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Abstract 

 
Plenty of people are suffering from disabilities, which are preventing them from doing their normal daily activities. In the last few years, 
remarkable advancements and developments in upper extremity prosthetic technology have been made. Those developments, however, 
are dispersed among invasive and non-invasive methods, which is why this review has come to combine them in a beneficial and healthy 
manner. Upper- limb amputees will benefit from the review’s emphasis on emerging advanced technologies that provide sensory feedback 
using artificial intelligence to better control. An in-depth look at recent advances in the technology of invasive and non-invasive methods 
is presented in this paper. These methods are critically analyzed. Challenges and future opportunities are presented. 
 
Keywords: Upper extremity prosthetics, Myoelectric prosthesis, Bionic limbs advances, Invasive EMG methods, Pattern recognition 
for  EMG control. 

1. Introduction 

In the last few years, remarkable advancements and developments in upper extremity prosthetic technology have been 
made. Plenty of people are suffering from disabilities, which are preventing them from doing their normal daily activities. 
The human hand is a complicated mechanism that performs a variety of functions for lifestyle occupations. [1]. Recent 
statistics show that 57.7 million individuals are living with limb amputations due to traumatic causes around the world. 
Prior research substantiates the belief that around 75,850 prosthetists are needed to treat amputees all around the world 
[2,3]. Previous studies indicate that amputation’s prevalence was 1.6 million in 2005, and is predicted to be doubled by 
2050 [3]. 

 
The primary causes of amputation were trauma, tumors, and peripheral arterial disease (PAD) [4,5]. Discussions 
regarding bionic limbs have dominated research in recent years. Some researchers are trying to enhance the connection  
between  the limb and the brain through the nerves, while others are working to strengthen the functions of the limb 
by using artificial intelligence [6,7,8]. 
 
Upper limb prosthetics are available, hugely needed for most patients after amputation. The availability of prosthetic 
devices exists with various different types. Some are made only for cosmetics, while others are functional and could 
particularly support the patient in daily activities. There are many important factors that differ from one individual to 
another for choosing the suitable device, such as the patient’s occupation, cosmetic purposes to satisfy the desire, and 
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lifestyle. There  is a huge difference between the upper limbs and the lower limbs when it comes to the construction of the 
artificial limb for an amputee. The upper extremity is more complicated than the lower one in terms of muscle control and 
the large brain cortex surface involved, which plays a unique role in human body performance [9]. 
 
Surgically implanted neural interfaces have gained much importance in recent years due to the limited functionality of 
recording EMG signals from the surface using electrodes on the skin [10]. The control capacity is what makes the 
difference when it comes to choosing the suitable device. When the individual moves his natural limb, his brain sends 
nerve signals to the muscles, which in turn directly move the limb, and after amputation, the brain still sends signals 
throughout the nerves, even though the muscles cannot react due to the amputation. Simply put, bionic devices work by 
receiving brain signals and converting them into commands.  
 
Despite the fact that a wide range of upper extremity limb prostheses are available around the world, to the authors’ 
knowledge, there is no overview of the latest technological advances in upper bionic limb including invasive and non-  
invasive procedures benefits, limitations, and drawbacks. Our goal is to give readers a quantitative overview of current 
upper limb prosthetics technology advancements, including both invasive and non-invasive procedures. We will discuss 
the advantages and disadvantages of invasive and non-invasive devices for the upper extremities in order to better serve 
prosthetic users. 

2. Non Invasive Methods 

2.1 Myoelectric direct control 
A German scientist invented the first myoelectric bionic hand with active control in the early 1940s. Since that day, a wide 
range of bionic arms has occurred. However, the major disadvantages are that they are expensive and aesthetically 
unpleasant [11]. Global design efforts strive for innovative advancements in 3D-printed prosthetic devices which have 
practical and psychological implications. Their primary concern for meeting social and cultural needs, on the other hand, 
has limited the designers’ ability to address the needs of the global community [12].  According to reports, transistor-based 
myoelectric prosthetic arms were designed by Russian scientists in 1959[14].  By the 1980s, myoelectric upper extremity 
limbs had become frequent in clinics, and they had a reputation for quality among amputees [15]. 
  
In terms of safety, the majority of prosthetic companies produce noninvasive myoelectric prosthetic hands. Collecting 
surface EMG is the most commonly used technique for performing the artificial hand [16]. Since EMG does not 
necessitate surgical installation, it is lower risk and more widely accepted by amputees. Typically, 2 or 3 electrodes are 
placed on the surface of the residual arm in order to collect EMG signals from muscle activity. The EMG signal   is then 
amplified (1000x) and bandpass filtered (20–500 Hz) before being sampled at 1000 Hz by an analog amplifier [17]. Based 
on the detected signals, various degrees of freedom   can be achieved with a myoelectric upper extremity limb’s 
microcontroller driving the joint’s actuators. 
 
