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Περίληψη 

Η τεχνολογία των προσθετικών άνω άκρων έχει ως κύριο μέλημα τη βελτίωση της ποιότητας 

ζωής των ατόμων που έχουν υποστεί ακρωτηριασμό. Παρά τη σημαντική πρόοδο που έχει 

σημειωθεί τα τελευταία χρόνια, ο στόχος της δημιουργίας πλήρως λειτουργικών 

υποκατάστατων των φυσικών άκρων δεν έχει ακόμη επιτευχθεί. Το βασικότερο εμπόδιο στην 

προσπάθεια αυτή έγκειται στη δυσκολία παροχής ικανοποιητικής ανάδρασης στο χρήστη. 

Η Εκτεταμένη Φυσιολογική Ιδιοδεκτικότητα (Extended Physiological Proprioception) 

αποτελεί μία τοπολογία ελέγχου προσθετικών άνω άκρων η οποία επικεντρώνεται στην 

επαναφορά της ιδιοδεκτικής ικανότητας του χρήστη. Μέσω σημάτων ανάδρασης προσφέρει 

τη δυνατότητα ασυναίσθητου ελέγχου θέσης του προσθετικού προσεγγίζοντας έτσι τη 

λειτουργία ενός φυσιολογικού άκρου. Παρ’ όλα αυτά, η εφαρμογή της εν λόγω τοπολογίας 

ελέγχου συνοδεύεται από αρκετά μειονεκτήματα, μεταξύ των οποίων η ανάγκη χειρουργείου 

κινησιοπλαστικής και το αντιαισθητικό τελικό αποτέλεσμα λόγω της χρήσης ντιζών για την 

απευθείας μηχανική σύνδεση των μυών με το προσθετικό. 

Η αναγνώριση της αξίας της ιδιοδεκτικής ανάδρασης σε συνδυασμό με την ανάγκη 

παράκαμψης των παραπάνω μειονεκτημάτων, οδήγησε στην πρόταση μίας νέας τοπολογίας 

ελέγχου ονόματι Biomechatronic EPP. Η προτεινόμενη τοπολογία είναι εμπνευσμένη από την 

κλασσική EPP μέθοδο και παράλληλα βασίζεται στην αρχιτεκτονική master-slave από τον 

τομέα της τηλερομποτικής και του τηλεχειρισμού. Πιο συγκεκριμένα, περιλαμβάνει την 

τοποθέτηση γραμμικών επενεργητών χαμηλής ισχύος σε σειρά με επιλεγμένους 

εναπομείναντες μύες του ακρωτηριασμένου κατά την αρχική χειρουργική επέμβαση 

ακρωτηριασμού. Τα εμφυτεύματα αυτά διαδραματίζουν το ρόλο των κύριων (master) ρομπότ 

και καταγράφουν εντολές δυνάμεων από τους μύες μέσω αισθητήρων δύναμης. Η 

πληροφορία αυτή αποστέλλεται ασύρματα στο προσθετικό άκρο που αποτελεί το ρομπότ 

υπηρέτη (slave), το οποίο και εκτελεί κατάλληλη κίνηση με βάση τις εντολές δύναμης που 

παραλαμβάνει. Τελικός στόχος είναι η γραμμική μετατόπιση των εναπομεινάντων μυών από 

τους γραμμικούς επενεργητές η οποία αντιστοιχεί στην κίνηση του προσθετικού άκρου. Με 

αυτόν τον τρόπο εξασφαλίζεται η δυναμική σύζευξη μεταξύ master και slave προσφέροντας 

ιδιοδεκτική ανάδραση στον χρήστη ανά πάσα χρονική στιγμή. 

Στο πλαίσιο προηγούμενων εργασιών, για τη μελέτη της προτεινόμενης τοπολογίας 

ελέγχου, είχαν χρησιμοποιηθεί γραμμικοί επενεργητές master μεγάλων διαστάσεων. Σκοπός 

της παρούσας εργασίας ήταν ο επανασχεδιασμός των εμφυτευμάτων με κύριο γνώμονα την 

ελαχιστοποίηση διαστάσεων και ισχύος. Αντικείμενο της εργασίας ήταν ο προσδιορισμός των 

προδιαγραφών του μηχανισμού, η επιλογή των κατάλληλων εξαρτημάτων και εν τέλει η 

κατασκευή πρωτότυπου μηχανισμού εμφυτεύματος που θα μπορούσε να αξιοποιηθεί ως 

ρομπότ master για τη συγκεκριμένη εφαρμογή. Τέλος, πραγματοποιήθηκαν πειραματικές 

δοκιμές προκειμένου να διαπιστωθεί η επάρκεια των εξαρτημάτων του πρωτοτύπου και να 

διερευνηθούν ορισμένες από τις δυνατότητες που παρέχει η Biomechatronic EPP τοπολογία. 

Τα συμπεράσματα που προέκυψαν από τις δοκιμές ήταν ότι παρά τις μικροσκοπικές τους 

διαστάσεις, οι νέοι γραμμικοί επενεργητές μπορούν να ανταπεξέλθουν στις απαιτήσεις της 

εφαρμογής. Παράλληλα, φαίνεται ότι η κατανάλωση ισχύος των πρωτοτύπων εμπίπτει στα 

επιθυμητά επίπεδα. Επιπλέον, τα αποτελέσματα υποδηλώνουν ότι η προτεινόμενη τοπολογία 

ελέγχου μπορεί να προσφέρει ικανοποιητική ανάδραση στο χρήστη σχετικά με τη θέση καθώς 

και με την αλληλεπίδραση του προσθετικού άκρου με το περιβάλλον. Τα παραπάνω, 

ενισχύουν την πεποίθηση ότι η Biomechatronic EPP τοπολογία μπορεί να έχει εφαρμοστεί 

στην πράξη και ότι είναι ικανή να ενεργοποιήσει την ιδιοδεκτική αισθητικότητα του χρήστη. 
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Abstract 

Upper-limb prosthesis technology is primarily concerned with improving amputees’ quality of 

life. However, despite significant progress in recent years, the aim of creating prostheses 

equipped with the complete functionality of a human limb has not yet been achieved. The main 

obstacle to this endeavour lies in providing adequate sensory feedback to the users. 

Extended Physiological Proprioception (EPP) is an upper-limb control topology that 

focuses on restoring the proprioception of the user. Feedback signals enable the user to 

control the prosthesis position subconsciously, thus resembling the function of a normal limb. 

However, the implementation of this control topology is accompanied by several drawbacks, 

including the need for cineplasty surgery and the unaesthetic view of Bowden cables used for 

mechanically connecting the amputee’s muscles to the prosthetic limb. 

The paramount importance of proprioceptive feedback and the need to overcome the 

above shortcomings led to the proposal of a new control topology called Biomechatronic EPP. 

The proposed topology is inspired by the classical EPP method and is also based on the 

master-slave architecture from the field of Telerobotics and Teleoperation. More specifically, 

it involves the implantation and connection of low-power linear actuators with selected residual 

muscles of the amputee during the initial amputation surgery. These implants correspond to 

the master robots of the teleoperation scheme, and they measure forces exerted by the 

residual muscles via force sensors. This information is sent wirelessly to the prosthetic limb, 

which plays the role of the slave robot. Subsequently, the prosthetic performs a movement 

according to the received force commands. The final goal is the appropriate translational 

displacement of the residual muscles by the linear actuators, depending on the prosthetic 

limb’s movement. This closed-loop control scheme ensures the dynamic coupling between 

master and slave, thus providing proprioceptive feedback to the user at all times. 

In previous works, large-scale linear actuators have been used as master implants to 

study the proposed control topology. This thesis aimed to redesign the implants focusing 

mainly on minimizing their dimensions and power consumption. This involved determining the 

mechanism’s specifications, selecting appropriate components, and ultimately, constructing 

an implant mechanism prototype that could be utilized as a master robot for this application. 

Finally, experimental tests were conducted to establish the adequacy of the prototype’s 

components and to explore some of the possibilities provided by the Biomechatronic EPP 

topology. 

The conclusions drawn from the tests were that despite their tiny dimensions, the new 

linear actuators could cope with the application’s requirements. At the same time, it appears 

that the power consumption of the prototype falls within the desired specifications. 

Furthermore, the results suggest that the proposed control topology can provide satisfactory 

feedback to the user regarding the position as well as the interaction of the prosthetic limb 

with the environment. The above supports the belief that the Biomechatronic EPP topology 

can be realistically implemented and that it can activate the user's proprioceptive sensation. 
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1 Introduction 

1.1 Purpose 

Upper limb prosthesis control methods have progressed significantly in recent years. 

