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Un libro es un espejo y sólo podemos encontrar en él 
lo que ya tenemos adentro 

Carlos Ruiz Zafón – La Sombra del Viento 
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ENGLISH SUMMARY 

The effects of upper limb loss are varied and far-reaching. The quality of life of 
amputees is severely impaired by their hinderance in executing basic tasks, their 
social participation and self-image are negatively affected, while many amputees 
face phantom limb pain. Modern myoelectric prostheses provide users with par-
tial restoration of lost hand functionality; however, high prosthesis abandon-
ment rates are still reported, despite the ever-growing sophistication of their de-
sign. An often-cited reason for users discarding their prosthetic hands is the lack 
of somatosensory feedback, in other words, the fact that modern prosthetic de-
vices do not “feel”.  

Many feedback generation and delivery methods have been put forward and 
studied in literature. This PhD thesis focuses on a relatively novel approach: that 
of EMG feedback. In a proportional control scheme, the strength of the muscle 
contraction that the user generates is proportional to the amplitude of the rec-
orded myoelectric signal that drives the prosthesis and, by extension, propor-
tional to the grasp force that the prosthesis applies. By communicating the am-
plitude of the user’s myoelectric signal back to them in real time, the user can use 
that information to precisely modulate their contraction up- or downwards to a 
desired level and apply the force they wish. An attractive feature of EMG feed-
back is that this can be achieved in a predictive manner before the hand closes 
around an object since the user receives feedback as soon as the hand starts mov-
ing. 

The advantages of EMG feedback over more traditional methods, such as force 
feedback, have been demonstrated in the past. This work presents a comprehen-
sive study of EMG feedback performance in various functional force-matching 
tasks and comprises of four parts. The first part regards the calibration of the 
myoelectric control loop in the presence of EMG feedback, aiming at perfor-
mance optimization and enhanced force control. The advantage of EMG feedback 
over force feedback is further demonstrated in the second part, where it is shown 
that a prosthesis control loop integrating EMG feedback is less sensitive to con-
trol disturbances and the participants could perform a task correctly, irrespec-
tive of these disturbances. The third part establishes that EMG feedback en-
hances the control capabilities of the user, even when grasping compliant ob-
jects, a task which provides them with ample visual feedback, which one may 
argue could suffice for the correct application of force. Finally, the translatability 
of the system to other muscle groups and body areas, for use on higher-level am-
putees is demonstrated in a case study making up the fourth part of this work. 
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It is the author’s hope that the evidence presented in this thesis will pave the way 
for the integration of EMG feedback in commercial prosthetic devices, with the 
singular goal of enriching their functionality and, thus, restoring the quality of 
life of their users. 
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DANSK RESUME 

At miste en arm har en række vidtrækkende konsekvenser, herunder en væsent-
lig forringelse af livskvalitet grundet nedsat evne til at udføre simple opgaver og 
til at indgå i en social kontekst samt et forringet selv-billede og fantomsmerter. 
Moderne myoelektriske protester kan delvist genskabe funktionaliteten af am-
puterede hænder, men et stort antal brugere vælger ikke at anvende deres pro-
tese på trods af at deres design bliver mere og mere sofistikeret. En hyppigt an-
givet årsag til dette fravalg er manglende somatosensorisk feedback, eller med 
andre ord; det faktum at de ikke kan føle protesen. 

Der har været foreslået mange metoder til at genskabe feedback i litteraturen. 
Denne PhD afhandling fokuserer på en relativ ny tilgang: EMG-feedback. Når pro-
tesens styres med proportionel kontrol, vil muskelkontraktionsniveauet som 
brugeren yder, estimeret ved EMG signalets amplitude, være direkte proportio-
nel med protesens grebsstyrke. Ved at lade denne EMG-amplitude bestemme 
feedbacksignalet til brugeren i realtid, kan brugeren anvende denne information 
til med stor præcision justere deres kontraktionsniveau således protesen yder 
den ønskede kraft. En fordelagtig egenskab ved EMG-feedback er at det tillader 
brugeren justerer grebsstyrken allerede inden protesen griber objektet, idet 
brugeren får feedback allerede fra det tidspunkt hvor protesehånden begynder 
at lukke sig. 

Tidligere studier har påvist visse fordele forbundet med EMG feedback i forhold 
til andre metoder til at genskabe somatosensorisk feedback. I denne afhandling 
præsenteres i fire dele en omfattende undersøgelse af effekten af EMG-feedback 
i forskellige realistiske protese-kontrol opgaver, der har det til fælles at en præ-
cis kraft skal ydes. Den første del fokuserer på den optimale kalibrering af den 
myoelektriske kontrol løkke når den inkluderer EMG feedback, med henblik på 
at optimere præcisionen af protesens kraft. Fordelene ved EMG-feedback de-
monstreres yderligere i den anden del, hvor det vises at protesekontrol ved 
hjælp af EMG-feedback er mindre følsomt overfør forstyrrelser i kontrolsignalet, 
idet brugerene kunne udføre den ønskede kraft på trods af påvirkningen af disse 
forstyrelser. Den tredje del viser at EMG-feedback forbedrer brugerens kontrol 
over protesen, selv når den griber om et eftergivende objekt. I sådanne opgaver 
er den kraft protesen yder ellers i høj grad synlig for brugeren da den afspejles 
af objektets deformitet, hvilket normalt antages for at være tilstrækkelig infor-
mation for at kunne yde præcis kontrol. I det fjerde og sidste studie påvises gra-
den hvormed EMG-feedback kan anvendes på andre muskelgrupper og på andre 
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kropsområder med henblik på anvendelse til proteser for arm-amputationer ved 
skulderen. 

Det er denne forfatters håb at de resultater der præsenteres i denne afhandling 
vil bane vejen for integration af EMG feedback i kommercielle proteser, med det 
endelige mål at forbedre deres funktionalitet og øge brugernes livskvalitet. 
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Chapter 1. INTRODUCTION 

1.1. AMPUTATION AND A BRIEF HISTORY OF PROSTHETICS 

1.1.1. AMPUTATIONS 

An amputation is the removal of a body part due to trauma or disease, such as 
vascular diseases, tumors, and infections. As a medical procedure, amputation 
has a very long history, with reports as early as 2500 years ago [1]. A congenital 
amputation is a condition where fetal limbs have failed to develop properly in 
utero, with an infant being born without parts of its limbs.  

Invariably, limb amputations restrict a person’s ability to perform tasks of daily 
living. Losing a limb severely disrupts a person’s quality of life and can lead to 
chronic psychological challenges [2], [3], a reduction in social participation [2], 
[4], and difficulties in returning to the workplace after the injury [5]. Painful sen-
sations felt in the absent limb, known as phantom limb pain, is an additional issue 
faced by many amputees, which further complicates the rehabilitation process 
and negatively affects the amputees’ quality of life [6]. 

In the United States alone, there are approximately 1.7 million people with am-
putations [7], of which 41,000 have upper-limb differences, the majority of 
whom are younger than 65 years of age [8], caused mainly by trauma or cancer 
[9]. Depending on the condition or the damage to the limb, there are several 
types of amputations.  

A specific distinction is that between a disarticulation and an amputation, the 
former of which is the removal of a limb part not by bisecting a bone, but by sep-
arating the constituent bones at a joint. Hence, in the arm we can define 3 types: 
wrist, elbow, and shoulder disarticulation. Procedures that involve cutting 
through bones include partial hand amputations (transcarpal), amputations be-
tween the wrist and elbow (transradial), which are the most common traumatic 
upper limb amputations [9] and between the elbow and shoulder (transhu-
meral). Lastly, a forequarter amputation includes the removal of the entire arm, 



EMG FEEDBACK FOR ENHANCED CONTROL OF MYOELECTRIC HAND PROSTHESES 

20 

including the scapula and clavicle. This procedure is mainly performed as a last 
resort for the treatment of osteosarcomas in the proximal humerus or clavicle; 
however, by virtue of advances in the treatment of such tumors, it is rarely per-
formed today and has given way to modern limb-sparing surgeries [10]. 

1.1.2. PROSTHESES 

A missing limb can be replaced by a prosthesis, which mimics the original limb 
in form and function. Prosthetic limbs have been used throughout human his-
tory, with the earliest known prosthetic device being a wooden toe found buried 
with a 3000-year-old Egyptian mummy [11]. In his Naturalis Historia, Pliny the 
Elder mentions a Roman general from the 3rd century BCE who received a pros-
thetic arm that allowed him to return to battle, showcasing the importance of the 
functional restoration of missing limbs. 

Our knowledge of prosthetic devices until recent years is rather fragmented 
since, for many centuries, amputations were characterized by a high mortality 
rate due to hemorrhaging or infection [12], while only affluent citizens could af-
ford such devices. A historic example of a prosthetic arm is that of Götz von Ber-
lichingen, a German knight who lost his arm circa 1500 CE. The 16th century 
French physician Ambroise Paré advanced the design of prosthetic arms by de-
signing spring-loaded anthropomorphic prostheses. In both cases, the arms and 
digits were controlled by the amputee’s intact hand but restored a fair amount 
of functionality [13]. 

The first body powered prosthesis was designed in the early 19th century by the 
German dentist Peter Baliff [14]and it was the first attempt to integrate active 
functionality in the prosthetic arm [12]. Through a network of harnesses and 
straps, the movement of a different body part was translated into movement in 
the prosthesis. In more recent years, these harnesses were replaced by Bowden 
cables, which are being used in body powered prostheses to this day [14]. 

1.1.3. MODERN TRENDS 

In the 20th century, aided by significant technological advances, the interest has 
shifted to the development of powered prostheses, active motorized devices able 
to move independently, in response to the user’s intent. These devices are char-
acterized by a considerably higher design complexity than their predecessors 
and their motion is driven by biological signals generated by the user. It is rea-
sonable to point out that the level of amputation is itself an important factor that 
informs the rehabilitation process as well as the design of the prosthesis inter-
face. A higher level of amputation limits the prosthesis control capabilities avail-
able since there are fewer biological tissues to harvest signals from, to control a 
larger number of degrees of freedom [15]. 



 

21 

Nowadays, myoelectric prostheses are arguably the most widely used type of 
powered prostheses, and the focus of this dissertation. Electromyographic 
(EMG) recordings recorded from the user’s residual muscles are used to gener-
ate the control signals that drive the motors of the prosthesis. The first attempt 
at the development of such a device was in 1948 [12] but initially failed to garner 
enough attention for a clinical application. Nevertheless, since then, myoelectric 
prostheses have evolved and are now commonly used worldwide.  

The electromyogram can be recorded in several ways. Most commonly, surface 
electrodes are used [16]–[25], which are placed onto the skin and detect the elec-
trical activity of the muscles lying underneath. Percutaneous and intramuscular 
electrodes or other invasive interfaces achieve better signal quality than surface 
electrodes, since they are placed closer to the signal source [26], [27]. The use of 
invasive interfaces, however, is mostly limited to laboratory applications or ex-
perimental trials; the simplicity of surface electrodes makes them more suited 
for prolonged everyday use. The development of invasive interfaces must ad-
dress issues of long-term biocompatibility [28] besides the implantation proce-
dure itself, which a user may be unwilling to undergo in the first place [29]. 