Nowadays, the majority of motorized prosthetic limbs are controlled by an EMG taken from an amputated limb’s residual 
agonist and antagonist muscles. The traditional control method, on the other hand, is incapable of accurately con- trolling 
various functions, as considered necessary in shoulder disarticulation, for example. As a result, Myoelectric Pattern 
Recognition has evolved to provide multifunction control of the upper extremity limb prosthetic [18]. 
 

2.2 Myoelectric Pattern Recognition 
Analyses based on pattern recognition using machine learning algorithms, electromyography detects muscle activity and 
learns patterns from neurologically effective muscular contractions [19]. When using pattern recognition, 
Electromyography signals are typically split into window frames, defined by adequate characteristics. Afterwards 
classified using a mathematical equation. Pattern recognition is used to identify the movement and then a filter is used to 
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smooth it out. This estimate of actuation speed comes from the non-linear combination of EMG signal amplitudes  
[19,20,21].  
 
According to previous studies, the potential of electromyography pattern recognition systems has been enormously 
demonstrated. However, this has only been proved in experiments and research lab demonstrations so far [22,23,24]. 
Surface electrodes have historically been used to record EMG signals because they do not require surgical procedures. 
However, a wide range of considerations could now deteriorate EMG signals interpreted by electrodes placed on the 
upper extremity muscular surface. As a result of which the upper extremity task begins to be disrupted. They consist of 
anatomical considerations such as extra body fat or physical issues like sweating under the device, which can cause the 
user’s upper extremity limb to move in position, negatively impacting the device’s performance [25]. 
 
As a result of these issues, scientists began to consider advanced solutions using invasive methods to better control the 
upper extremity prosthetic device, including machine learning advanced techniques, which is now a topic of growing 
interest among scientists. Recently, a number of surgical advancements have improved the practicability and effectiveness 
of     myoelectric upper extremity prostheses [26]. 

3. Invasive Methods 

3.1 Implantable Myoelectric Sensor 
From previous studies, many of the problems with surface electromyography signals could be solved by using invasive 
electromyography upper extremity limb technique that utilizes sensors implanted in muscle [27, 28]. 
An overview of chronic implantable systems developed by researchers. First and foremost, there is MyoPlant [29]. Then 
there’s MIRA, which each lead has 32 sensors [30]. Next, there’s iSens, which enables multichannel recordings with 
Bluetooth functionality [31]. Finally, IMES (Intramuscular EMG Signals): In this system, each implant can be used to 
record intramuscular electromyography signals [32]. These new technologies, particularly IMES, were developed based 
on prior research and are safe to use as well as being simple and effective for controlling multiple degrees of freedom 
simultaneously [33,34]. 
 

3.2 Targeted Muscle Reinnervation 
TMR is a surgical procedure that aids in the improvement of controllability over myoelectric devices. It can also prevent 
the formation of pinched nerves, which are known as neuromas, and decrease phantom pain as well [35, 36, 37]. TMR is 
an operation in which amputated nerves are transplanted into the motor branches of the patient’s remaining target 
muscles. This allows for the augmentation of EMG signals detected   by surface electrodes attached to the prosthesis 
[38]. Severed nerves can be transferred to new, reinnervated muscles, allowing the transferred muscles to respond to 
neural signals from the transferred nerves. 

 

Fig.1  Targeted Muscle Reinnervation procedure (Cleveland Clinic). 
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It all began in 1917 when this was discovered. To replace a missing limb, researchers discovered that nerves can be 
transferred to target muscles, letting EMG signals be amplified. This discovery inspired the development of TMR [39]. 
Between 2015 and 2018, the Alfred Hospital treated seven patients with TMR to better control their prosthetic upper 
limbs. After surgery, six patients reached six degrees of freedom, while one patient reached four [40].  
 
During the period of 2019 and 2020, there were fifteen patients treated   in total at MedStar Georgetown University 
Hospital. Health- related physical function improved from 3.7% to 5.8%, while overall life’s quality rose from 4.9% to 
7.0%. After TMR, patients reported an improvement in their lifestyle and ability to meet social and familial obligations 
[41]. All things considered, TMR is an effective surgical method for treating symptomatic neuromas and decreasing 
phantom pain. 
 