Nevertheless, human upper limb's complex anatomy and dexterity pose a challenging 

scientific task regarding its replacement. The mechanical demands and constraints of such an 

endeavour are considerable; however, the most crucial factor concerning the proper function 

of an upper limb is its control. 

The human body can effortlessly control its upper limbs through a large number of sensory 

receptors located mainly in the muscles, joints and tendons. These sensors are called 

mechanoreceptors and are responsible for providing information to the neural system on any 

changes concerning the state of the upper limb. The ability to sense using these 

mechanoreceptors is called proprioception, and its absence renders the control of the limbs 

impossible. 

In the field of prosthetics thus far, Myoelectric Control Systems have been the preferred 

control method, mainly due to their non-invasive nature. Such systems utilize 

electromyographic signals (EMG) detected by surface electrodes placed on the residual limb’s 

skin to control the prosthesis. Myoelectric control constitutes an open loop velocity control 

configuration and visual feedback is the only feedback that informs the amputee regarding the 

state of the prosthesis. However, as demonstrated by Doubler, J.A.& Childress, D.S. (1984b) 

[5], velocity control has been proven to be inferior to position control in positioning tasks. In 

addition, as in many other prosthesis control methods, the lack of adequate feedback and 

more specifically of proprioceptive feedback, substantially limits the quality of prosthesis 

control. 

The paramount importance of providing proprioceptive feedback through a closed-loop 

position control led D.C. Simpson, in 1974 [14], to be the first to suggest a novel prosthesis 

control approach known as Extended Physiological Proprioception (EPP). According to 

Simpson’s proposal, Bowden cables would connect an amputee’s residual muscles to the 

prosthetic. Through this physical mechanical link, information regarding the position, velocity, 

and forces could be transferred between the prosthetic device and the amputee’s neural 

receptors, thus enabling the user’s proprioception. However, the implementation of EPP also 

entailed certain negative aspects. Some of the drawbacks were that complex plastic surgery 

was required, which inherited future dangers regarding limb infections, while also the end 

result was not aesthetically pleasing to the human eye. In addition, this method often carried 

control constraints, mainly related to the direction of movement and the magnitude of the 

muscle’s force capabilities. 

Based on the EPP control notion and in an attempt to overcome the limitations mentioned 

above, since 2015 [10], [16], at the Control Systems Lab (NTUA), an innovative control 

proposal coined Biomechatronic Extended Physiological Proprioception (EPP) was 

introduced. This novel control topology aims to activate the proprioception of the amputee, 

and its architecture is based on the field of Telerobotics – Teleoperation. In particular, as 

shown in Figure 1-1, a master–slave control scheme is designed, employing an implantable 

device meant to be attached to the amputee's residual muscles and activate the receptors of 

the limb. The implant, which represents the master system in this configuration, is intended to 
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communicate wirelessly with the transradial prosthesis, which plays the role of the slave 

system. The main advantage of the proposed method is that it provides proprioceptive 

feedback to the amputee through the implantable device by implementing a closed-loop 

position control. 

 

Figure 1-1. Biomechatronic EPP Control Topology [10]. 

Six Diploma and MSc students have previously worked on this demanding project. The 

theoretical foundations of the proposed control topology were set by Mamblekos-Alexiou 

Anestis [10] and an initial large-scale experimental setup was constructed and examined by 

Vaggelatos Zaharias [15]. In addition, MSc students Koukoulas Nikolaos and Petros 

Konstantineas worked on the design and implementation of the wireless communication 

between the master and slave system [9], [7] while Spiros Kontogiannopoulos experimentally 

compared the control performance of Biomechatronic EPP to other control topologies, 

including EMG [8]. 

The results of the above extensive previous work suggested that the proposed method is 

able to compete with commonly used upper-limb control methods and even surpass them [8]. 

However, even though these results indicated that the concept of Biomechatronic EPP is 

definitely promising, the experiments were performed using a large-scale implant prototype. 

Therefore, the next step was to design and construct a miniature version of the 

implantable system that could realistically fit inside a human amputated arm. This led to the 

purpose and work of the current Diploma Thesis. More specifically, this thesis focuses on 

creating the smallest possible implant prototype mechanism in terms of dimensions and power 

consumption that simultaneously fulfils the specifications defined by the Biomechatronic EPP 

configuration in order to achieve the desired level of prostheses control. The end goal is to 

examine if the miniaturized implant prototype can provide satisfactory results and, therefore, 

not only give rise to the concept of Biomechatronic EPP but also demonstrate that it can be 

practically implemented. 
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1.2 Literature Review 

The desirable characteristics of upper limb prostheses control systems were listed by 

Childress D.S. in 1992 [4] as follows: 

1. Low mental loading or subconscious control. 

2. User-friendly or simple to learn to use. 

3. Independence in multifunctional control. 

4. Simultaneous, coordinated control of multiple functions. 

5. Direct access and instantaneous response. 

6. No sacrifice of human functional ability. 

7. Natural appearance. 

 

Considering all the above, it is evident that a prosthetic system must provide the user with 

the sensation of a normal upper limb, thus creating the impression that the prosthetic is an 

extension of the amputated body rather than a foreign apparatus. The most crucial factor in 

achieving the above desirable attributes, is the choice of the prostheses control configuration. 

1.2.1 Body-powered systems and Extended Physiological Proprioception (EPP) 

Body-powered systems constitute a type of prosthesis for patients with upper limb amputation. 

Their distinguishable trait among other types of prostheses is that they require muscular effort 

by the amputee to operate the prosthetic limb. 

Extended Physiological Proprioception (EPP) is a control topology that belongs to the 

family of body-powered prostheses. In the case of EPP, control is achieved by the use of 

Bowden cables, serving as a mechanical connection between the amputees’ remaining 

muscles and the prosthetic limb. This configuration allows the user to be subconsciously 

aware of the prosthetic's state, thus enabling the amputee's proprioceptive ability. The core 

concept of EPP constitutes the basis of the proposed Biomechatronic EPP control topology 

presented in this thesis. 

 

Figure 1-2. EPP body-powered prosthesis - Modified Otto-Bock hand to be driven by 
exteriorized tendons built at Northwestern University Prosthetics Research 
Laboratory [1]. 

1.2.2 Teleoperation - Telerobotics 

Teleoperation refers to the control of a machine or an actuator that is located in a distant area. 

A system based on the principles of Teleoperation generally consists of the following: 
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•A master device that is controlled by the user. 

•A slave device whose function depends on the commands given by the master device. 

•A controller responsible for the dynamic correlation between the master and the slave 

devices by transferring the appropriate information concerning their displacement and 

applied forces. 

 

It has to be noted that the degrees of freedom of both the master and the slave devices 

must be the same. This topology is considered a successful one if the impedance of the 

environment is the same for the user as if he or she was controlling the slave motor without 

the master. In this case, the control system is called transparent [19], [15]. 

1.3 Thesis Structure 

The present thesis is structured as follows. 

In the first chapter, the purpose of the Diploma Thesis and a brief literature review are 

presented. 

The second chapter presents the design process of the proposed miniaturized implant 

prototype, laying out the specifications and the final design of the implant’s mechanism. 

In the third chapter, the selection and assembly process of the hardware components 

from which the master system consists is thoroughly explained. This chapter also gives 

detailed information on the experimental setup, including the FSR Circuit and the slave 

system. 

The fourth chapter describes the procedure for identifying the master system parameters. 

It also includes the design of the implemented control scheme, used to control both the master 

and the slave system. 

The fifth chapter illustrates the implementation stage and how the communication 

between the master and slave system was achieved using the dSPACE platform DS1103. 

This chapter also includes the complete hardware connection map. 

In the sixth chapter, the setup utilized to perform the experimental tests is displayed. Two 

experiments concerning the verification of the transparency of the proposed configuration and 

the adequacy of the selected hardware components are presented and discussed. Moreover, 

in an attempt to examine the capabilities of the Biomechatronic EPP control topology, two 

additional experiments are presented, namely target and sense experiments. 

The seventh chapter summarizes the conclusions of this thesis and includes 

recommendations for the next steps in future work. 

Appendix A presents the datasheets of all the hardware components used for the setup. 
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2 Implant Prototype Design 

2.1 Introduction 

This chapter presents the selection and design process of the linear motion mechanism that 

will eventually be part of the miniaturized implantable device (master system). In the end, the 

final design proposal will be displayed and compared to the existing large-scale solution used 

in previous works. 

First of all, to fully comprehend the decision process regarding the linear motion 

mechanism selection, the main functions that the implant (master system) is expected to 

perform should be explained. 