Lastly, targeted muscle reinnervation (TMR) [30]–[32] is a medical procedure 
wherein the severed nerves of the amputated limb are rerouted onto a different 
muscle in the patient’s body. That way, signals that would otherwise generate 
movements in the missing limb now elicit muscle contractions in a different mus-
cle. The EMG generated in these contractions can, consequently, be detected by 
surface electrodes and drive a prosthetic limb.  

It has been argued that muscles can be viewed as amplifiers of the electrical sig-
nals carried by the peripheral nerves that innervate them [16]. These neural sig-
nals are generated in the motor cortex of the brain and carried to the muscles to 
elicit contraction and generate movement. For this reason, the electrical activity 
of motor nerves can also be used as a control signal for a prosthesis [33], with 
many examples of electrodes for direct neural interfacing in the literature [34]. 
However, the necessity of surgery for the implantation of the electrodes, the 
complexity of the system, and the potential deterioration of the implants in situ 
[35], [36] have impeded the commercialization and wider use of such interfaces, 
although valuable research is still ongoing [37]. 

It must be noted that the experimental part of this PhD thesis utilized exclusively 
non-invasive means for EMG recording, for the participants to control myoelec-
tric hands in all the experimental tasks.  
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1.2. MYOELECTRIC PROSTHESES AND USER PERSPECTIVES 

Advances in fields like materials science and biomechatronics have paved the 
way for the development of a variety of myoelectric prosthetic hands by various 
manufacturers, both commercial and experimental. Prosthetic hands from major 
manufacturers include the Michelangelo and beBionic hands by OttoBock and 
the iLimb series by Össur. The VINCENTevolution hand by Vincent Systems is the 
only commercial hand that implements somatosensory force feedback, while the 
Hero Arm by Open Bionics is marketed as an affordable 3D-printed hand. In fact, 
3D printing has garnered attention as an attractive option for the manufacturing 
of prostheses, specifically in developing countries that have limited access to 
high-end commercial prostheses [38], [39]. 

Research is, of course, still ongoing, with several laboratories designing and de-
veloping their own novel prosthetic hands. A prime example is that of the Soft 
Hand Pro [40], whose underactuated mechanical design is informed by the nat-
ural synergies of the human hand, to offer more natural grasping patterns. Other 
examples include the Hannes [41], and SmartHand [42] hands. The goal of all 
these devices is, of course, to restore functionality in amputees, but they differ in 
terms of several features.  

When designing a prosthesis, one must not neglect the fact that they do so to 
enhance the quality of life of an amputee end user. A prosthetic hand system re-
sulting from advanced biomechatronic design and development can very easily 
be abandoned by its user because they find its use impractical. In fact, prosthesis 
abandonment rates have remained high, despite advancements in their scientific 
field [43]. Studies have isolated several user requirements for prosthetic hands, 
non-compliance with which can lead to inadequate user experience and aban-
donment of the device. Lack of somatosensory feedback is very commonly stated 
as a major weakness of modern prosthetic hands [36], [44]–[50] and will be the 
focus of this work. Other requirements include dexterity [29], [36], [44], [47], 
[48], comfort [45], [47], [48], intuitive control [44], [45], [50], [51], short re-
sponse time [7], [44], [45], reliability [47], [48], [50] and aesthetics [47], [48], 
[50].  

The integration of feedback in prosthetic interfaces has been shown to greatly 
benefit the user experience in several ways. First and foremost, from a practical 
standpoint, feedback enhances the precision of the system by offering superior 
control and renders it less sensitive to noise and disturbances [52]. Prosthesis 
feedback replaces sensations arising from the lost limb with artificial ones, which 
promotes feelings of embodiment, in other words, the user is more likely to re-
gard and accept the prosthesis as a part of their anatomy [36], while a reduction 
of phantom limb pain has been reported when the prosthetic hand is equipped 
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with feedback [53], [54]. Nevertheless, despite mounting evidence towards the 
benefits of the integration of feedback in prosthetic hands, as well as the poten-
tial for an overall improvement of the users’ quality of life, there is neither a con-
sensus on an optimal feedback method or standardized system design, nor inter-
est to integrate feedback systems in commercial prosthesis. 

1.3. FEEDBACK CONTROL LOOPS 

1.3.1. ANATOMICAL BACKGROUND OF SOMATOSENSORY FEEDBACK 

Coordinated movement of a limb is the result of the continuous and bidirectional 
communication between the limb and the central nervous system. The brain’s 
motor cortex generates commands that are relayed to the muscles through effer-
ent nerve fibers, while afferent fibers transfer sensory information back to the 
brain. The afferent fibers inform the brain of e.g., limb position and orientation 
and muscle force, while the fusion of tactile information from different skin areas 
enables the identification of the stiffness and shape of a grasped object [55]. This 
communication is the reason why able-bodied individuals know e.g., the exact 
position of their limbs even if they are not looking at them, a sensory modality 
known as proprioception [56].  

The human hand is a highly complex biological device. Besides its remarkable 
dexterity, it is an important means of social interaction and a body part with 
which we explore and perceive our environment [57]. The fine motor control of 
the hand, however, would not be possible if not for the dense network of sensory 
nerves embedded in its skin and muscles, relaying proprioceptive and extero-
ceptive information (regarding the position/orientation of the hand and its in-
teraction with the environment, respectively) to the brain’s sensory cortex [56], 
[58]. The hand has a disproportionately large representation in the motor and 
sensory cortices, with a very large number of neurons responsible for its closed 
loop control [56]. There are between 20 and 35 thousand nerve fibers reaching 
the hand through the wrist [59] and the fact that the vast majority of these are 
sensory afferents underlines the importance of sensory information for the con-
trol of the hand. 

From a control systems perspective, this constitutes a closed loop system (see 
Figure 1-1A), wherein commands are generated by a controller (the brain) and 
their result is continuously monitored (via the sensory receptors) and corrected 
by the controller, thus generating a fluid, controlled, and highly precise motion. 
Proof that this somatosensory feedback is of paramount importance is what hap-
pens when it is absent, for example in patients suffering from deafferentating 
conditions, wherein their natural proprio- and exteroception are absent. The 
feedback information within the control loop in these cases is drastically re-
duced, rendering movements uncoordinated and imprecise. Input from other 
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senses must be used in lieu of normal somatosensory feedback to improve the 
precision of movements in cases like this. 

The celebrated cellist Jacqueline du Pré experienced loss of tactile sensation in 
her fingertips due to multiple sclerosis, which affected her playing. She was ini-
tially forced to rely on visually observing and following the position of her fingers 
on the cello in order to perform, eventually abandoning her career altogether at 
the age of 28 [60]. Another characteristic and frequently mentioned example is 
that of the high-profile case of Ian Waterman, a patient who lost his sense of pro-
prioception and, by extension, fine control of his limbs, who, nevertheless, man-
aged to retrain himself to move his limbs over time, utilizing other senses, such 
as vision to close the control loop [61]. It can be argued that this is a strong indi-
cation of the ability of the brain to adapt and compensate for the loss of natural 
feedback.  

Motor commands

Sensory information

ControllerEMG
recording

Motor
commands

Prosthesis
movement

Hand
movement

Feedback
generation

A. Sound hand

B. Prosthesis

Figure 1-1: The flow of control signals in a sound hand and across 
a myoelectric prosthesis control interface. 
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The bidirectional path from the brain to the hand is severed after an amputation. 
As mentioned, a myoelectric prosthesis can offer restoration of hand functional-
ity and can be controlled by contracting residual muscles. However, the path that 
the information follows is now unidirectional, with the brain sending commands 
to the muscles but not receiving any sensory information from the prosthesis. In 
the absence of precise feedback from the prosthesis, the information that the in-
terface transmits to the user is reduced, forcing the latter to rely on other sources 
of feedback to achieve the desired prosthesis movement. 

1.3.2. ARTIFICIAL FEEDBACK IN PROSTHETICS 

The restoration of sensory flow to the brain and, therefore, the closing of the 
prosthesis control loop, can be achieved with the implementation of artificial so-
matosensory feedback. As a substitute for the afferent information that the user 
no longer receives naturally, variables regarding a system state are transmitted 
to the user by means of a form of stimulation, thus closing the control loop, as 
seen in Figure 1-1B. The wearer can now use this information to modulate and 
correct the generation of the control signals that drive the prosthesis.  

There is a vast heterogeneity in the methods used to provide artificial soma-
tosensory feedback as well as several ways to categorize them. Here we will use 
two major categorizations: invasiveness and the type of sensory information car-
ried by the feedback. 

Similar to EMG recording as mentioned before, feedback interfaces can be inva-
sive or non-invasive. As the name suggests, invasive interfaces are embedded 
within the tissues under the skin. Examples can range from relatively simple sub-
dermal electrodes [62], to peripheral nerve interfaces [63] and more complex 
surgical interventions, such as targeted sensory reinnervation [63] and even di-
rect interfacing with the central nervous system [36]. Non-invasive means are 
markedly simpler and include electrotactile, mechano- and vibrotactile, audi-
tory, visual, or temperature cues [64]. 

Schofield et al [65] provide three categories of feedback methods based on the 
type of sensory information that the feedback generates. Somatotopically-
matched feedback is defined as the sensation perceived by the user as being an-
atomically matched to the part of the prosthesis that receives a stimulus. Modal-
ity-matched feedback is a stimulation scheme that is congruent with the type of 
stimulus that the prosthesis receives, e.g., a constriction band that can be used to 
communicate the prosthesis grasp force. Finally, substitution feedback transmits 
a system state through a stimulation paradigm that does not mimic the sensation 
that a natural limb would perceive in neither modality nor location; therefore, 
the user must be trained to interpret the stimulation provided by the feedback. 
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It should be noted that the method selected for feedback delivery in this work 
was that of vibrotactile stimulation, which constitutes non-invasive substitution 
feedback. The choice was motivated by the simplicity of the implementation; nei-
ther implantation nor extensive calibration (as e.g., in the case of electrotactile 
stimulation) was required. Of course, in order to increase the bandwidth of the 
feedback channel, in other words, to be able to transmit a sufficient amount of 
information to enhance the control of the prosthesis, the stimulation had to be 
cleverly designed, as will be made clear further on. 

An important part of the feedback interface design process is, of course, the se-
lection of the variable that will be communicated to the user, which also displays 
high heterogeneity across the literature. A widely used example is that of force 
feedback [22], [65]–[67], wherein the force applied by the prosthesis is encoded 
and transmitted to the user via the stimulation. Knowledge of the grasping force 
is useful for its more precise application, which is crucial for stable and safe 
grasping of objects. Other variables that have been considered include joint ve-
locity [68], wrist rotation [69], [70], aperture [69] and discrete movement events 
[71]. 