3.3 Osseointegration 
Osseointegration is the process in which bone fuses directly to a metal implant, allowing an external prosthesis to be 
inserted through the skin and attached to the appendicular skeleton. The idea was sparked by the discovery that in animal 
models, bone forms directly on titanium implants, with no intervening tissue [43]. OPRA was the codename given to this 
method (Osseointegrated Prostheses for the Rehabilitation of Amputees). Standardization began with femoral implants in 
1998 and con- tinued with forearm, humeral, and thumb systems in the following years (2005) [43]. There are two surgical 
events   per bone in the OPRA technique, and they are separated by six months [44]. 
 
There are significant advantages to attaching prosthesis directly to an osseointegrated implant. To begin with, it solves 
most common issues with a socket, especially the skin problems caused by residuum. Afterwards, the prosthesis can be 
attached and removed with ease thanks to the device. Even for short residual limbs, osseointegration maintains the joint’s 
degrees of freedom. By using Osseointegration as a surgical procedure, the amputee is able to have Osseoperception, 
which is the amputee’s ability to feel where his prosthesis is without seeing it [45]. 
 
On the other hand, there are numerous benefits, but there are also drawbacks to using osseointegration, such as superficial 
infection, which is the most common complication associated with OI prosthetic implants. Then came osteomyelitis, which 
is bone inflammation caused by an infected organism, which results in bone destruction [46]. Other complications can 
occur at the SPS (”stoma”) and skin/abutment interface even if there is no infection. Erythema or purplish patches of skin 
can develop around the implant [46, 47]. 

 

 

Fig.2  Osseointegration (Chalmers). 

Several studies have demonstrated the advantages of osseointegration. Enhanced use of prostheses, better functional 
results, and a higher quality of life are all benefits. However, there are a number of drawbacks, such as the possibility of 
superficial infection, which compromises the degree of osseointegration [48]. 
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4. CURRENT RESEARCH AND FUTURE OPPORTUNITIES 
 
4.1 Artificial Skins 

The sensitivity of artificial sensory skins is rising. A scalable tactile glove (STAG) developed by MIT engineers utilizes 
deep convolutional neural networks to recognize objects solely by touch. When objects are held in the hand, the knit 
glove’s 548 tiny sensors collect pressure-signal data, allowing it to reliably identify objects (as well as their weight) 
upon touch [49]. 

 

Fig.3  STAG Glove (Massachusetts Institute of Technology) [49]. 

NUS (National University of Singapore) researchers have created yet another device. The Asynchronous Coded 
Electronic Skin (ACES) is a one-centimeter-square device with 100 tiny sensors on it. It can tell the difference between 
20-30 different sexes and read the braille line with an accuracy of over 90% [50]. University of Hong Kong scientists 
have created artificial skin that changes color from yellow to a bruise-like purple when subjected to force via ionic 
signals. This serves as a visual cue that damage has caused [51]. It was the goal of Qi Zhang, Shiping Zhu, and other 
researchers to create an I-skin that could not only register changes in an electrical signal when a force was applied, but 
that could also change color to resemble human bruising in appearance. According to the researchers [51], the I-skin, 
which reacts electrically and optically like human skin, opens up new opportunities for detecting damage in prosthetic 
devices and robotics. 

 
4.2 Sensory Feedback 

Sensory feedback advancement techniques are one of the most useful techniques for improving upper extremity pros- 
thetic limb control. There are a variety of methods for improving upper-limb sensory feedback control, such as Target 
Sensory Reinnervation (TSR) [52], or Transcutaneous Electrical Nerve Stimulation (TENS) [53]. In 2015, a new 
Biomechatronic EPP equivalent upper limb prosthesis controller’s topology and viability were discussed. It uses a 
traditional Extended Physiological Proprioception (EPP) topology with two basic subsystems: a master and a slave that 
communicate in both  directions to give the human hand additional sensory feedback [59]. 

 

The University of Utah researchers created a 3D-printable, lightweight, and adaptable prosthetic wrist that significantly 
reduced workload as measured by the NASA Task Load  Index in a modified clothespin relocation task. However, one 
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limitation of servo motors is that prolonged use at maximum load generates heat capable of softening the PLA [60]. Many 
upper-limb amputees complain that commercial prostheses have no sensory feedback [61]. In order to provide amputees 
with a sense of touch, peripheral nerves have recently been stimulated by signals connected to touch sensors on prosthetic 
hands. Neuromodulation using optics and genetics to track or stimulate neural activity in real time in animals is known as 
optogenetics [62]. Optogenetics, a new field that has recently emerged, provides a unique set of tools that may help with 
the peripheral nerve interface concern. This current research may eliminate the need for implanted electrodes or other 
microdevices for stimulating peripheral afferent and efferent nerves with high spatial specificity [63]. 
 