As mentioned before, the implantable device or master system (these two terms will be 

used interchangeably throughout the thesis) is intended to be permanently attached to a 

remaining pair of agonist and antagonist muscles, as shown in Figure 1-1. This establishes a 

mechanical linkage between the amputee’s mechanoreceptors and the implantable device. 

Each connection to a muscle pair enables the user to control and receive proprioceptive 

feedback regarding one corresponding degree of freedom of the prosthetic. In this work, a 

specific scenario is examined, under which the implantable device is connected to a pair of 

agonist and antagonist muscles, with the corresponding degree of freedom being the 

flexion/extension of the wrist (see Figure 2-1). This degree of freedom refers to the movement 

capability of the prosthetic, which plays the role of the slave robot in the Biomechatronic EPP 

configuration. 

It has to be noted that the selected degree of freedom could have represented a different 

motion of a human upper limb, for example, a grasping motion. However, this does not affect 

the implant’s operation in any way, and consequently, for purposes of simplicity, it was decided 

that the rotation of the wrist should be examined. 

 

Figure 2-1. Wrist flexion and extension [13]. 

The next thing that must be clarified is why a linear motion mechanism is required in the 

first place. The answer has to do with the working principles of the agonist and antagonist 

muscle pairs. 
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In the human body, skeletal muscles work together by contracting or relaxing in order to 

move a joint. This could be illustrated by a simplified example, visualized in Figure 2-2. Human 

joints are connected to antagonistic muscle pairs; in the case of the elbow joint, to the biceps 

and triceps. If a person wants to perform, for example, a flexion of the elbow joint, the biceps 

(agonist) contract while the triceps (antagonist) relax to allow the desired motion to be 

accomplished (Figure 2-2 (a)). Reversely, in the case of the elbow extension, the two muscles 

exchange roles, with the triceps (agonist) having to contract while the biceps (antagonist) enter 

a relaxing state (Figure 2-2 (b)). 

 

Figure 2-2. Elbow Joint Motion (a) Elbow Flexion (b) Elbow Extension (Modified from [3]). 

It has to be noted that the above constitutes a simplified explanation that provides the 

core idea behind the motion mechanics of joint motion in the human body and not an in-depth 

detailed description of how a real elbow joint works. The critical thing to remember is that to 

move a joint, a displacement (change of length) of the corresponding muscles is observed. 

More specifically, during contraction, muscles shrink, thus reducing their overall length, while 

during relaxation, muscles lengthen. 

In the case of customary upper limb amputation, after the surgery, amputees are often 

still able to exert forces through their remaining muscles; however, these are no longer 

connected to a movable joint. This unutilized opportunity is precisely what the Biomechatronic 

EPP control topology seeks to take advantage of through the placement of the implantable 

device. The contraction and extension of the muscles that an upper limb could normally 

perform can be artificially achieved through the help of the implantable device. 

The proposed implant mainly consists of two linear actuators, and each one would be 

separately connected to an agonist and an antagonist remaining muscle of the amputee (see 

Figure 2-3). With the help of the linear motion mechanisms, the implant is able to linearly 

displace the muscles, thus replicating the normal function of a human joint. 
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Figure 2-3. Master System: Linear Actuators attached to the agonist and antagonist muscles. 

More specifically, the working principle of the Biomechatronic EPP configuration is as 

follows (see Figure 2-4): First, the amputee exerts forces through the muscles attached to the 

implant. These forces are measured by force sensors located between the muscles and the  

master robots and are used as input for the motion of the prosthesis. This is achieved by 

wirelessly transmitting the force measurements from the implant’s microcontroller (master) to 

the microcontroller of the prosthesis (slave). Subsequently, the prosthetic performs a motion 

that corresponds to the input measurements. Then, the angular position of the prosthetic is 

transmitted back to the implant, which translates the information to the linear position and 

velocity that the muscles of interest should have in the case that the muscles were 

mechanically linked to the prosthetic limb. The displacement of the muscles is then 

accomplished through the actuation of the linear motion mechanisms for the agonist and 

antagonist muscles respectively. This closed-loop position control process is continuously 

repeated as long as the amputee exerts forces indicating the intention to move the prosthetic. 

This way, Biomechatronic EPP establishes an inextricable correlation of force, velocity and 

position between the prosthetic limb and the muscles of the amputee, thus providing the 

desired proprioceptive feedback. 

 

Figure 2-4. Biomechatronic EPP Control Topology Architecture. 
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2.2 Linear Motion Mechanism Selection Process 

Now that the purpose and primary functions of the implant are explained, the linear motion 

mechanism selection process is presented. 

In previous works [10], the linear motion was achieved using a linear actuator setup (see 

Figure 2-5). As can be seen from the Solidworks assembly in the figure, in that configuration, 

two lead screws (one for the agonist and one for the antagonist muscle) are placed in series 

with their respective master motors. Figure 2-6 displays the actual experimental setup used in 

the lab next to a human forearm for comparison purposes. The maximum dimensions of each 

linear actuator system (excluding the force sensor housing) were 132.9 mm in length, 33.3 

mm wide, and 19.8 mm in height. It is evident that these dimensions are prohibitive in terms 

of fitting inside a human arm that has undergone transradial amputation surgery. 

 

Figure 2-5. Solidworks Assembly of the previous Master System. 

 

Figure 2-6. Previous Master System next to a human forearm. 
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Therefore, as is the purpose of this thesis, a new, miniaturized linear actuator 

configuration had to be designed to support the idea that the Biomechatronic EPP can be 

realistically implemented. 

For this reason, various types of linear motion mechanisms were considered and 

examined based on design constraints and specifications. Specifications of hardware 

components such as the required torque and angular velocity of the master motors or the 

energy consumption limit, will be thoroughly examined in the next chapter. This chapter will 

only focus on the main criteria that contributed to determining the type of the selected linear 

motion mechanism and the configuration of the final design. Those criteria are presented next. 

2.2.1 Dimensions / Volume distribution 

The anatomy of the antebrachium is highly complex and cannot be accurately described by 

simple geometric shapes, as shown in Figure 2-7. As a result, the exact dimension limitations 

were difficult to be determined since no precedent-related research was found. Therefore, it 

was decided to set a dimensional boundary of 40x20x20 mm, which was based on the smallest 

estimated linear motion mechanism that could realistically be designed and constructed in the 

lab, while simultaneously fulfilling all other specifications. This dimensional restriction 

concerns each linear motion mechanism, and the implant requires two. Figure 2-8 illustrates 

a human forearm next to a 3D-printed rectangular box with the exact dimensions of the 

dimensional boundary. 

 

Figure 2-7. Cross Section of Antebrachium [11]. 

 

Figure 2-8. 3D-printed box with maximum dimensions next to a human forearm. 
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2.2.2 Non-backdrivability 

This feature was one of the most crucial specifications for finalizing the mechanism selection 

process. A transmission mechanism is considered non-backdrivable when motion can be 

transmitted only from the input to the output axis and not vice-versa [6]. This means that the 

linear actuator should be driven only by the actuation of the mechanism’s motor (input) and 

not by the forces exerted on it by the amputees’ muscles (output).  

From [1], it is given that muscle cineplasty and exteriorized tendons amputees were able 

to produce a maximum force between 0.6–2.5 kg, which roughly translates to 5.9–24.5 N. 

During the prosthesis operation, there are some cases in which the mechanical system should 

oppose the movement of the muscle; for example, when the prosthetic comes in contact with 

an object from the environment. Previous works indicated that the miniaturized components 

used in this application could not directly match the power of the muscle. This issue was 

overcomed by ensuring that the linear motion mechanism would be non-backdrivable. The 

significance of this non-backdrivable characteristic will become apparent in the following 

chapters and especially during the sense experiment, where it played a decisive role in the 

outcome. Since many linear motion mechanisms are backdrivable, this essential feature 

narrowed the range of possible options considerably. 

2.2.3 Durability 

The mechanical system will be attached to the muscles, and it will be regularly subjected to 

dynamic loading. This means that the system should be durable enough to withstand the 

forces exerted on it daily for a lifespan of many years. 

2.2.4 Cost and lead time 

There was no specific cost or time limitation set. However, the general approach was to look 

for off-the-shelf components rather than custom-made ones since this would prove costly and 

time ineffective. 

2.2.5 Linear Motion Mechanism Types 

Considering all of the above criteria, the two main contender types of linear motion 

mechanisms were the lead screw (see Figure 2-9) and the worm gear (see Figure 2-10). 

These two options are also the preferred choices for miniature linear actuators, especially in 

the field of prosthetics. Other options, such as rack and pinion mechanisms, bevel gears, or 

various pulley configurations, were mainly eliminated due to the fact that, in general, they 

constitute backdrivable mechanisms. 