An aspect of hand prosthesis function that can benefit greatly from the provision 
of feedback is the correct application of force. Despite its general benefits to the 
control of a prosthesis, we can identify an important drawback in force feedback. 
While the hand is in motion, the user can solely rely on their own muscle propri-
oception and potential incidental feedback arising from the prosthesis to modu-
late their contraction. The feedback is delivered to the user only after the pros-
thesis has applied force, thus only potentially offering a posteriori correctional 
ability. Therefore, if the user has overestimated the muscle contraction required 
to apply the desired force with the prosthesis, the generated grasp force will be 
correspondingly higher, potentially damaging a grasped object, rendering the 
feedback redundant. 

1.3.3. EMG FEEDBACK: STATE OF THE ART 

More recently, a novel method was put forward [23], wherein the user’s myoe-
lectric signal itself was transmitted to the user as feedback, named EMG feed-
back. In this approach, rather than measurements from the prosthesis or other 
extrinsic signals, the stimulation that the user receives depends on the amplitude 
of the myoelectric signal that they produce (which also drives the prosthesis). 
The use of EMG feedback “shortens” the feedback loop of the system (compared 
to e.g., force feedback) by informing the user of the signals they themselves gen-
erate. 
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In a proportional control scheme, used in most commercial and research appli-
cations due to its intuitive nature, the amplitude of the myoelectric signal is pro-
portional to the force; therefore, EMG feedback can provide information about 
the grasp force of a prosthesis. Additionally, EMG feedback is activated as soon 
as the user initiates a muscle contraction and remains active for as long as that 
contraction is maintained. This enables the correction of a force that has already 
been applied but also the predictive control of this force, since with the help of 
EMG feedback the user can generate and maintain a muscle contraction of ap-
propriate strength while the hand is still in motion. When the prosthesis closes 
around the object, it will apply the desired amount of force. 

Examples of force control with EMG feedback can be seen in Figure 1-2. In the 
scenario in Figure 1-2A, the user generates and maintains a small contraction, 
the hand closes around the object and applies a grasp force. Using the infor-
mation provided by EMG feedback, the user increases their contraction to the 
desired target level, thus reactivating the prosthesis, which increases the grasp-
ing force to the same level.  

The predictive control feature of EMG feedback is seen in 1-2B and C. In 1-2B, the 
user generates a muscle contraction that activates the prosthesis, then, using the 
information provided by EMG feedback, proceeds to increase it to the desired 
level while the prosthesis is still in motion. In a properly calibrated system, the 
force applied when the prosthesis grasps the object will be the same as the level 
of the muscle contraction. The scenario in 1-2C shows that, in a similar fashion, 
EMG feedback can also allow the user to timely correct their contraction when 
the latter is overshot, thus avoiding the application of a larger-than-desired force 
and potential damage to the grasped object.  

EMG feedback was introduced in [23], initially as complementary to force feed-
back. The participants received a combination of EMG and force feedback or 
solely force feedback on a computer screen while controlling a virtual prosthesis 
and performing routine grasping and force steering tasks. The study explored 
the potential benefits of the enhanced feedback loop on the control of the virtual 
prosthesis. 

The results of this study indicated that when EMG feedback was added to a pros-
thesis control loop (already equipped with force feedback), the control perfor-
mance in a force steering task was enhanced, while the participants were able to 
generate more consistent myoelectric commands compared to a system that 
only provided force feedback.  

This approach allowed the participants to modulate their muscle contraction in 
real time. Additionally, the study introduced the notion of predictive force con-
trol made possible with EMG feedback, since the feedback was activated as soon 
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as the participants initiated their muscle contraction, before a force was applied, 
as illustrated above. Therefore, they could apply the desired force by modulating 
to a suitable EMG contraction strength and maintaining that until the prosthesis 
closed.  

This proof of concept was explored further in [22], where EMG feedback was di-
rectly compared to force feedback. The participants used a myoelectric prosthe-
sis to perform a routine grasping task with a rigid object while receiving electro-
tactile EMG or force feedback. Notably, the myoelectric and force signals were 
discretized into 8 levels, each of which corresponded to a different feedback pat-
tern delivered through electrotactile stimulation. 
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Figure 1-2: Three force control scenarios made possible with the provision of EMG feedback 
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EMG feedback was shown to enhance the precision of both the myoelectric com-
mands and the applied force. The performance of the able-bodied and the single 
transradial amputee that participated was significantly improved. Coupled with 
the nature of the experimental task (routine grasping), these results further es-
tablish EMG feedback as superior to force feedback, as well as emphasize the 
predictive control capabilities of EMG feedback, as mentioned above. Im-
portantly, it was shown that EMG feedback can be used independently of force 
feedback, as opposed to [23], and still yield satisfactory results. 

A similar comparison between EMG and force feedback was conducted under a 
different framework in [18], wherein the speed-accuracy tradeoff between the 
two approaches was evaluated. Besides an overall higher performance, EMG 
feedback was shown to offer the participants the ability to perform a grasping 
task faster, without negatively affecting the performance, while also promoting 
the repeatability of smoother myoelectric commands.  

The team in [72] transmitted EMG feedback along with several other types 
through augmented reality (AR) and sound cues using a Google Glass device. The 
functional task in the experiment involved the relocation of sensorized clothes-
pins, which the participants were required to grasp with a prosthesis, while re-
stricting their applied grasp force with the help of the AR feedback they received. 
The task was executed with and without artificial feedback. 

The results indicated that the provision of feedback significantly benefitted the 
control as the complexity of the task increased. The study was meant as a demon-
stration of the function of a complete prosthesis feedback interface, but it also 
provided further proof of the general benefits of feedback and the applicability 
of EMG feedback.  

Additionally, the participants reported that they found focusing on the supple-
mentary feedback more useful than their own intrinsic feedback sources, as the 
AR system provided them with more precise information. However, since they 
had to shift their focus from the prosthesis and grasped pin to the AR visual feed-
back and back, they reported that they preferred to rely on aperture or force ra-
ther than EMG feedback, as they were less dynamic and prone to rapid changes 
and, thus, easier to follow. 

Since there is usually a direct mapping between the myoelectric signal amplitude 
and the velocity of the prosthesis motors, an approach wherein the velocity is 
selected as the feedback variable is also analogous to EMG feedback and explored 
in [73]. The feedback was delivered through audio cues and the goal of the study 
was to assess the robustness of the system when feedback was provided in re-
sponse to perturbations compared to a condition without feedback in a virtual 
reaching task.  
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The outcome of a perturbation analysis of this kind is important, since it can offer 
valuable insight in the function of a prosthesis interface in a real-life application, 
given that experiments are usually conducted under nominal conditions, over-
looking the effect of disturbance sources present in everyday prosthesis use [74]. 
The feedback interface tested in this study was shown to maintain the accuracy 
of the participants’ performance despite the perturbations compared to the con-
dition without feedback.  

The approaches illustrated above fall under the broader category of biofeedback. 
By directly transmitting information about the muscle contraction strength in 
real time, EMG feedback effectively amplifies the information a user receives 
from their proprioceptive afferents during a muscle contraction. That way, the 
user can monitor and modulate their contraction in real time, using a more reli-
able sensory input (the feedback) as a guide.  

1.4. THESIS GOALS AND STRUCTURE 

Closing the prosthesis control loop with EMG feedback is a promising new tech-
nology, still being researched. A keen observer can identify some aspects of EMG 
feedback that can be explored further and knowledge that can be built upon. The 
goal of this PhD was to systematically evaluate and explore aspects of this novel 
somatosensory feedback method, in order to further establish it as a potential 
candidate for integration in commercial hand prosthesis interfaces. It is the au-
thor’s belief that, based on the results of the experimental part of this work, as 
well as evidence presented in past literature, the implementation of EMG feed-
back can significantly enhance user experience. 

The studies that have explored EMG feedback mentioned above used a propor-
tional scheme for the control of the prosthesis. The first step in such a control 
scheme is the raw EMG processing and the creation of a suitable myoelectric sig-
nal. This pipeline most usually involves low-pass filtering (of a rectified raw EMG 
or a raw EMG envelope) and normalization to a percentage of the maximum vol-
untary contraction (MVC).  

However, there is no consensus on the optimal selection of parameter values for 
the low-pass cutoff frequency or the calibration percentage and, due to the na-
ture of the signal processing pipeline, the morphology of the resulting myoelec-
tric signal, which is used to both actuate the prosthesis and generate the feed-
back, is highly dependent on these parameters. Therefore, it can be hypothesized 
that there is a set or range of parameter values that enhances the control scheme 
by offering better control capabilities and assisting the user in fully exploiting 
the benefits of EMG feedback.  
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The first study that comprises this work tackles this hypothesis by testing the 
performance of participants in a force-matching task with a hand prosthesis in 
nine conditions, each of which was characterized by a different parametrization 
of the EMG signal processing pipeline.  

Research Question 1: What signal processing parameter 
values optimize the control of a prosthesis control system 

equipped with EMG feedback? 

As mentioned above, a system equipped with EMG feedback has been shown to 
display superior robustness than one where no feedback is available. Moreover, 
despite being fundamentally different, both EMG and force feedback have been 
shown to offer notable benefits in prosthesis control, although EMG feedback has 
displayed a significant advantage over force feedback [22], [23].  

A robust control interface will protect against unwanted behavior by the pros-
thesis, brought about by intrinsic or extrinsic disturbance sources, an important 
feature for appropriate use of the device in real-life scenarios. Due to their re-
spective natures, and more specifically their difference in the timing of the stim-
ulation, it can be assumed that users receiving EMG feedback will respond to dis-
turbed control signals differently than those receiving force feedback. So far, 
however, their performance in disturbed conditions had never been directly 
compared; in fact, different feedback delivery methods are seldom compared un-
der disturbed conditions [75]. 

Therefore, a robustness evaluation and comparison of EMG and force feedback 
in a functional force matching task was the next study to be conducted as part of 
this work. The control signals in the experiment were altered (amplified or at-
tenuated) in random trials without the participants’ knowledge, while the latter 
were performing a force-matching and relocation task, with EMG or force feed-
back, on a modified box-and-blocks task. Considering the properties of EMG feed-
back led to the hypothesis that it would offer superior performance and robust-
ness to control disturbances than force feedback. 

Research Question 2: Can EMG feedback mitigate the ef-
fects of control disturbances and promote robustness in a 

prosthesis control loop more effectively than force feedback? 
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Studies that explore the effects of artificial somatosensory feedback generally 
tend to employ functional tasks that involve grasping rigid objects and evaluate 
the system based on the performance in these particular tasks. Additionally, it is 
common for the experimenters to use some form of sensory deprivation on the 
participants (such as noise cancelling or visual obscuring of the prosthesis). This 
restricts the access of the participants to incidental cues arising from the pros-
thesis and forces them to rely exclusively on the artificial feedback that is being 
evaluated during a given experiment.  

Such studies can offer valuable insight on the effects that a particular feedback 
system can have on a prosthesis control loop (in fact, noise cancellation was em-
ployed in Study 1 of this work); however, the restriction of incidental feedback 
does not reflect a real-world usage condition. There are, indeed, strong indica-
tions that in certain scenarios incidental cues are actually more valuable sources 
of information than artificial feedback [25], while supplementary feedback can 
be rendered redundant if it does not expand on the information available from 
incidental cues [76]. 

