learning curve for surgeons, high costs, and 
ethical considerations remain. Future research 
should address these limitations and explore 
long-term effects and cost-effectiveness. Up-
holding ethical standards, including patient 
privacy and informed consent, is crucial for 
ensuring patient safety and trust. Collabora-
tion among clinicians, researchers, engineers, 
and policymakers is essential for the success-
ful implementation of these technologies.
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