Unfortunately, after conducting an extensive market search, neither off-the-shelf lead 

screw nor worm gear linear actuators were able to meet all the specifications required for the 

application in question. Consequently, it was decided that the mechanism should be designed 

and constructed in the lab from scratch.  
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Figure 2-9. Initial conceptual design of a lead screw mechanism made in Blender. 

 

 

Figure 2-10. Initial conceptual design of a worm gear mechanism made in Blender (based on 
the miniature worm gear reducers of ondrives.us [20]). 

After much consideration, it was concluded that the creation of a lead screw mechanism 

would prove to be a more feasible endeavour compared to the worm gear. The simple 
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assembly process and the plethora of available individual parts regarding lead screw 

mechanisms would enable the fine-tuning of several parameters in order to achieve the 

desired characteristics. The final design proposal is presented in the following section. 

2.3 Final Design 

Figure 2-11 presents the configuration of the linear motion mechanism intended to be 

embedded in the implantable device. 

 

Figure 2-11. Master System Linear Actuator Final Design – Solidworks Assembly. 

The total dimensions of the structure are 39x21x15 mm which was considered satisfactory 

based on the dimensional restrictions. The proposed mechanism consists of a motor, two 

gears, a lead screw with a nut, and two bearings. All of those mechanical components have 

miniature dimensions, and in the next chapter, the selection procedure for each part will be 

presented in detail. 

It must be clarified that Figure 2-11 presents the linear motion mechanism proposal that 

will be used in the experimental setup in lab conditions, to examine the adequacy of the 

selected mechanical components, and not a complete proposal intended to be used as the 

actual implant. The latter can be part of a separate Thesis where a hermetically sealed 

enclosure for the whole implant setup (including the linear mechanism, the microcontroller, 

the rechargeable battery, the FSRs etc.) will be designed and examined for biocompatibility. 

The holes in the 3D-printed housing and its rectangular shape facilitate the mounting of 

the structure on the base of the experimental setup, while the various uncovered places in the 

housing structure ease the optical observation of the mechanism operation during the 

experiments. 

Figure 2-12 and Figure 2-13 show the two master linear actuators as they were mounted 

in the experimental setup, while Figure 2-14 and Figure 2-15 offer a clearer view of the parts 

inside the housings. 
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Figure 2-12. New master system that was constructed in the lab (top view). 

 

 

Figure 2-13. New master system that was constructed in the lab (close up). 
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Figure 2-14. New master system with semi-opened housing revealing parts inside (side view). 

 

 

Figure 2-15. New master system with semi-opened housing revealing parts inside (front view). 
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To put matters in perspective, the previous and the new master systems are compared 

side by side. 

 

Figure 2-16. Previous and New linear actuators of the master system side by side. 

Figure 2-16 illustrates the reduction achieved in terms of dimensions compared to the 

linear actuator of the master devices that were used in previous works. 

More precisely, an 85.9% reduction in volume was accomplished. Moreover, the overall 

volume distribution was improved by placing the lead screw and the master motor in a parallel 

configuration instead of an in-series configuration that was used in the previous setup. This 

reduces the length of the overall implant, which would prove essential in the case of fitting 

inside an amputated forearm. 

In addition, the new master system weighs significantly less. Specifically, the mechanical 

components comprising each of the new master mechanisms add up to just 11 g (this includes 

the motor, encoder, lead screw, nut and bearings). This is an enormous improvement 

compared to the previous system, where each mechanism weighed beyond 100 g. 

Lastly, the selection of smaller master motors led to a considerable decrease in power 

consumption. Unfortunately, no power consumption measurements were taken with the 

previous setup to directly compare the two systems in question. However, it can be stated that 

the previous system was equipped with a master motor with a power rating of around 3 W, 

while the new system employs motors rated at 0.5 W. More details about the matter will be 

presented in Chapter 6 since, during the experimental phase of this thesis, a power 

consumption test was conducted to obtain the estimated consumption of the new system. 
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3 Hardware Selection 

3.1 Master System - Mechanical Parts Selection Process 

This chapter describes the selection process of each of the mechanical components that 

comprise the proposed master linear actuator which was presented in the previous chapter. 

3.1.1 Modelling 

The hardware selection procedure begins with the modelling of the linear actuator. A 

theoretical model of the mechanism is necessary to estimate the required torque and angular 

velocity of the master motor and the geometric characteristics that each of the other 

components should have. 

Firstly, the mathematical symbols used in the equations to follow must be explained. In 

Figure 3-1 the mechanical parts of the master system are identified. 

 

Figure 3-1. Linear Actuator Components Notation. 

The symbols displayed in Figure 3-1 are explained in Table 3-1. 

Table 3-1. Symbol description for Figure 3-1. 

Description Symbol Unit 

Inertia of the motor Jm kg𝑚2 

Inertia of the gear attached to the motor Jg1 kg𝑚2 

Inertia of the gear attached to the lead screw Jg2 kg𝑚2 

Inertia of the screw Js kg𝑚2 

Damping of the motor Bm kg𝑚2𝑠−1 

Damping of the bearings Bb kg𝑚2𝑠−1 

Mass of the nut Mn kg 

Gear ratio n − 

Torque of the motor τm Nm 

Angular position of the motor θm rad 

Linear displacement of the nut 𝑥n m 
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Further details regarding the lead screw geometry are displayed in Figure 3-2.  

 

Figure 3-2. Lead Screw Notation – Modified from [12]. 

The descriptions of the mathematical notations seen in Figure 3-2 are given in Table 3-2. 

Next, the equations that correlate the quantities of interest are presented. 

Table 3-2. Symbol description for Figure 3-2. 

Description Symbol Unit 

Pitch of the lead screw p m 

Number of thread starts ns − 

Lead of the lead screw 𝑙 m 

Major diameter of the thread D m 

Pitch diameter of the screw dp m 

Thread angle as measured on a section 

through the axis of a screw 
β 𝑑𝑒𝑔 

Lead angle (or helix angle) λ 𝑑𝑒𝑔 

Thread angle as measured on a section 

perpendicular to the helix 
θn 𝑑𝑒𝑔 

 

From theory, it is known that the lead l  of the screw is defined as 

 
sl n p=  (3-1) 

where p  is the screw pitch (distance between identical points of two consecutive threads) and 

sn  is the number of starts [12]. In the current project, 
sn  is equal to 1 and therefore the lead 

is the same as the pitch of the screw. 

The lead angle  , is defined as 

 tan
p p

l p

d d


 
= =  (3-2) 

where, as stated in [12], the pitch diameter 
pd  can be obtained approximately by 

 
2

p

p
d D

 
= −  

 
 (3-3) 
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Lastly, the thread angle 
n  can be calculated from the following equation. 

 ( )arctan tan cosn  =  (3-4) 

A lead screw mechanism is generally examined by unwrapping a lead screw and a nut 

thread on a flat surface, as shown in Figure 3-3. Nevertheless, it is crucial to comprehend that 

depending on the direction of the nut’s velocity and the direction of the exerted force by the 

residual muscle, two distinct loading cases are observed. 

Loading Case 1: The force 
muF  exerted by the muscles of the amputee has the same 

direction as the velocity of the nut 
nx . The forces developed in this scenario are illustrated in 

Figure 3-3.  

 

Figure 3-3. Loading Case (1) Modified from [10]. 

The symbols shown in Figure 3-3 are described in Table 3-3. 

Table 3-3. Symbol description for Figure 3-3.  

Description Symbol Unit 

Coefficient of friction μ − 

Perpendicular force generated due to the 

contact between the nut and screw 
N1 𝑁 

Perpendicular force generated due to the 

contact between the nut and guide 
N2 𝑁 

Friction force between nut and guide Ffs 𝑁 

Friction force between nut and screw Ffn 𝑁 

Muscle force Fmu 𝑁 

Linear velocity of the nut 𝑥ṅ   m/s 
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From Figure 3-3, the following equations concerning the friction forces can easily arise. 

 1fsF N=  (3-5) 

 ( )2 1cos cos sinfn fs nF N F N    = = −  (3-6) 

Consequently, the screw dynamics can be expressed through Equation (3-7). 