Incidental feedback is arguably more prevalent when grasping compliant ob-
jects, as the grasping force can be estimated based on the deformation of the 
grasped object, casting doubt over the usefulness of supplementary feedback. As 
illustrated above, EMG feedback offers an augmented version of intrinsic signals 
that cannot be made immediately obvious by visual observation of the grasped 
object; therefore, it would be reasonable to assume that it would, in fact, be use-
ful for the control of a prosthesis, despite the presence of strong incidental cues. 

Hence, the third study compared the performance of participants using a pros-
thesis with and without EMG feedback in a task involving grasping and realloca-
tion of clothespins. Hypothetically, the performance in terms of force application 
would be similar in both cases, since the participants could use incidental cues 
to successfully complete it, but the properties of EMG feedback would offer faster 
completion time and more consistent commands. 

Research Question 3: Can EMG feedback improve prosthe-
sis force control even in the presence of rich incidental feed-

back in the form of visual cues?  

Lastly, the cited works relevant to EMG feedback have tested their systems on 
below-elbow amputees or solely on able-bodied participants. There are no stud-
ies wherein the principles of EMG feedback are applied on higher-level ampu-
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tees, therefore the efficacy of the system in this user population is unknown. Ad-
ditionally, the system has to be drastically altered in order to accommodate the 
anatomy of a transhumeral amputee. For example, in the form in which it has 
been tested, the EMG signals are recorded from the forearm muscles, which are 
obviously absent in transhumeral amputees. 

Therefore, for the final part of this work an exploratory case study was con-
ducted, wherein the setup was altered and applied on a single participant with a 
transhumeral amputation, to evaluate the benefits of the control scheme with 
EMG feedback in a configuration that has never been tested before. Over four 
experimental sessions, the participant performed a force-matching task with a 
hand prosthesis under different configurations.  

The pectoralis major muscle on the amputated side was selected for the record-
ing of EMG signals, while the stimulation was delivered in the anterior and pos-
terior shoulder area. The muscle selected displayed substantial atrophy due to 
disuse since the amputation, so it was interesting to evaluate the ability of the 
subject to control the interface with this particular muscle. Due to the condition 
of the muscle, we were expecting the participant to have difficulties integrating 
the control loop. Hopefully, EMG feedback would help the participant to over-
come such obstacles. 

Furthermore, the benefit of EMG feedback was evaluated by comparing its per-
formance to a condition wherein no feedback was delivered. Lastly, the perfor-
mance of the system with different EMG recording sites was explored, to assess 
the translatability of the EMG interface to different body areas  

Research Question 4: Does EMG feedback still benefit the 
control when the control interface configuration is altered 

for use in a transhumeral amputee? 

It is the author’s belief that answers to these research questions will substan-
tially enrich our knowledge and understanding of EMG feedback, further estab-
lish this approach as a viable solution for the provision of artificial somatosen-
sory feedback in prosthesis control systems, and hopefully play a role in its even-
tual application in commercial devices. To that end, four experimental studies 
were conducted as part of this PhD, which will be presented in the following 
chapters. 
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The remainder of this thesis is structured as follows: Chapter 2 presents a de-
tailed description of the functional and design principles of the experimental set-
ups that were used in this work; Chapter 3 summarizes the methods and findings 
of the studies that comprise the work; Chapter 4 offers a discussion and conclu-
sions based on the results, as well as future prospects in this promising field of 
supplementary somatosensory feedback in upper limb myoelectric prostheses. 



Chapter 2. METHODΟLOGY 

2.1. INTRODUCTION 

As stated before, this PhD thesis focuses on studying the integration of EMG feed-
back in the control loop of myoelectric hand prostheses. To that end, a series of 
four experimental studies was conducted, which included the execution of a va-
riety of tasks using a prosthetic hand. The overall design of the setup was similar 
in all studies; thus, the elements used throughout them will be presented in this 
chapter.  

2.2. PROSTHESIS CONTROL SCHEME 

An overview of the basic form of the control scheme implemented in the experi-
ments can be seen in Figure 2-1. In summary, the muscle contractions generate 
a surface EMG, which is recorded and processed. From the processing of the EMG, 
two signals are generated: one is translated into velocity commands for the pros-
thesis, and one is discretized and used to generate EMG feedback. If force feed-
back is used, then force measurements from the prosthesis are similarly discre-
tized and used for feedback generation. In either case, each level of the discre-
tized signal is translated into a different spatial pattern of vibrotactile stimula-
tion, which is delivered to the user. The user also receives feedback through in-
cidental cues from the prosthesis and their own muscle proprioception. The con-
stituent parts of the block diagram are expanded upon in the following sections.  

2.2.1. EMG RECORDING AND PROSTHESIS MOTION 

Initiation of any voluntary movement starts in the motor cortex of the brain, 
which transmits neural impulses to muscles, which respond by contracting and 
producing movement. 

The raw EMG resulting from the muscle contraction was recorded and under-
went some processing steps to obtain a suitable myoelectric signal. The latter 
was produced by two methods. In Study 1, a Myo Armband (Thalmic Labs, USA) 
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was used to record the raw EMG, which was full-wave rectified and low-pass fil-
tered, resulting in the signal envelope [77]–[79]. In Studies 2 to 4, a linear enve-
lope of the surface EMG was obtained [67], [80], [81] using active dry electrodes 
(12E200, OttoBock, Duderstadt, Germany) and was also low-pass filtered. The 
equipment can be seen in Figure 2-2. 
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Figure 2-1: The basic control loop for prosthesis control, including all types of feedback 
signals presented in this work 
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This signal then underwent MVC normalization [22], [66], [82], [83]. The result-
ing myoelectric signal was used to generate the velocity commands that drove 
the prosthesis motors. The amplitude of the myoelectric signal was proportional 
to the closing velocity of the prosthesis, in other words a stronger muscle con-
traction would cause the hand to close faster and generate a larger force. The 
(normalized) myoelectric signal was mapped onto the closing velocity of the 
prosthesis, with 0 and 1 corresponding to no movement and the maximum clos-
ing velocity of the hand. 

As seen in Figure 2-3, the EMG thresholds were selected so that the levels they 
defined were of increasing width. This was a conscious choice, in order to miti-
gate the effect of the higher signal variance that is exhibited in stronger muscle 
contractions, due to the multiplicative signal dependent noise that is intrinsic to 
the EMG [22], [23], [84]. 

Importantly, hand opening was implemented with simpler schemes since con-
trolled opening of the prosthesis was not within the scope of this work. Hence-
forth, unless otherwise stated, the terms concerning EMG or myoelectric com-
mands will be referring to signals generated for the closing of the prosthesis. 

2.2.2. PROSTHETIC HANDS  

Two myoelectric prosthetic hands were used, shown in Figure 2-4: a RoboLimb 
(TouchBionics, UK) and a Michelangelo (OttoBock, DE). The RoboLimb was used 
in Study 1 and offers velocity control over individual digits and thumb opposition 
(a total of six degrees of freedom). The Michelangelo was used in Studies 2 to 4 
and offers velocity control over two degrees of freedom: opening and closing in 
two predefined grasp types (palmar and lateral) and wrist rotation.  

Figure 2-2: (A) Thalmic Labs Myo Armband, (B) OttoBock dry EMG electrode  
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Both hands are non-backdrivable [25], meaning that the applied grasp force was 
maintained when the participants relaxed their muscles. An important difference 
between the two prostheses is that the Michelangelo has embedded force sen-
sors that measured that output the grasp force that the hand applied, while the 
RoboLimb is not sensorized. 

2.2.3. DISCRETIZATION 

The continuous myoelectric and force signals were divided in six and five levels, 
respectively, as shown in Figure 2-3A and B. One of the main functional princi-
ples of the interface was that the EMG and force levels corresponded to each 
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other, i.e., a maintained level n muscle contraction will result to the hand closing 
and applying a level n force. As mentioned, relaxation of the muscles did not 
cause a reduction of the force, due to the non-backdrivability property of the 
prosthetic hands used. However, if the hand was closed and applied a level n 
force, a contraction to a level higher than n would reactivate the motors and in-
crease the force to that level. The lowest EMG level was deemed a dead zone and 
if the amplitude of the myoelectric signal lay within its range, the prosthesis was 
not activated and no feedback was delivered. As such, the EMG dead zone does 
not correspond to a force level. 

2.2.4. FEEDBACK GENERATION 

The EMG and force levels that were communicated to the participants, imple-
mented EMG and force feedback, respectively. The feedback was generated by 
using the discretized myoelectric signal that the participants generated or the 
discretized grasp force that the prosthesis applied, to implement EMG and force 
feedback, respectively, as will be elaborated further on. The effectiveness of dis-
cretized feedback has been illustrated in past research [22], [25], [67], [85], [86]. 
Importantly, in the experiments conducted, these two feedback types were never 
simultaneously activated (see switch in Figure 2-1).  

Additionally, it is important to note that, in general, while in use, a prosthesis 
generates incidental cues that can also be regarded as feedback and used by the 
participants as a sensory substitute, that have been shown to benefit force con-
trol [25]. This incidental feedback includes auditory cues and vibrations from the 
prosthesis motors, as well as visual information. There are instances where the 

Figure 2-4: The prostheses used in the experiments: (A) TouchBionics RoboLimb (B) 
OttoBock Michelangelo 
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incidental information can be argued to be rich enough to render additional feed-
back redundant [25]. However, evidence suggests [23], [66], [82] that supple-
mentary feedback greatly benefits the control capabilities of users. The partici-
pants’ natural muscle proprioception is also a source of feedback and, thus, con-
sidered in the control scheme.  

As seen in Figure 2-3A, EMG feedback followed the myoelectric signal and trans-
mitted the level in which the latter lay at every moment. The participants started 
receiving a stimulation as soon as their myoelectric signal crossed the dead zone 
into level 1. As they modulated their contraction, they received a different stim-
ulation, depending on the level of their myoelectric signal. When the participants 
relaxed their muscles and the amplitude of the myoelectric signal returned to the 
dead zone, the feedback was deactivated, but the force was maintained until the 
hand was opened. 

Conversely, in the case of force feedback, the stimulation followed the same prin-
ciples, but this time depended on the amplitude of the force signal measured by 
the prosthesis. In Figure 2-3B, the hand motion was initiated at ~2 s but the feed-
back was activated when the hand closed, and force was applied (~4 s). The par-
ticipant relaxed their contraction but since the feedback now followed the force, 
it was maintained until the force was eliminated when the hand was opened. 

Notably, this illustrates the major difference between the two feedback types de-
scribed in the previous chapter, namely that EMG feedback provided real-time 
information to the user of a signal they had direct control over. The scheme could 
be used predictively [23], with the participant modulating to their desired level 
by following the EMG feedback and maintaining the contraction before the hand 
closed. The level of the force eventually applied should correspond to the level 
of EMG feedback that the participant received.  