TMR, OI, Mechatronics, and neural decoding algorithms are among the most advanced technologies for upper extremity  
prosthetic limbs, according to researchers [31]. 
 

 

Fig.4  A combination of the most advanced technologies for upper extremity limbs [31]. 

 

4.3 Augmented Reality and Virtual Reality Training 
New technology for prosthetic limbs will most likely be- come more prevalent. Using augmented reality technology for 
prosthesis training is one example. Many upper-limb amputees have to wait a long time before they can get a prosthetic    
limb fitted. Augmented reality is creating a new framework for possible future upper extremity prosthetic limb users to 
start practicing using a real device in their home environment without actually visiting a clinical laboratory [70]. Using 
augmented reality (AR), researchers from Paderborn University and Aalborg University developed a new training platform 
that integrates virtual elements into authentic world scenes while permitting a first-person perspective to be used. The 
outcomes showed that this augmented reality system facilitates transferring abilities from a simulated to an authentic and 
true situation, while also offering a satisfying patient experience. Research’s results show that the AR framework, as 
proposed by the researchers, is both effective and flexible [71]. 

 
Providing a virtual environment and presenting it to the user as real as possible is what virtual reality systems aim to 
achieve. Researchers from the University of New South Wales in Australia have designed a novel concept system that 
allows patients to have a better experience using a prosthetic upper extremity limb in a virtual environment with the HTC 
Vive [72]. It was claimed by scientists that the prototype system gave users an improved and more realistic experience 
[72]. According to researchers from Offenburg University in Germany, augmented reality glasses could make it easier for 
people who have lost an upper extremity to use prosthetic limbs in the future [73]. 
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Table 1: Overview of the current advanced upper extremity limb prosthetics, N/A: Not Available 
Name Weight Configuration Current availability Cost (US$) 

Luke Arm 4.7 kg Shoulder USA $100,000+ 

Ability Hand 470g Hand USA $20,000 to $30,000 

Atom Touch N/A Shoulder USA By 2024 $50,000+ 

Michelangelo 600 g Forearm Global $ 60,000 to $ 70,000 

Brunel hand 2.0 332g Forearm Global $1634 

TrueLimb N/A Shoulder USA, Canada Less than $10,000 

Bebionic Hand 588g to 689g Forearm Global $30,000 to $40,000 US 

Vincent Evolution 3.0 386 g Hand USA, Europe, Russia $30,000 to $40,000 

Adam’s Hand N/A Hand Italy, USA, Germany, France, 
Spain 

$30,000 to $40,000 

BrainRobotics Hand 530g Shoulder USA $20,000 to $30,000 

Hero Arm 340g Shoulder USA, UK, Europe, Australia, 
New Zealand 

$10,000 to $20,000 

Ossur i-Limb Hand 572g to 628g Shoulder Global $45,000 to $70,000 

Cure Bionics N/A Forearm Tunisia $2,000 

Grippy N/A Shoulder India $5,000 

 

5. Conclusions and perspectives 

Significant advancements and developments in upper ex- tremity prosthetic technology have occurred in recent years. 
However, these advancements are separated throughout in- vasive and non-invasive methods. The combination of these 
technologies would be extremely beneficial to future research. According to our analyses, if we could combine TMR 
with OI, implanted sensors and advanced neural-decoding algorithms, as well as a scalable tactile glove, it would greatly 
improve  the research team’s proposed technology [31], by accurately identifying objects and their weight when touched. 
The price, on the other hand, will undoubtedly be hugely expensive for the prosthetic user as well. 

 
Based on previous research on low-cost prosthetic limbs, we recommend a 3D printed prosthetic upper extremity limb 
that combines machine learning algorithms (pattern recognition for example), Augmented Reality (AR) and Targeted 
Muscle Reinnervation (TMR) procedure if necessary to better control. As for biomechatronics, there is no doubt that 
MIT researchers are primarily focused on lower extremity prosthetics rather than upper extremity ones [64, 65, 66, 
67,68,69]. Keeping in mind that progress in this field are linked not only to technological advancements, but also to the 
patient’s needs, and despite advances in artificial intelligence-based upper extremity limb research, there are still many 
steps to be taken before a prosthetic upper extremity limb can accurately mimic a human arm in terms of control and 
sensory feedback. 
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