 ( )1

1
cos sin cos

2

p

eq m eq m m n

d
J B N

n
      + = + −  (3-7) 

where the equivalent moment of inertia 
eqJ  is given by  

 1 2 2

1
( )eq m g s gJ J J J J

n
= + + +  (3-8) 

and the equivalent viscous friction coefficient 
eqB  by 

 
2

1
eq m bB B B

n
= +  (3-9) 

On the other hand, the equation that describes the dynamic behaviour of the nut is the 

following: 

 ( ) ( )1 1cos cos sin cos cos sinn n mu n nM x F N N        = − − − +  (3-10) 

Dividing Equations (3-10) and (3-7), the dynamics of the linear actuator system can arise 
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where the term ξ1 is equal to 
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The conversion of the linear acceleration of the nut 𝑥̈𝑛 to the angular acceleration of the 

screw 𝜃̈𝑚 is given by 

 
1
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2

p

n m

d
x

n
 

 
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 
 (3-15) 

Therefore, by substituting Equation (3-15) in (3-13), the final equation of motion that 

describes the system is obtained: 
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Equation (3-16) can be rewritten in the following condensed form as 

 ( )1 1eq m eq m m fJ J B   − + = −  (3-17) 

where 
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and the term 1f  being equal to 

 1 1f muC F =  (3-19) 

where 
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Loading Case 2: The force 
muF  exerted by the muscles of the amputee has the opposite 

direction compared to the velocity of the nut 
nx . This scenario is displayed in Figure 3-4. 

 

Figure 3-4. Loading Case (2) Modified from [10]. 

Following the exact same rationale as in Case 1, the resulting system equation of motion 

can be written as follows: 
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 (3-21) 

In case 2, the term ξ2 is equal to 
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Equation (3-21) can be rewritten in the following condensed form as 

 ( )
22eq m eq m m fJ J B   − + = −  (3-23) 

where 
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and with the term 2f  being equal to 

 2 2f muC F =  (3-25) 

where 
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After modelling the mechanical system, to acquire an estimation of the required torque 

,m req , angular velocity ,m req  and power from the master motor ,m reqP , it was necessary to 

emulate the loading scenarios that the implantable device would be subjected to during the 

actual application. In other words, the need was to accurately represent the force signals that 

would be received by the force sensors that would be connected to the residual muscles of 

the amputee in reality. 

For this reason, a model that imitates the behaviour of human muscles had to be created. 

Fortunately, this work was done in a previous Diploma Thesis by the Diploma Student Anestis 

Mablekos-Alexiou, who built a Simulink model in Matlab that provides an estimation of the 

response of the human muscles depending on the input of the neuromuscular system [10]. 

This model was based on the lumped parameters model that was developed by Winters and 

Stark [16], [17], [18]. The logic behind the inner workings of the model is displayed in Figure 

3-5. 

 

Figure 3-5. Neuromuscular model block diagram [10]. 

More precisely, the Simulink model accepts a neural signal ‘u’ as the input, representing 

the human intention to perform a specific motion using the upper limb. By also selecting proper 

parameters (e.g. the length of the muscles, the range of motion of the limb, etc.) and through 

the equations of the model that are listed and carefully explained in [10], the model provides 

an estimation of the forces 
muF  and velocities 

mux  of the agonist and antagonist muscles that 

are required for the limb to perform the desired movement path indicated by the neural signal 

input. 
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Since the linear displacement of the lead screw nut has to follow the motion of the muscle, 

using Equation (3-2), the direct correlation between the required angular velocity of the motor 

,m req  and the muscle’s velocity 
mux  can be expressed by Equation (3-27). 

 , ,

2 2

tan tan
m req n req mu

p p

x n x n
d d


 

   
= =   

   
   

 (3-27) 

Also, the required torque ,m req  that the master motor should be able to provide to the 

master mechanism can be obtained by writing Equations (3-17) and (3-23) in the following 

form: 

 , 1,2 , , 1,2( )m req eq m req eq m req fJ J B   = − + −  (3-28) 

From (3-28) it is obvious that if the required angular velocity of the motor is known through 

(3-27), the only thing left to acquire an estimation for the required torque is to assign 

appropriate values to all other parameters of the model regarding geometric (𝐷, 𝑝, 𝛽, 𝑛), 

inertial (Jeq) and dynamic friction (𝐵eq) characteristics. The values selected to complete the 

theoretical simulation are listed in Table 3-4. 

Subsequently, the necessary power requirements ,m reqP  from the master motor could be 

calculated by Equation (3-29). 

 
, , ,m req m req m reqP  =  (3-29) 

Table 3-4. Selected values for the parameters of the linear actuator. 

Description Symbol Value Unit 

Equivalent moment of inertia Jeq 1.05𝑒 − 8 kg𝑚2 

Equivalent viscous  

friction coefficient 

𝐵eq 2.5𝑒 − 7 kg𝑚2

𝑠
 

Coefficient of friction 𝜇 0.12 − 

Lead screw diameter 𝐷 2e − 3 m 

Lead screw pitch 𝑝 0.5𝑒 − 3 m 

Thread angle  𝛽 14.5 deg 

Nut mass 𝑀n 10𝑒 − 3 𝑘𝑔 

Gear ratio 𝑛 1.2 − 

 

It should be pointed out that the parameters listed in Table 3-4 do not represent the actual 

final parameters of the master system that was constructed in the lab. They simply constitute 

value approximations based on bibliography or desirable characteristics, that were used with 

the sole purpose of receiving an estimation of the specifications that the master motor should 

meet. Unfortunately, as it will be explained in the respective chapters regarding the hardware 

selection process, mainly due to product scarcity along with cost and time restrictions, some 

parameters such as the lead screw pitch p or the gear ratio n, had to be altered slightly. 
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The diagram in Figure 3-6 summarizes the work-flow followed to determine the desired 

master motor specifications. 

 

Figure 3-6. Work-flow diagram. 

The exact requirements calculated concerning the torque, angular velocity and power of 

the master motor are listed in Table 3-5. 

Table 3-5. Torque – Angular Velocity – Power requirements for the Master Motor.  

Requirement Symbol Value Unit 

Max. Torque Tmax 1.47  mNm 

Max. Angular Velocity 𝜔max  5113  rpm  

Max. Power 𝑃max 0.31  W 

Torque at max. Power Tο,max 0.59  mNm 

Angular velocity at max. Power 𝜔ο,max 5037  rpm 

3.1.2 Power Consumption Restriction 

At this point, another critical specification concerning the power consumption of the master 

system must be discussed. In 2015, an initial analysis regarding the safety and feasibility of 

the Biomechatronic EPP upper limb prosthesis controller was performed [11]. In that work, 

among other factors, the thermal losses of the implant were taken into consideration to 

examine the aspect of human safety. The initial findings suggested that the proposed topology 

is safe and feasible, assuming that each master motor placed inside the amputated limb would 

have a power consumption no more than 0.5 W. Based on these findings, in the current thesis, 

the power consumption goal that was defined during the master system’s design process was 

that each of the master mechanism should not exceed an average consumption of 0.5 W 

during its operation. 

After having defined all of the above necessary characteristics and specifications that the 

master system should meet, each mechanical component that was selected for this project is 

presented. 
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3.1.3 Master Motor Selection 

The master motor of choice was the Maxon DCX08 EB KL 4.2V (Figure 3-7). 

 

Figure 3-7. Master Motor - Maxon DCX08 EB KL 4.2V. 

The above motor is a brushed DC motor equipped with Maxon’s precious metal brushes 

and ball bearings. Its diameter is 8 mm and its power rating is 0.5 W. 

Several characteristic values of the motor are presented in Figure 3-8, while the 

Torque/Speed curve, at the nominal voltage of 4.2 V, is displayed in Figure 3-9. The datasheet 

stating the complete product specification list is quoted in Appendix A. 

 

Figure 3-8. Master Motor (Maxon DCX 8 M Ø8 mm) specifications. 
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Figure 3-9. Maxon DCX 8 M Ø8 mm torque/speed curve at nominal voltage (4.2 V). 

The selected motor fulfils the dimension and power restrictions set during the design 

stage. It must be stated that during the experimental phase of this thesis, due to the torque 

requirements of the application, the voltage supplied to the master motors had to be increased 

up to 8V for the motor to be able to provide the necessary torque. This voltage increase 

allowed the stall current to reach values of around 0.45 A. Taking into consideration the torque 

constant of the motor, which is equal to 3.36 mNm A−1, in theory, the available stall torque of 

the master motors during the experiments was 1.51 mNm. 

3.1.4 Encoder Selection 

The need to measure the position of the master motors led to the selection of Maxon’s 

encoders ENX 8 MAG 256IMP (Figure 3-10). 

 

Figure 3-10. Master Encoder - ENX 8 MAG 256IMP. 
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This specific encoder is the only compatible option offered by Maxon that could be 

attached to the corresponding selected master motor. It is a 3-channel incremental encoder 

with 256 counts per turn. 