2.2.5. FEEDBACK ENCODING 

Spatial encoding was selected for the delivery of feedback. The stimulations were 
delivered at four sites, positioned equidistantly and circumferentially around the 
upper arm of the participants, as seen in Figure 2-3C. In either feedback type, 
levels 1 to 4 corresponded to the delivery of stimulation at one of four sites, ac-
tivated sequentially, while level 5 corresponded to the simultaneous stimulation 
of all four sites. Spatial encoding of feedback has been used in the past and has 
been shown to be effective and easy to perceive and interpret [67], [86]. 

The positioning of the stimulation sites (Figure 2-3C) was also an important de-
sign aspect. Their equidistant placement around the upper arm ensured that the 
participants could distinguish which tactors were active at any given moment 
and, thus, interpret the information provided by the feedback.  
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2.2.6. VIBROTACTILE STIMULATION 

Finally, feedback was delivered via vibrotactile 
stimulation using C2 and C3 vibrotactors (Engi-
neering Acoustics Inc., Casselberry, FL, United 
States) at the stimulation sites around the upper 
arm (see Figure 2-3). A tactor can be seen in Figure 
2-5. The vibration created by these tactors can be 
independently calibrated in gain and frequency. A 
moderate value for the gain was selected so that the 

vibrations were clear but non-intrusive. Their frequency was set at 230 Hz, 
which lies within the range of maximum sensitivity of the skin mechanorecep-
tors sensitive to vibration (Pacinian corpuscles) [87].  

 

Figure 2-5: A C2 vibrotactor 





Chapter 3. SUMMARY OF STUDIES 

3.1. STUDY 1 – CALIBRATION OF A PROSTHESIS CONTROL LOOP WITH 
EMG FEEDBACK 

3.1.1. PROTOCOL 

As mentioned before, low pass filtering and MVC normalization in order to obtain 
the signal envelope is the first step in the processing of the recorded EMG signal. 
There is great heterogeneity in the scientific literature regarding the selection of 
the low pass filter cutoff frequency for the creation of the EMG envelope and the 
percentage of the MVC normalization. The hypothesis driving this study was that 
there was a value pair or range within the cutoff frequency – MVC normalization 
percentage parameter space for which the force control of the prosthesis when 
EMG feedback was provided was optimized. 

Different values of these parameters result in a different morphology of the my-
oelectric signal that drives the prosthetic hand [22], [78], [79], [88]–[90]. It was 
hypothesized that this has direct implications for the ability of the participants 
to exploit EMG feedback and, by extension, the quality of the control scheme and 
the correct application of grasp force. The low pass cutoff frequency and the MVC 
normalization percentage affect different features of the signal and aspects of the 
system as a whole.  

The cutoff frequency dictates the spectral content of the myoelectric signal, in 
other words, how smooth it is; a lower cutoff would result in a smoother, less 
noisy signal and vice versa. Therefore, selecting a lower cutoff frequency to elim-
inate higher frequencies that may degrade the quality of the signal seems to be 
the obvious choice. However, a reduction in the cutoff frequency brings about an 
increase in the system’s response time, or its ability to respond to rapid changes 
in the input, namely the participant’s muscle contractions, potentially introduc-
ing a latency that would negatively affect the control of the prosthesis. 
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The myoelectric signal is most often calibrated to a percentage of the MVC [23], 
[67], [91], [92]. Changing the MVC normalization alters the strength of the mus-
cle contraction required to generate a myoelectric signal of a specific amplitude. 
Hence, a lower MVC calibration results in a more sensitive system, with smaller 
contractions necessary to saturate the myoelectric signal and reach the interme-
diate levels, and vice versa. A similar tradeoff exists in this case as well; specifi-
cally, weak muscle contractions generate EMG that is characterized by low sig-
nal-to-noise ratio (SNR) [93], which can also be detrimental for control. The in-
terplay between the parameters is illustrated in Figure 3-1. 

These tradeoffs render the relationship between the parameter selection and the 
control quality rather complex, with no value combination being obviously supe-
rior to the rest. The manner in which EMG feedback factored in the different con-
figurations was also unclear. For this reason, this experiment involved the par-
ticipants controlling a hand prosthesis with different system calibration condi-
tions while receiving EMG feedback. Their performance would indicate if there 
was a parameter pair that offered better force control of the prosthesis. 

Three values were tested for each of these two parameters, adding up to nine 
value combinations, making up a 3-by-3 parameter space. The values were 60, 
40, and 20% for the MVC normalization and 0.5, 1, and 1.5 Hz for the cutoff fre-
quency. The participants performed a force matching task with a prosthesis with 
an EMG-feedback-enabled control interface and their performance was evalu-
ated based on their precision of EMG modulation. 

3.1.2. RESULTS AND DISCUSSION 

The two parameters were tested independently to identify the best value for 
each one and gain insight on their overall effects on control. The results indicate 
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this experiment 
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that the performance was enhanced when the MVC was calibrated to a higher 
value. Normalizing to 20% of the MVC caused the participants’ success rate to be 
significantly lower than when normalizing to 60 and 40%, both of which dis-
played an overall success rate of approximately 65%. A visual representation of 
this result is shown in Figure 3-2. 

Evidently, when calibrated at 20%, the system became too sensitive for the par-
ticipants to be able to properly control it. Judging by their success rate, the par-
ticipants displayed a preference for a less sensitive system, at the expense of the 
requirement for larger muscle contractions to drive the prosthesis. At lower cal-
ibrations, the system became too sensitive for the participants to be able to con-
trol it properly, despite receiving real-time information about their myoelectric 
signal amplitude through EMG feedback, which, evidently, could not compensate 
for the high system sensitivity.  

Different normalization values resulted in a different mapping of the partici-
pants’ muscle contractions onto the normalized range of the myoelectric signal. 
Normalization to a lower percentage would require the participants to utilize a 
smaller contraction range to drive the prosthesis, while the myoelectric signal 
would be saturated with a smaller contraction compared to the case where a 
higher normalization percentage was used. The thresholds of the different EMG 
levels remain unchanged; however, in absolute terms, normalization to a lower 
percentage would require the participants to modulate their EMG to narrower 
ranges to achieve a desired force, which proved to be a significantly more de-
manding task.  
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Additionally, the higher SNR that characterizes the EMG arising from small mus-
cle contractions could also contribute to the participants’ inability to maintain 
their myoelectric signals within the narrow target levels, hampering their per-
formance. Of course, stronger contractions are characterized by signals of larger 
variance, which may also be detrimental for prosthesis control. However, this 
will be addressed by the selection of a proper low pass cutoff frequency, as will 
be elaborated later on. 

As far as fatigue was concerned, the value of 40% could be used as a compromise 
between sensitivity and avoidance of fatigue, while still offering good perfor-
mance. 

The analysis indicated that the performance with a cutoff frequency of 0.5 Hz 
was significantly higher than with 1.5 Hz (see Figure 3-2). A lower cutoff fre-
quency would result in a smoother myoelectric signal, which seemed to be fa-
vored by the participants, compare to a signal that more closely followed the sig-
nal peaks that formed the signal envelope. Cutoff frequencies as low as the ones 
tested suppress rapid changes in a signal, potentially reduce the response time 
of a system, and introduce a lag between an actuation and its effect on the output. 
The system, however, did not seem to be affected by the action of a very low cut-
off frequency low pass filter, rather the participants displayed higher perfor-
mance in this case. 

Moreover, as mentioned earlier, the preference for a higher normalization level 
would require the participants to execute stronger muscle contractions, which 
generate EMG signals of higher variance, due to the multiplicative signal depend-
ent noise inherent to EMG [93]. The suppression of more rapid changes in the 
EMG that may have been caused by this variance rendered the myoelectric signal 
smoother and easier to control, eventually offering better performance of ap-
proximately 65% when the two lower cutoffs were used than the performance 
obtained with a cutoff of 1.5 Hz. Similar to the compromise regarding the selec-
tion of 40 rather than 60% MVC normalization, selecting 1 Hz as a cutoff for the 
filter is an acceptable compromise, since it both displayed similarly high perfor-
mance with the lowest frequency tested and would limit any lag caused by the 
filtering, further reducing its effect. 

The tradeoffs inherent in the parametrization of the EMG processing pipeline 
render the value selection rather complicated. This study offered a framework 
for the fine-tuning of a prosthesis control interface integrated with EMG feed-
back for superior force control, as well as an indication for which value ranges 
optimize force control. As it transpires, in an interface like the one presented in 
this work, low sensitivity and smoother control signals are crucial for optimal 
control. 
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Lastly, it was concluded that the division of the myoelectric signal space can be 
altered to increase the range of the levels and facilitate the task. This insight, 
along with the adoption of the 40% MVC – 1 Hz parameter pair for EMG pro-
cessing were integrated in the subsequent experiments comprising this work. 

3.2. STUDY 2 – DISTURBANCE ANALYSIS AND COMPARISON OF EMG 
AND FORCE FEEDBACK 

3.2.1. PROTOCOL 

A vast majority of experiments in the field of prosthesis control are conducted in 
laboratories, under conditions free of noise or disturbance sources and it is un-
der these conditions that control interfaces are tested and evaluated. However, 
these conditions do not correspond to the ones under which the prosthesis is 
meant to be used in daily life, where any number of extrinsic or intrinsic disturb-
ance sources may contaminate the system and negatively affect the control, such 
as electrode shifts and changes in the electrode-skin interface [74], [94]. 

In the case of an open loop system, any disturbances would potentially not be 
perceived by the user, leading to unwanted behavior by the prosthesis, such as 
the application of an erroneous grasp force on an object. Such a scenario should 
be predicted during the design of the prosthesis control system and measures 
should be taken to mitigate the effects of control disturbances. By definition, add-
ing a feedback loop to a control system can suppress these effects. Thus, the par-
ticipants could become aware if the system behaved in a way it was not supposed 
to and modulate their muscle input accordingly. 

Due to the nature of its signal processing steps, disturbances in the control loop 
would translate to the alteration of the myoelectric signal amplitude. Left un-
checked, the errant control signal would result in the production of an undesired 
grasp force by the prosthesis.  

Importantly, the perception of the system behavior and, by extension, its altered 
state differed between the two feedback conditions tested in this study: EMG and 
force feedback. In nominal conditions, EMG feedback provided real-time infor-
mation on the participant’s muscle contraction level (following the amplitude of 
the myoelectric signal), while force feedback communicated the force level and, 
thus, was only activated after the prosthesis had applied said force. Therefore, 
when force feedback was provided, there was a short time between the initiation 
of prosthesis movement and the application of force, wherein the participants 
received no stimulation. 

Hence, when the control signal was disturbed, EMG feedback would make the 
participant aware of the altered system state more promptly than force feed-
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back; therefore, they would theoretically be able to correct their muscle contrac-
tions before the hand could apply an erroneous force. This leads to the main hy-
pothesis of this study, which was that when the control signal was disturbed, 
EMG would outdo force feedback in terms of participant performance.  