The major technical data of the encoder are given in Figure 3-11, while the complete 

datasheet can be found in Appendix A. 

 

Figure 3-11. Master Encoder (ENX 8 MAG 256IMP) specifications. 

A challenging task encountered in the lab was that an adaptor that provides easy access 

to the pins of the encoder’s Flexible Printed Circuit (FPC) cable was required to supply voltage 

to the motor and the encoder and to receive the encoder’s pulses. 

The commercial option offered by the manufacturer was an expensive and bulky adaptor 

with a high lead time. Therefore, it was decided to create a custom adaptor in the lab. For this 

purpose, the Molex 52745-1297 female FPC connector was purchased (Figure 3-12), which 

constitutes a compatible connector for the aforementioned encoder cable. 

 

Figure 3-12. Molex 52745-1297, 0.5mm Pitch, 12 Way Right Angle Female FPC Connector  
(a) Front view (b) Back view. 

In addition, a breakout board had to be designed so that standard jumper cables could be 

easily connected to the pins of the Molex connector. The breakout board was designed using 

the EAGLE PCB design software (Figure 3-13 (a)) and was constructed in a CNC machine 

(Figure 3-13 (b)). 
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Figure 3-13. Breakout Board (a) Designed in EAGLE PCB software (b) Constructed in the lab. 

The complete master motor-encoder-breakout board setup is displayed in Figure 3-14. 

 

Figure 3-14. Motor – Encoder – Breakout board setup. 

3.1.5 Master Motor Driver Selection 

For the control of the DC master motors, an appropriate driver had to be identified. Initially, 

due to the nature of the master motors operation, it was decided that a current mode control 

scheme should be implemented. Current mode control directly determines the available torque 

of the system and, therefore, the system’s acceleration. This fact was considered important 

since the priority was to achieve quick responses from the master system. Having the 

opportunity to instantly define the torque of the motor could facilitate the function of the linear 

actuator in cases where high-magnitude forces and/or forces with a rapid change of direction 

are exerted by the amputee’s muscles. 

For this purpose, a few commercial drivers were tested to see if a current mode control 

scheme could be applied. Unfortunately, despite exhaustive efforts, no compatible driver with 
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such capabilities was found. It is believed that due to the low current requirements (less than 

500 mA per master motor), it was impossible to define the motor’s current supply with the 

desired accuracy as was required by the application. 

Consequently, a voltage mode control strategy was adopted. For voltage mode control, a 

plethora of commercial drivers were suitable. However, since it was used in previous works 

[8], the Texas Instruments’ DRV8833 dual motor driver carrier was instantly available at the 

Control Systems Lab. The specifications of the aforementioned driver and its compatibility are 

thoroughly examined in Petros Konstantinea’s Master Thesis [7], with whom we worked 

together on this part of the project. Nevertheless, the tiny breakout board of the DRV8833 is 

displayed in Figure 3-15 and its main features are mentioned below. 

  

Figure 3-15. TI’s DRV8833 Motor Driver Pinout [21]. 

Driver main features: 

• Dimensions: 12.7 mm x 20.3 mm. 

• Weight: 1.0 g. 

• Can drive two DC motors simultaneously. 

• Operating voltage: 2.7 V to 10.8 V. 

• Output current: 1.2 A continuous (2 A peak) per motor. 

• PWM signals can be applied to the input pins. 

• Under-voltage lockout and protection against over-current and over-temperature. 

• Reverse-voltage protection circuit. 

 

The above characteristics are more than satisfying to control the selected master motors. 

During the experimental phase, the operating voltage was set to 8.3 V. 

The connectivity map of the driver is presented in Chapter 5, while the corresponding 

datasheet of the DRV8833 is listed in Appendix A. 

3.1.6 Lead screw and Lead Screw Νut selection 

As mentioned in Chapter 2, regarding the selection of mechanical components, the general 

approach was to opt for off-the-shelf parts instead of custom-made ones since the latter choice 

would not prove to be efficient in terms of cost and lead time. 

However, in the case of the lead screw system, this approach could not be applied. Due 

to the miniature size of the lead screw and the unique geometric configuration of its nut (see 

Figure 3-16 and Figure 3-17), a custom-made construction was required. 
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Figure 3-16. Lead screw Engineering Drawing. 

 

Figure 3-17. Nut Engineering Drawing. 

On the one hand, as can be seen from the engineering drawings, both ends of the screw 

had to be machined to allow the placement of bearings with the ultimate purpose of achieving 

a smooth and stable rotating motion.  

On the other hand, the nut had to have particular cuts so it could slide along guides that 

would prevent its rotation and ensure a linear operating motion. Moreover, small holes had to 

be drilled in the nut; a fact that would prove useful in tying the fishing lines that would connect 

the nut with the force sensor housing and eventually the residual muscle. 
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For the aforementioned reasons, for the construction of the lead screw system, a close 

collaboration with the Watchmaker Stamatios Kamatselos was realized. The end result is 

displayed in Figure 3-18.  

 

Figure 3-18. Lead screw, Nut, Bearings and Gear Ring Adaptor. 

Next, the main features of the designed lead screw system will be discussed. 

 

• Diameter, lead and non-backdrivability 

 

The constructed lead screw has a diameter D  of 2 mm and a lead l  of 0.4 mm. The 

selection of these geometric characteristics derived from the need to create the smallest non-

backdrivable lead screw system that could endure the force magnitude of an amputee’s 

muscles, while at the same time maintaining the highest possible level of lead screw efficiency. 

The following equation defines the efficiency   of a lead screw system [24]. 

 
cos tan

(tan )
cos tan

n

n

  
 

  

 −
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It must also be noted that the thread angle   depends on the lead l  and the diameter 

D of the thread, as expressed in Equation (3-31). 

 arctan
l

D




 
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 
 (3-31) 

Therefore, as the thread lead l  increases, the thread angle   increases and most 

importantly the efficiency   of the system increases as well. However, the non-backdrivability 

feature of a lead screw mechanism is generally ensured only if the following condition holds 

true [24]. 

 50%   (3-32) 

Considering all of the above, the goal was to create a 2mm diameter lead screw with the 

highest possible lead, which would not increase the system’s efficiency over the 50% 

threshold. An additional factor that influenced the final design decision was that for the creation 

of the lead screw system, a thread tap and die set had to be purchased (see Figure 3-19). The 

available commercial standardized thread tap and die sets that met the desired specifications 

were the 2 mm x 0.4 mm ones. Consequently, despite the fact that, in theory, it was possible 

to select a lead screw system with a greater lead, the practical restrictions enforced the final 

dimensional characteristics.  
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Figure 3-19. Tap and Die used by the watchmaker for the manufacturing of the lead screw 
system. 

 

• Resolution 

 

The combination of a screw with a 0.4 mm lead, along with a 256 counts encoder and a 

gear ratio of 1:1, offers a linear displacement resolution of 1.56nx m = . That is to say that 

each count of the encoder corresponds to a 1.56μm linear displacement of the lead screw nut, 

which is considered a more than satisfactory resolution level for the control of the system. 

 

• Thread Length 

 

The screw’s thread length 
ule  constituted another important aspect of the lead screw 

system that had to be determined. This quantity corresponds to the available length that the 

nut could travel in order to linearly displace the residual muscle. As can be seen from the 

engineering drawing (see Figure 3-16), 
ule  was set equal to 25 mm. This number was 

specified based on the following rationale: 

According to a study carried out in [1], healthy volunteers required approximately 50° of 

wrist extension and 45° of wrist flexion in order to perform a series of daily life activities. 

Therefore, the total functional range of the wrist joint could be assumed to be equal to 

95range =  .  

Making also the simplified assumption that a human wrist joint could be represented by 

an ideal rotational joint with a lever arm equal to 
int 12jor mm= [10], the maximum linear 

displacement 
MAXmux  of the muscles attached to the wrist joint could be calculated from the 

following equation: 

 int 20
180MAXmu jo rangex r mm


 =   (3-33) 

 Finally, considering that the lead screw nut has width 
nw  of 4 mm (see Figure 3-17), the 

thread length 
ule was ultimately determined as 

 arg 20 4 1 25
MAXu mu n m inle x w e mm=  + + = + + =  (3-34) 
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where 
argm ine is the error margin considered to avoid collisions of the nut with the mechanism 

housing during the experimental tests. A total margin value of 1 mm, which essentially 

provides a 0.5 mm error margin in each direction, was considered satisfactory. 

3.1.7 Gear Selection 

Two plastic (polyacetal) spur gears with a 0.5 module and 18 teeth were selected to transfer 

the power of the master motor to the lead screw system. 