To test this hypothesis, the participants (divided into two groups, each receiving 
one of the two feedback types) executed a modified box-and-blocks test to ac-
commodate a force-matching task, wherein they were required to apply a spe-
cific force on a block, move it to a different compartment and release. An incor-
rect grasp force in a trial meant that they had to repeat it until they were suc-
cessful. Two force levels were targeted (see Figure 3-3); namely, levels 2 and 4 
as they are defined in section 2.2.3, corresponding to delicate and power grasp-
ing, respectively. 

Some of the trials were characterized by an artificially altered myoelectric signal 
gain, of which the participants had not been informed beforehand [71]. The arti-
ficial disturbance was meant to emulate the effects of real-life disturbance 
sources. The two disturbance gain values that were used increased and de-
creased the myoelectric signal amplitude by 100% and 33%, respectively (see 
the example traces in Figure 3-3). 

The performance of the participants was evaluated based on their force applica-
tion precision, the number of attempts and time they required to apply the cor-
rect force in their successful attempt in each trial. A participant with transradial 
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amputation was also recruited and performed the same task with a specially de-
signed prosthetic socket. When the gain was altered, the participants receiving 
EMG feedback were expected to follow the feedback and correct their contrac-
tion as soon as they became aware of the disturbances. Hypothetically, this 
would lead to a higher success rate, fewer attempts per trial and faster comple-
tion time compared to force feedback.  

It was assumed that the disturbances would affect the performance with both 
feedback types, but EMG feedback was expected to perform significantly better 
in both force levels. Despite the results not fully meeting this expectation, they 
indicate that EMG feedback does offer an advantage over force feedback on a 
number of key conditions.  

It is important to note that the participants were given an extensive training ses-
sion, wherein they were tasked with applying the desired forces under nominal, 
non-disturbed conditions. The goal of the training was twofold: first, the partici-
pants needed to get acquainted with the setup and familiarize themselves with 
the prosthesis force control and the task at hand and, second, it aimed at the de-
velopment of the participants’ internal models of the system [20], [95]. 

This way, the participants would internalize the mapping of their muscle con-
tractions to the behavior of the prosthesis and the force they applied with it. A 
disturbance in the control signal would disrupt this balance, rendering the mod-
els temporarily invalid. In this case, the participants would have to follow the 
feedback to achieve the correct force, since it would be their only guide through 
the altered system dynamics.  

As illustrated in 2.2.4, force feedback was only transmitted to the participants as 
soon as the prosthesis applied a force, as opposed to EMG feedback, which was 
activated and maintained when a contraction was initiated. Therefore, when 
force feedback is used, the participants would be aware of the altered dynamics 
of the system only after force feedback was activated. Due to this latency be-
tween the initiation of the muscle contractions and its delivery, it was assumed 
that force feedback was going to offer lower performance than EMG feedback. 

3.2.2. RESULTS AND DISCUSSION 

When performing power grasps, the participants that received EMG feedback 
had a 13.3% higher success rate (73.3 against 60% with force feedback) with 
high disturbance gain and completed their successful attempts on average 1.16 
s faster (2.48 s against 3.64 s) when the disturbance gain was low than the par-
ticipants that received force feedback (Figure 3-4). Surprisingly, there were no 
differences in the performance metrics between the two feedback types in deli-
cate grasps, while, on average, it took participants between 1 and 2 additional 
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attempts (after a failed initial one) to apply the desired force level across condi-
tions. 

When the gain was increased and the participants targeted level 4, they initially 
contracted their muscles like they were trained to (in other words followed their 
internal models of the system dynamics), since they had no a priori knowledge 
of the presence of the disturbance. However, this contraction would now cause 
an overshoot in the myoelectric signal due to its disturbed gain. This behavior 
was immediately communicated to the participant through EMG feedback; there-
fore, they could modulate it properly before an erroneous force was applied. 
Conversely, the participants who received force feedback became aware of the 
overshoot after the prosthesis had closed and applied a grasping force. There-
fore, due to the delay between the initiation of the muscle contraction (and gen-
eration of an overshoot in the myoelectric command) and the delivery of force 
feedback, the disturbance could not be mitigated by the participants that re-
ceived force feedback, resulting in their success rate to be significantly lower. 

The case of the low-gain disturbed power grasp is also interesting. The success 
rate with both feedback types was similarly high, but the completion time with 
EMG feedback was significantly shorter, favoring this feedback type. The effect 
of the gain reduction was equivalent to the increase of the MVC normalization 
and, therefore, to the reduction of the system’s sensitivity, which was shown to 
benefit control (see Study 1), which explains the high success rates. To explain 
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the difference in the completion time, the behavior of the system and the partic-
ipants during the trials must be examined in more detail. 

EMG feedback made the participants immediately aware of the fact that the am-
plitude of the myoelectric signal was not high enough to achieve the power grasp 
target force, so the participants could readily strengthen their contraction to 
reach the desired level, thus increasing the closing velocity of the hand and re-
ducing the completion time. On the other hand, this was not possible with force 
feedback, wherein the participants had to wait for the hand to close around a 
grasped object, only at which point they realized that the force was too low and 
increased their contraction following the force feedback to the appropriate level. 

Interestingly, the number of repeated attempts was uniform across all condi-
tions. After an initial erroneous attempt, the participants had to adapt to the new 
system dynamics and this adaptation was expected to require more attempts 
when they received force feedback. It can be assumed that the participants made 
use of incidental cues from the prosthesis to gauge the altered system state and 
adapt to it, since it has been shown that incidental feedback is also largely bene-
ficial for the control of prosthetic devices [25]. 

Lastly, the amputee participant’s performance closely followed the trends of the 
able-bodied participants, implying that there was little difference in the way that 
the amputee used the system. Moreover, EMG feedback offered markedly better 
performance in certain conditions, which indicates that it was also easily inter-
pretable and intuitive by the amputee. 

In summary, even though the performance differences between the two feed-
back types were not as pronounced as expected, EMG feedback is still further 
established as superior to force feedback. The participants could mitigate the ef-
fect of control disturbances and perform better with EMG feedback, similar to 
the behavior seen in nominal non-disturbed conditions [22]. The effect that inci-
dental feedback has on the control of the prosthesis is further explored in the 
next study. 

3.3. STUDY 3 – COMPLIANT OBJECT GRASPING 

3.3.1. PROTOCOL 

Studies 1 and 2 concerned the evaluation of EMG feedback when the participants 
grasped rigid objects; therefore, there was little indication of the force that the 
prosthesis was applying other than the artificial feedback provided to the partic-
ipants. However, experiments like this address only a fraction of the activities 
that a prosthesis must restore for the user, since grasping and manipulating com-
pliant objects is also very common in daily life. 
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Evidence suggests that incidental cues can benefit prosthesis control [25]. There-
fore, it is possible for incidental cues to hamper the objective evaluation of a dif-
ferent feedback scheme during an experiment. For this reason, many experi-
ments employ the occlusion of incidental cues from the participants (e.g., by hav-
ing them wear noise-cancelling headphones to muffle out the sound of the pros-
thesis motors or blocking the prosthesis from the participant’s field of vision) 
[96]. Nevertheless, such a configuration does not correspond to a real-life sce-
nario since no user would actively seek to suppress incidental cues from the 
prosthesis; a user would utilize all available information to control the prosthe-
sis. 

Additional artificial feedback is redundant if the information it provides can al-
ready be gauged by observing incidental cues [68], [76]. The grasping of compli-
ant objects is a prime example, since the user can receive rich incidental feedback 
concerning the grasp force simply by observing the movement of the prosthesis 
in relation to the deformation of the object. Arguably, the actual benefits of a 
feedback scheme can be evaluated more comprehensively when it is tested in the 
presence of incidental feedback.  

Hence, the efficacy of EMG feedback when grasping compliant objects, a condi-
tion characterized by rich incidental feedback, was evaluated in this study. Both 
EMG and incidental feedback have been shown to offer good force control [22], 
[25] and they were expected to display similar performance in terms of force 
success rate. However, as mentioned, EMG feedback provided real-time infor-
mation about the participants’ muscle contractions while also being a more ob-
jective measure of the amplitude of the myoelectric commands. Hence, it was hy-
pothesized that EMG feedback would assist the participants in achieving a 
shorter trial completion time. Additionally, EMG feedback was expected to ben-
efit the participants by allowing them to generate more consistent commands 
and less variant myoelectric signals.  

To explore this hypothesis, the participants were required to perform a modified 
clothespin task with three pins of increasing stiffness values (yellow, green, and 
black pins). The participants had to use the prosthesis to open the pins to their 
full aperture without applying more force than required to do so, i.e., until their 
handles just touched, as shown in Figure 3-5. The pins were selected so that a 
distinct force level had to be applied to each one to successfully complete the 
task, while the application of a larger force would imply the breakage of the hy-
pothetical compliant object, deeming the trial as failed. A smaller force would not 
be sufficient to fully open the clothespins. The participants performed the exper-
iment with and without EMG feedback. 
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In visual terms, the task was translated to bringing the handles of the pins to-
gether until they just touched. The instruction of the task, therefore, was to fol-
low a visual cue that would signify the completion of a trial. This visual cue was 
the only indication for the completion of the task that the participants had when 
they did not receive EMG feedback. The way that a participant approaches and 
performs a task has been shown to be highly dependent on the feedback they 
receive [97].  

The performance was evaluated based on the force success rate, the completion 
time of successful trials, the mean square jerk of the myoelectric signal [98], and 
the point-by-point variance [18] of the myoelectric signal in successful trials. 
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Figure 3-5: The two conditions tested in this experiment. Condition A includes only in-
cidental (visual) feedback, while condition B also integrated EMG feedback in the con-
trol loop. The three scenarios for the application of force are shown at the bottom part 
of the image 
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3.3.2. RESULTS AND DISCUSSION 

EMG feedback offered higher success rate (87.6%) overall than incidental feed-
back (72.2%) (Figure 3-6A). The myoelectric signals generated by the partici-
pants were smoother (lower mean square jerk) and more similar across trials 
(lower point-by-point variance) when EMG feedback was provided. Based on 
these results, the participants indeed seemed to largely prefer to focus on EMG 
feedback rather than incidental cues for the correct force application. 

An unexpected result was the general lack of difference between the two feed-
back conditions regarding the trial completion time, which overall ranged ap-
proximately between 3 and 4 seconds (Figure 3-6B). Rather surprisingly, when 
receiving EMG feedback, the participants performed the task of grasping the yel-
low pin slightly but significantly slower than when they could only rely on inci-
dental cues. The similarity of the completion time in the two conditions can be 
attributed to the choice of a similar strategy in both feedback conditions, how-
ever, it does not imply good quality control in the case of incidental feedback, as 
evidenced by its low success rate.  

Additionally, a stepwise strategy was largely employed by the participants in 
both conditions when grasping larger pins, wherein they slowly closed the pros-
thesis onto the pin handles, applied a small force and then proceeded to gradu-
ally increase their contraction to open the pin. Notably, if the myoelectric signal 
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was not sufficiently high, the movement of the hand would halt with the pin only 
open halfway. A larger muscle contraction would be necessary to complete the 
trial in that case. 