Plastic was the preferred material for the gearing system. The main advantage of plastic 

gears is their low density which does not significantly increase the inertia of the system, while 

at the same time being able to transfer the small torque requirements of the application. 

Ideally, to further reduce the inertia of the gearbox, instead of using only two gears for the 

prototype, three or more smaller gears could be used (with smaller diameters and the same 

final gear ratio). Nevertheless, the construction of such a miniature gearbox would require 

industrial precision and accurate placement of the components and therefore this concept 

could not be applied to the project at that point in time. 

The selected gear ratio was 1:1 and was based on the calculations performed during the 

modelling stage of the mechanism. Moreover, since it was almost impossible to use more than 

two gears, a gear ratio other than 1:1, entails that one of the gears should have a greater 

diameter. This fact would result in an increase of the mechanism’s total dimensions and would 

oppose the attempt to create the smallest possible implant device. 

Figure 3-20 presents the geometric specifications of the selected gears. 

 

Figure 3-20. Gear Specifications [22]. 

Note that even though there is a variety of available miniature gears in the market, no off-

the-shelf gear satisfied all the restrictions of this project. Hence, after the purchase of the 

gears, post-processing had to take place. In particular, firstly, the gear hub had to be removed 

since it was unnecessary. Secondly, plastic rings had to be created. Those were intended to 

be placed between the inner diameter of the gear and the outside diameter of the motor and 

lead screw shafts, thus ensuring the tight fit of the gears to the shafts. Both post-processing 

procedures were carefully carried out using the lathe at the Manufacturing Technology Lab 

(NTUA) (see Figure 3-21). 
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Figure 3-21. Gear Ring manufacturing using a lathe. 

The final result is presented in Figure 3-22 and Figure 3-23. 

 

Figure 3-22. Gears and Gear Rings. 
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Figure 3-23. Gears as part of the complete master mechanism. 

3.1.8 Bearing selection 

Bearings constituted another important mechanical component for the smooth operation of 

the master linear actuator. The chosen bearings were the 681-X-ZZ NBZ single row deep 

groove miniature ball bearings. In Figure 3-24, the bearing and its dimensions are displayed. 

 

Figure 3-24. (a) Deep groove ball bearing 681-X-ZZ NBZ (b) Bearing dimensions [23]. 

Deep groove ball bearings are capable of withstanding considerable axial and radial loads 

in both directions. There are also suitable for high speeds, well beyond the maximum required 

5113 rpm mentioned in Table 3-5, while at the same time operating quietly; which is a 

desirable feature for this application. Unfortunately, no specification datasheet for the 

particular selected bearing model could be found.  
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3.1.9 Fishing Braid 

Το test the new linear actuators in the lab, a thin, flexible (but not stretchable) and durable 

material had to be used to connect the lead screw nut with the force sensor housing (see 

Figure 3-25). For this purpose, a fishing braid was considered the best option due to its 

characteristics, low cost and availability. During the experimental tests, the fishing braid would 

also be used to apply forces to the force sensor, thus enabling the user of the experimental 

setup to imitate the loading scenarios that the master system would endure by the amputated 

muscles in the actual application.  

The selected fishing braid was the Black Diamond PE - 4Braid. The relevant main features 

of the braid are: 

• Braid diameter 0.3 mm 

• Stretch 0% 

• Can withstand forces up to 200 N 

 

Figure 3-25. Fishing Braid used to connect the lead screw nut with the force sensor housing. 

It must be emphasized that the use of a fishing line constituted a practical solution for the 

sole purpose of performing tests in the lab and it is not suggested to be used in the actual 

implantable device to connect any mechanical components.  

3.2 Force Sensors 

An essential function that the master system must perform, is the measurement of the forces 

using a force sensor that is intended to be placed between the residual muscles of the 

amputee and the linear actuator. In the past, for this purpose, a widely known force sensor 

type called Force Sensitive Resistor (FSR) was used. FSRs are materials whose resistance 

changes when a force is applied to their surface. Even though FSRs cannot provide high 

accuracy measurements, their small size and low cost make these components ideal for lab 

experimenting. Therefore, in the context of attempting to create the smallest possible master 
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system, new, smaller FSRs were selected, and new FSR housings were designed and 3D-

printed. 

3.2.1 FSR selection 

The newly selected FSRs are the FSR 400 Round Short Tail by Interlink Electronics. The main 

advantages of the new FSRs compared to the ones used in previous works are the smaller 

dimensions and the wider force measuring range. More specifically, they can detect forces in 

the range of 0.1 N – 20 N, which is considered sufficient based on the fact that the average 

maximum force that an amputee can exert is around 15 N (based on [2] muscle cineplasty 

and exteriorized tendons amputees have the capability to exert forces grossly from 5.9 N 

(maximum force for weak amputees) up to 24.5 N (maximum force for strong amputees)). The 

tiny dimensions of the product are displayed in Figure 3-26. 

 

Figure 3-26. FSR Model 400 Short Tail by Interlink Electronics. 

3.2.2 FSR Housing 

For the integration of the newly selected FSRs into the rest of the master system, firstly, 

appropriate housings had to be designed. These housings would allow the proper loading of 

the FSR so that the received force measurements would be as reliable and accurate as 

possible. Due to the small dimensions of the components involved, this task proved to be more 

difficult than initially seemed. In particular, the housings had to fulfil at least the following 

criteria: 

• The housings should be an assembly of parts that allow short relative motion between 

them for the loading of the FSR to occur. 

• The exerted force had to be evenly distributed to the FSR’s surface (uniform loading). 

• As soon as no force was exerted, the residual stresses of the structure should be zero. 

 

Next, the final FSR housing design is presented. Figure 3-27 (a) displays the complete 

assembly, while Figure 3-27 (b) shows the exact same thing but with the outer parts of the 

housing being transparent, thus revealing the inside configuration. 
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Figure 3-27. (a) FSR Housing (b) FSR Housing with some transparent parts. 

In Figure 3-28, the Exploded View feature in Solidworks was used to provide a clearer 

visual. The housing is comprised of three 3D-printed parts and two elastic pads. The thin 

elastic pads ensure the best possible contact with the sensor’s surface, thus contributing to 

the uniform loading of the FSR. In order for the forces to be picked up by the sensor, a pressure 

plate is used to press against the FSR’s surface as soon as the fishing braid connecting the 

FSR with the supposing muscle is pulled (see Figure 3-30). 

 

Figure 3-28. Exploded View of the FSR Housing. 

Figure 3-29 (a) shows how the FSR housings were integrated with the linear actuators of 

the master system in the lab, while Figure 3-29 (b) displays the exact same setup in Solidworks 
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but with some of the housing’s parts being transparent for the fishing braid connections to be 

visible. 

 

Figure 3-29. (a) FSR Housings as part of the master system in the Lab (b) FSR Housings part of 
the master system in Solidworks. 

A transparent close up picture of the FSR housing is presented in Figure 3-30. The light-

green coloured fishing braid is used to connect the lead screw nut with the force sensor, while 

the dark-green braid connects the sensor with the user. In the lab, during the tests, forces 

were exerted on the system by essentially pulling the dark-green braid. This would push the 

pressure plate part on the elastic pad, thus squeezing the FSR and ultimately changing its 

resistance. The harder the user pulls the braid, the higher the change in the sensor's 

resistance. 

 

Figure 3-30. Fishing braid configuration of the FSR housing (with transparent parts). 

The working principle of the FSR housing is also graphically illustrated in Figure 3-31 

where a section view of the housing is presented. 
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Figure 3-31. Working Principle of the FSR Housing - Section (a) Isometric View (b) Top View. 

3.2.3 FSR Calibration 

Before the new FSRs were ready to be used along with the rest of the master system, a 

calibration process was required. As mentioned previously, the way that the FSRs indicate the 

magnitude of the force applied to them is by changing their resistance. As a result, when the 

FSRs are part of an electronic circuit, the change in resistance corresponds to a change in the 

voltage drop across the sensor. Depending on the configuration of the circuit, a specific 

correlation between the force applied to the sensor and the output voltage of the circuit can 

be observed. Thus, the purpose of the calibration process is precisely to determine a 

mathematical formula that describes the relationship between the applied force and the 

circuit’s output voltage. 

The electronic circuit that was used is displayed in Figure 3-32. 

 

Figure 3-32. FSR circuit diagram modified from [7]. 
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A detailed explanation of the circuit and the calibration process is presented in [7]. To 

avoid extensive repetition, in this thesis, only the results of the calibration will be presented. It 

is worth mentioning, however, that the calibration process was performed by gradually 

increasing the loading of the FSRs using calibrated weights, while at the same time recording 

the output voltage of the FSR circuit.  