This choice of strategy indicated that the participants did not make use of the 
predictive properties of EMG feedback but may explain the difference in perfor-
mance between the two conditions. When the participants received EMG feed-
back, they could modulate their muscle contraction based on the feedback, which 
was also an indicator of the applied force, thus generate a myoelectric signal of 
appropriate level, which was associated with the force required for each pin. 
Conversely, the generated force level was unknown to the participants when 
they only used incidental cues, in which case all they could do was generate my-
oelectric commands over whose precise amplitude they had limited control, a 
condition which, evidently, was prone to a larger number of errors. 

The higher mean square jerk characterizing the myoelectric signals in the inci-
dental feedback condition signifies the inability of the participants to generate 
stable and coordinated muscle contractions, relative to the EMG feedback condi-
tion. In the latter case, the smoothness of the signals can, again, be attributed to 
the real-time knowledge of the muscle contraction level, which allowed the par-
ticipants to restrict their contractions to a desired range. 

Furthermore, the enhanced coordination of the muscle contractions and the 
knowledge of their level through EMG feedback allowed the participants to train 
themselves to perform similar contractions across trials, thus achieving a lower 
point-by-point variance. This is a promising result for the quality of the control 
interface, since a lower variability across trials is indicative of motor skill learn-
ing [99]. 

If the information a feedback scheme communicates can be provided by observ-
ing incidental cues, it is rendered redundant with scarce benefits to the control 
loop [68], [76]. This is a reason to consider testing a supplementary feedback 
scheme in the presence of incidental cues and this is what this study explored. 
The results demonstrate the value of EMG feedback, which indeed enriched the 
information that the participants received from incidental feedback, manifesting 
in more precise and stable control of the prosthesis.  

3.4. STUDY 4 – APPLICATION AND EVALUATION ON A 
TRANSHUMERAL AMPUTEE 

3.4.1. PROTOCOL 

So far, the studies that comprise this work have dealt exclusively in the applica-
tion of EMG feedback in configurations intended for transradial amputees, evi-
denced by the experimental setups, which have utilized EMG signals from the 
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forearm muscles to drive a prosthetic hand and delivered vibrotactile feedback 
to the upper arm. In these studies, the EMG-feedback-enabled interface has been 
studied in terms of control optimization, sensitivity to control disturbances, and 
its ability to refine the grasping of compliant objects. 

Artificial feedback has been shown to greatly benefit the control of a prosthesis, 
while it has been cited as an important part of the rehabilitation process [100]. 
However, it is clear that the setup must be heavily modified to be applied on us-
ers with transhumeral amputations. In their case, as the forearm is absent, there 
are no muscles directly relevant to hand control that can be used for EMG record-
ing. In summary, the application of an interface similar to the one presented in 
the previous studies for the control of a hand prosthesis by a transhumeral am-
putee has to make use of muscles that are unrelated to natural hand control and 
deliver the vibrotactile feedback to a different body area. 

This predicament leads to the research question of this case study, which re-
garded the ability of the myoelectric interface to be applied to different body ar-
eas to enable the control of the prosthesis by a very proximal transhumeral am-
putee. The study explored the performance of a transhumeral amputee partici-
pant using a modified version of the system in several conditions, to ascertain if 
force control of a myoelectric prosthesis is not just feasible, but also still intuitive 
and easy to interpret.  

A single traumatic right transhumeral amputee was recruited for this case study. 
In the past, the participant had been using a prosthesis attached to a socket that 
covered his shoulder, with EMG electrodes embedded within. However, due to 
discomfort and signal degradation due to heat and perspiration under the socket, 
he rejected this interface in favor of an osseointegrated implant, on which a pros-
thesis would be attached (see Figure 3-7). At the time of the experiments, the 
participant was undergoing rehabilitation to ensure the integration of the im-
plant with his residual humerus, ahead of the attachment of the prosthetic arm. 

Four experiments were executed with this participant. Different recording sites 
were tested, to assess if the participant could effectively control the prosthesis 
using the muscles pictured in Figure 3-7 (left and right pectoralis major and left 
flexor carpi radialis). Tactors 1 and 2 were placed over the EMG recording site, 
as shown in Figure 3-7 (with 2 on top), while tactors 3 and 4 were placed over 
the participant’s upper right back (with 3 on top), positioned similarly to tactors 
1 and 2. Care was taken so that no tactors were placed over bones. 

The positioning of the electrodes on the pectorals followed a trial-and-error test, 
wherein different points of the muscle in question were probed to identify one 
that offered the best signal quality. The flexor carpi radialis was identified with 
palpation, similar to the previous experiments. Importantly, and in contrast to 
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the previous studies, the participant only had control over hand closing, while 
opening was operated manually by the experimenter. Finally, the tactors were 
distributed far enough from each other so that the participant could easily iden-
tify which tactor was active at any given moment, especially given the low spatial 
discrimination ability of the back area [101]. The prosthesis was secured on the 
table and positioned so that it could freely open and close.  

The participant performed a force-matching task similar to those in Studies 1 
and 2, wherein he was required to use his myoelectric signal to apply specific 
force target levels (levels 2, 3, and 4, as they were defined in 2.2.3). Each of the 
four experimental sessions tested different conditions under which the task was 
to be executed. The participant’s performance was evaluated based on the force 
success rate, overall and for each target level, while the over- and undershoot 
rates offered further insight into the control. 

Session 1 was an introduction to the concepts of EMG feedback and myoelectric 
control. The participant’s performance was evaluated over a small number of tri-
als, controlling the prosthesis with his right pectoralis major (on the amputated 
side). Good performance in this session would be promising for the next ones, 
since it would indicate that the participant could modulate his muscle contrac-
tions and correctly interpret the feedback. 

Pectoralis
major

Flexor
carpi

radialis

EMG electrode
placements

C2 vibrotactors

Osseointegrated
implant

Figure 3-7: Schematic of the experimental setup elements placed on the 
transhumeral amputee participant 
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Session 2 aimed to ascertain the efficacy of EMG feedback in this new framework. 
This was achieved by the participant executing the experiment 3 times: without 
EMG feedback in the first and third run and with feedback in the second. The 
hypothesis in this session was that the feedback would benefit the control (which 
would result in higher success rate in the second run) and that it would have a 
learning effect on the participant. This learning effect would manifest itself in the 
third run (when the feedback is deactivated), wherein the success rate was ex-
pected to be higher than in the first run. 

Sessions 3 and 4 tested the translatability of the myoelectric control to different 
muscles, while keeping the vibrotactile stimulation site unchanged. As seen in 
Figure 3-7, the right and left pectorals and the wrist flexor of the left hand were 
tested. They were tested in this order in Session 3 and reversed in Session 4. The 
performance of the participant would indicate the efficiency of the interface 
when applied to different body areas. 

3.4.2. RESULTS AND DISCUSSION 

This case study involved the evaluation of the system seen in Studies 1, 2, and 3, 
translated to be applied on and controlled by a transhumeral amputee. Despite 
the recruitment of only one single participant, this study remains a source of val-
uable insight on the expectations one could have from a system like the one 
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tested when applied under different conditions. The summary results are shown 
in Figure 3-8. 

In the first session, the participant was introduced to the myoelectric control in-
terface and the concept of vibrotactile EMG feedback. His performance was eval-
uated to ascertain the efficacy of the interface. Surprisingly, his success rate (over 
all target levels) was 86.7%. This exceeded expectations, considering this was 
the participant’s first encounter with EMG feedback, while the system itself had 
never been used in its translated version, with EMG recorded from the pectoralis 
major and vibrotactile stimulation delivered around the shoulder area. The per-
formance indicated that the participant could easily interpret EMG feedback and 
integrate it into his control loop, thus applying the target forces with precision. 

Session 2 aimed at establishing the benefits of EMG feedback in the interface con-
trol, by having the participant perform three experimental runs, in only the sec-
ond of which he received EMG feedback. As expected, the overall performance in 
the second run was 31% higher than in the first (73.3 against 42.2%), highlight-
ing the effect that feedback has on control.  

The feedback was expected to have an additional effect, namely that of learning, 
with the participant developing the ability to control the system in a feedforward 
manner when executing the task with feedback therefore maintaining a rela-
tively high performance in the third run, where the feedback was deactivated. 
However, this expectation was not met, with the overall success rate being only 
4.4% higher than in the first run. Possibly, his over-reliance on the feedback dur-
ing the second run impeded any learning effect that the feedback could have pro-
vided [102].  

Nevertheless, the participant performed a large number of undershoots when 
targeting level 4 in the third run, which may indicate that he was generating mus-
cle contractions using a more conservative strategy, after receiving feedback in 
the second run. He likely resorted to this strategy to avoid overshoots; however, 
in the absence of feedback, this correction was imprecise, leading to 36.7% of 
level 4 trials failing due to undershoots. 

The results of session 3 indicate that the ability of the participant to retain good 
control of the interface over the time between sessions (1.5 months) was over-
estimated. The overall success rate with both pectoral muscles was approxi-
mately 65% but dropped to 40% when the participant used his forearm muscles 
to drive the prosthesis. Additionally, trials targeting level 2 were characterized 
by a disproportionally large number of overshoots, with the participant over-
shooting all level 2 trials when using his forearm muscles. 
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A combination of insufficient training to refamiliarize the participant with the 
setup, the first-time use of two out of three muscles for interface control, as well 
as unwanted artifacts in the myoelectric signal generated by the participant 
could explain this striking drop in the participant’s performance. These artifacts 
were mainly overshoots in the myoelectric signal often arising towards the end 
of the contractions, while the participant was attempting to relax. These artifacts 
were communicated to the participant via feedback; however, it is clear that he 
could not suppress them. 

For this reason, in session 4, the artifacts detected in the previous session were 
pointed out to the participant, who was given instructions on how to suppress 
them. The overall success rate with the left forearm and pectoral was approxi-
mately 85% in session 4, while the right pectoral had a 70% success rate (similar 
to the success rate seen in the second run of session 2). This is an indication that 
with proper guidance the participant could reintegrate the control scheme and 
utilize the feedback to apply the desired forces, as well as that the performance 
of the system is robust to the positioning of the EMG electrodes. Additionally, the 
positioning of the vibrotactors did not seem to affect the interpretability of the 
feedback, since the participant utilized it effectively, as evidenced in the results 
of Session 2. 

An interesting observation was that the participant could directly modulate his 
EMG to the desired interval and therefore directly apply the target force, without 
resorting to a stepwise strategy (an initial application of a low force and its sub-
sequent gradual increase). This behavior suggested that the participant could 
utilize the predictive properties of EMG feedback, further evidence of the intui-
tive nature of the system and the participant’s ability to integrate the feedback 
into his control loop. 

In summary, the participant’s performance exceeded expectations, particularly 
when controlling the interface with his right pectoral, considering that the mus-
cle had atrophied due to disuse post amputation. The results suggest that the 
stimulation transmitting the EMG feedback was intuitive and interpretable for 
the participant to rapidly and effectively assimilate it into his control loop and 
enhance his performance.  

The performance displayed by the participant was to par with that of able-bod-
ied participants in the previous studies, despite the radical translation of the 
setup. Therefore, this interface shows promise for flexible application and imple-
mentation in myoelectric control systems. 

 



Chapter 4. CONCLUSIONS 

4.1. ADDRESSING THE RESEARCH QUESTIONS 

The extraordinary complexity of the human hand and its control are really a nat-
ural wonder. Its replacement is of paramount importance to amputees, to restore 
lost functionality and their body image. However, fully restoring the functional-
ity of such a sophisticated organ with our current methods and technology is still 
an elusive goal.  

The restoration of sensory input from a prosthesis is considered to be a desirable 
feature in modern myoelectric prostheses. Therefore, extensive research has 
been dedicated to developing various different methods to develop a bidirec-
tional control interface to implement intuitive and effective artificial somatosen-
sory feedback.  

The present dissertation contributes to this field by evaluating the function of a 
proportional myoelectric prosthesis control interface integrated with EMG feed-
back, the latter being a relatively novel approach of considerable promise as a 
method to close the control loop. Aspects of the control system were studied and 
assessed, answering the four main research questions presented in Chapter 1. 
The summary conclusions of the four studies are represented in Figure 4-1. 

Research Question 1: What signal processing parameter 
values optimize the control of a prosthesis control system 

equipped with EMG feedback? 

We identified an optimal parameter pair for the processing of the EMG signal 
recorded from the user, which allowed them to better utilize the EMG feedback 
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and achieve specific force target levels with greater precision. This study offered 
a new set of guidelines for the parametrization of myoelectric control systems of 
this nature. These guidelines were used in the subsequent studies to select the 
EMG processing parameters to achieve optimal control. 

As mentioned before, the scientific literature, even the studies that are directly 
related to the application and evaluation of EMG feedback, is characterized by 
considerable heterogeneity regarding the parametrization of the signal pro-
cessing pipeline, with little consideration about its effects on the control loop. 
This study also indicated that a user’s ability to exploit EMG feedback and control 
a prosthesis is highly dependent on the morphology of the myoelectric signal, 
which, in turn, depends on the signal processing pipeline.  

The differences in the performance under the conditions tested in this study has 
provided valuable insight into the interplay between the parametrization of the 
control loop and the ability of the participants to effectively utilize EMG feedback 
and apply a desired grasp force with the prosthesis. Based on this, a more in-
formed decision can be made regarding the selection of the EMG processing pa-
rameters. 

The results are a step towards the standardization of the calibration of a pros-
thesis control interface equipped with EMG feedback. Knowledge of the optimal 
parameters can reduce the time required for pilot testing of a similar control loop 
in future studies, while, in a clinical setting, it can be used to offer better force 
control in daily activities, enhancing the user experience and quality of life. 

There is an optimal EMG
processing pipeline
when the user receives 
EMG feedback

EMG feedback improves
grasping compliant objects,

compared to incidental cues

The prosthesis control interface
equipped with EMG feedback 
can be translated to a high
level amputee and offer
good performance

EMG feedback outperforms
force feedback when the 
control signal is disturbed

Figure 4-1: The conclusions of the four studies that comprised this work 
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Research Question 2: Can EMG feedback mitigate the ef-
fects of control disturbances and promote robustness in a 

prosthesis control loop more effectively than force feedback? 

EMG feedback proved to be less sensitive to control disturbances than the more 
conventional and well-established force feedback, enabling the users to achieve 
their force targets more reliably, even in a condition of altered system dynamics. 
As mentioned, this study is the first one to directly compare EMG and force feed-
back in terms of their ability to mitigate the effect of control disturbances.  

These findings further establish EMG feedback as a solid alternative to more con-
ventional feedback approaches. A potential future application of artificial soma-
tosensory feedback in commercial prostheses would benefit greatly from the in-
tegration of EMG feedback. The results of this study indicate the robustness of 
EMG feedback to control disturbances generated in the highly dynamic environ-
ment in which the device is expected to operate. Therefore, it can be assumed 
that disturbance sources such as changes in the skin-electrode interface (e.g., due 
to sweating) and electrode shifts that could normally hamper prosthesis control 
will no longer have a significant impact if the system is equipped with EMG feed-
back.  

Additionally, the study establishes a reliable framework for the evaluation of ar-
tificial feedback under disturbed conditions. It is the author’s hope that this ap-
proach will be adopted in future studies in the field. 

Research Question 3: Can EMG feedback improve prosthe-
sis force control even in the presence of rich incidental feed-

back in the form of visual cues?  

This experiment was a more objective evaluation of EMG feedback, due to the 
similarity of the experimental conditions with a real-life scenario, thanks to the 
focus on the effect of incidental cues on the force control and their interplay with 
EMG feedback. Testing the system in a configuration resembling the daily life us-
age of the prosthesis offers important insight into its performance. 

When presented with grasping a compliant object, a rich source of incidental 
feedback generated by the deformation of the object, participants showed a clear 
preference for the information provided by EMG feedback, rather than rely on 
incidental cues. This highlights the value of EMG feedback, since it implies that 
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the information that it communicated to the participants enhanced and enriched 
the control loop, enabling precise and stable control. 

Considering that incidental feedback has been shown to suffice for satisfactory 
force control [25], the results of this experiment are even more significant. They 
can be regarded as a verification of the benefits of EMG feedback in the prosthe-
sis control loop.  

Research Question 4: Does EMG feedback still benefit the 
control when the control interface configuration is altered 

for use in a transhumeral amputee? 

So far, this work has shown that a properly calibrated myoelectric control system 
integrated with EMG feedback can offer good force control, which is maintained 
in disturbed conditions, while EMG feedback enriches the information obtained 
from incidental sources. Additionally, the performance of a transradial amputee 
participant in Studies 2 and 3 followed the trends set by the able-bodied partici-
pants, which was also a promising result, as was the fact that the amputee re-
ported that the feedback was intuitive and easy to comprehend. This provided 
an indication about the use of the system by its target user group, namely 
transradial amputees, for whom it was initially conceptualized. 

In Study 4 the translatability of the interface was demonstrated by fundamen-
tally modifying its configuration and applying it on a very proximal transhumeral 
amputee participant, who displayed satisfactory performance, comparable to the 
one seen by participants throughout the previous studies. This participant also 
pointed out the intuitiveness of the interface and understood the functional prin-
ciples within the first session without any previous experience or knowledge of 
similar setups. 

Notably, the study yielded these results despite the recorded muscle having no 
functional relation to the movement that the prosthesis performed and the stim-
ulation being delivered to a skin area farther from the end effector than in the 
configuration of the first three studies. These two outcomes were extremely 
promising and are further proof of the fact that EMG feedback was simple to use 
and can assist the participants in targeting precise force levels, regardless of the 
configuration of the recording and stimulation locations. Finally, this is an indi-
cation of the potential for the translatability of the setup in different body areas, 
while maintaining a satisfactory performance.  
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The results of the case study suggest that the features of the system make it suit-
able for use in different amputee groups, while opening up possibilities for fur-
ther modifications based on the target application. 

4.2. OVERALL CONCLUSIONS 

There is now further proof for the value of EMG feedback as a candidate method 
for closing the proportional myoelectric prosthesis control loop, as it implements 
a simple, intuitive, and stable control interface, with easily interpretable stimu-
lation. The system is adaptable and translatable to amputee participants, who 
can use it naturally and with ease, an indication of its potential for clinical appli-
cations. 

As mentioned, feedback is an often-cited user requitement for prosthetic devices 
that has, so far, been overlooked in the design of commercial devices. The control 
of a prosthesis can be enhanced with the introduction of feedback, enhancing the 
user experience. It also arises from the results that EMG feedback promotes in-
tuitive control and improves the reliability of a prosthesis interface, which, as 
stated in Section 1.2, are often-cited requirements that users have of their pros-
theses.  

Besides offering good performance, the integration of EMG feedback in prosthe-
sis interfaces also benefits the overall system design. The absence of additional 
sensors (for force, touch, etc.) that would be necessarily embedded in the pros-
thesis to generate the feedback signals would simplify the system considerably, 
decreasing the weight of the device and simplifying the software that controls it, 
while enhancing force control. This way, an interface equipped with EMG feed-
back would be more lightweight, simpler to manufacture and program, and po-
tentially more cost effective. Additionally, a more lightweight prosthesis would 
be more comfortable to wear, thus fulfilling one more cited user requirement. 

Therefore, in summary, an overall conclusion that can be drawn from this work 
is that EMG feedback can benefit many aspects of a prosthetic hand interface, 
from the system design to the user experience. This is an additional argument for 
the push for its introduction to commercial devices since the enhanced user ex-
perience may be instrumental in the reduction of prosthesis abandonment rates. 

It is the author’s sincere hope that the evidence presented herein will be instru-
mental in the advancement of the field of prosthetic hands. The integration of 
artificial somatosensory feedback in commercial devices is a crucial step in the 
evolution of such devices, which will offer improved user experience and en-
hanced quality of life to prosthesis users. 
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It is important to note that although these were overall the outcomes we ex-
pected, some aspects of the results were surprising and would merit further in-
vestigation. One major point was the control strategies that the participants 
largely selected, which deviated from the optimal one, namely the predictive con-
trol of force. Hypothetically, the selection of this predictive strategy may also 
have an effect on the trial completion time, which was somewhat of a confound-
ing factor in Studies 2 and 3. Perhaps, a deeper understanding of the behavioral 
aspect of motor learning with this particular myoelectric interface will shed light 
on these questions. 

4.3. FUTURE WORK 

Regardless of their promise, the results of this study by no means suggest that 
the implementation of the prosthesis myoelectric closed loop control presented 
in this work is flawless. The exploration of other aspects of the complex interplay 
between the user and the control and feedback interface is still a work in pro-
gress. 

An important step forward would be to compact the system, so that all its com-
ponents and functions can fit in a prosthetic socket, which, of course, is the vision 
for the potential commercialization of this system. The relative simplicity of the 
hardware comprising the interface may facilitate this transition. 

A fully mobile setup paves the way to the more comprehensive exploration of its 
performance. A longitudinal study where amputees use the system in their daily 
lives can be conducted to cement the long-term benefits of EMG feedback on user 
experience.  

Moreover, a more comprehensive study of the learning effects of EMG feedback 
can be conducted, to ascertain if this feedback interface can be used for training 
the feedforward mechanisms of the users. Can it be a useful tool in establishing 
the user’s internal models of the prosthesis interface in the long run? 

The evaluation frameworks put forward in this work can be used and expanded 
upon to assess future iterations of the setup used in the experiments or entirely 
different configurations of prosthesis control loops. 

And lastly, the control interface used in this work can be used for the develop-
ment of different systems (other than prosthetic hands), such as e.g., myoelectric 
teleoperation of robotic arms. The integration of EMG feedback into such a sys-
tem can potentially also benefit its control and performance.  
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