Figure 3-33 and Figure 3-34 display the recorded measurements taken during the 

calibration process. The two graphs indicate the relationship between the circuit’s output 

voltage (V) and the weight (g) applied to FSR 1 and FSR 2 respectively. The calibration 

process had to be carried out separately for each FSR since slight manufacturing differences 

among the sensors and more importantly among the housings were expected. 

 

Figure 3-33. FSR1 calibration graph. 

 

Figure 3-34. FSR2 calibration graph. 



 

 
52/117 

Lastly, a curve fitting method using a 3rd order polynomial function was applied to the 

experimental data. As a result, the following mathematical equations were obtained, where x 

is the output voltage in millivolts (mV) and y is the applied weight in grams (g). 

FSR 1: 

 2 3708.602 2539.024 1806 428.324y x x x= − + − +  (3-35) 

FSR 2: 

 2 31393.889 3202.032 2029.667 454.591y x x x= − + − +  (3-36) 

Of course, to obtain the actual force measurement in Newtons, the variable y should be 

multiplied by 310 g  , where g  is the gravitational acceleration in m/s2. 

3.3 Slave System 

The slave system, which represents the prosthetic limb, was constructed during a previous 

Diploma Thesis [10]. In the current thesis, for the imitation of the wrist motion, the same 

components were used. For purposes of completeness, the parts that constitute the slave 

system will be briefly mentioned below. 

The slave motor of choice was the Maxon RE 30 ∅30 mm, Graphite Brushes, 60 Watt 

(see Figure 3-35). 

 

Figure 3-35. Slave Motor Dimensions (for the complete Datasheet see Appendix A). 

The encoder utilized to keep track of the slave motor’s position, was the HEDS 5540 500 

counts per turn, 3 channels, displayed in Figure 3-36. 

 

Figure 3-36. Encoder for the slave motor (for the complete Datasheet see Appendix A). 

In addition, the Planetary Gearbox GP 32 C with a gear ratio of 343/17576 was attached 

to the shaft of the slave motor (see Figure 3-37). 
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Figure 3-37. Gearbox attached to the slave motor (for the complete Datasheet see Appendix A). 

For the control of the slave motor, the selected driver was the Analog Servo Drive 

AZBDC10A4 by Advanced Motion Controls (AMC), displayed in Figure 3-38. 

 

Figure 3-38. Motor Driver for the slave motor (for the complete Datasheet see Appendix A). 

It is worth noting that unlike the master motor driver DRV8833, the AZBDC10A4 slave 

driver offers the possibility to control the slave motor using a current mode control scheme. 

This feature was exploited and more on this matter can be found in Chapter 4.2, where the 

control scheme is presented. 

The complete slave system including the motor, encoder, gearbox, driver and a 3D-

printed hand (representing the prosthetic limb) are displayed in Figure 3-39. 

 

Figure 3-39. Slave system setup. 
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4 System Identification and Control 

Following the selection of all the components that constitute the master linear actuator, a 

process of identifying the parameters of the system had to be conducted. In this Chapter, the 

steps and results of this process will be described in detail. Subsequently, the design of the 

control scheme for both the slave and master systems will be thoroughly presented. 

4.1 Master System Parameter Identification 

The parameter identification procedure is essential for any system. The knowledge of a 

system’s parameters paints a full picture when it comes to understanding the strengths and 

weaknesses of the system in question. It enables the prediction of the system’s behaviour in 

various scenarios and allows the design of the appropriate controller. 

In this work, a well-defined methodology was followed to identify the parameters of the 

master system. For notation purposes, the two master motors will be referred to with the 

subscripts ‘L’ and ‘R’ accordingly. For example, the torque constant of the left master motor 

will be expressed by the notation 𝐾𝑇𝐿, while for the right motor, the term 𝐾𝑇𝑅 will be used. It is 

also worth noting that the accuracy of the measurements presented below heavily depends 

on the accuracy of the instruments that were employed during the process. Those were the 

Hameg 7042-5 power supply (Figure 4-1 (a)), the Agilent U1252A digital multimeter (Figure 

4-1 (b)) and the ENX 8 MAG master motor encoder (see Figure 3-10). 

 

Figure 4-1. (a) Hameg 7042-5 Power Supply (b) Agilent U1252A Digital Multimeter. 

First, the specifications listed on the datasheet of the selected master motor had to be 

verified. More specifically, the resistance 𝑅𝑎 and the torque constant 𝐾𝑇 of each of the master 

motors were examined.Equation Chapter (Next) Section 1 

Figure 4-2 illustrates the equivalent circuit of a DC motor. 



 

 
55/117 

 

Figure 4-2. DC Motor equivalent circuit. 

Due to its negligible magnitude, the induction of the motor 
aL  can be disregarded and 

therefore the equation for an ideal brushed DC motor can be given by 

 
a T m a aV K R i= +  (4-1) 

where 
aV  is the voltage supplied to the motor, 

ai  the current running through the motor, 
TK  

the torque constant, 
aR  the resistance of the motor and 

m  the angular velocity. 

Thus, if the resistance 
aR  is known, the torque constant 

TK  could be experimentally 

determined by providing a specific voltage 
aV  to the motor while simultaneously measuring 

the current 
ai  and the velocity 

m . 

4.1.1 Resistance 𝑹𝒂 

The resistance of the motors was the first parameter to be identified and the measurements 

were performed using the digital multimeter. The important thing to remember is that in the 

experimental setup, the master motor receives its power through the FPC cable of the 

encoder, which is connected to the breakout board and the corresponding jumper cables (see 

Section 3.1.3). Therefore, for the experimental tests to follow, the combined resistance of all 

the aforementioned components should be taken into consideration since those components 

constitute an integral part of the setup. 

The results of the measurements were 14.73aLR =   and 14.88aRR =  . 

4.1.2 Torque Constant 𝑲𝑻 

After having determined the resistance of each mechanism, the torque constants could be 

calculated by the following equation: 

 a a a
T

m

V R i
K



−
=  (4-2) 

Τo receive the most reliable results possible, three separate measurements were 

executed. In each measurement, the supplied voltage was altered (1st Test at 2V, 2nd at 3V 

and 3rd at 4.2V). The current 
ai  and velocity 

m  of the motors were measured using the 

multimeter and the pulses of the encoder, respectively. In each test, the results were almost 

identical for both motors.  

The calculated torque constants were 13.357TLK mNm A−=   and 13.354TRK mNm A−=  . 

Thus far, the master motors were examined separately from the rest of the components. 

However, for the upcoming steps of the identification process, the complete linear actuator 
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mechanisms were assembled since the system had to be examined as a whole. As presented 

in the previous chapter, the equation that describes the dynamic behaviour of the master 

mechanism has the following form: 

 eq m eq m m fJ B   + = −  (4-3) 

The next parameters to be identified were the static friction 𝑇𝑓𝑠𝑡
 (which constitutes a subset 

of the term 
f ), the equivalent viscous damping coefficient 

eqB  and the equivalent moment of 

inertia 
eqJ . It is noteworthy that the order in which the identification occurred was important 

since the discovery of each parameter required knowledge of the previous parameters. 

4.1.3 Static Friction 𝑻𝒇𝒔𝒕
 

To obtain the static friction values, the linear actuators initially had to be at a standstill. Then, 

the current 
ai  was monitored while gradually increasing the supplied voltage 

aV  to the motors 

using the power supply. The current magnitude 
starti  corresponding to the moment that the 

axis of the motor began to rotate is the crucial measurement that provides the magnitude of 

the static friction through the following equation: 

 
stf T startT K i=  (4-4) 

The starting current measurements were 40.0startLi mA= and 49.2startRi mA= . Therefore, 

the corresponding static frictions were 0.134
stf LT mNm= and 0.165

stf RT mNm= .  

The slight difference observed between the left and right master robots can be attributed 

to the manufactural inconsistencies, due to the fact that the lead screw systems were 

handmade. In addition, it has to be taken into consideration that the nut guide was 3D-printed 

from PLA material and was grinded using a hand file. This process might have contributed to 

the creation of uneven surfaces along which the lead screw nut comes in contact during the 

system’s operation. 

4.1.4 Equivalent viscous damping coefficient 𝑩𝒆𝒒 

For determining the damping coefficient, the system must be examined during a steady state. 

Therefore, a constant voltage of 2.75V was applied to the motors while the current and angular 

velocity were monitored. When the system reached its steady state, the equivalent viscous 

damping coefficient was obtained from Equation (4-5). 

 
st

ss

T a f

eq

m

K i T
B



−
=  (4-5) 

The results for each system were 
2

9.93 7eqL

kgm
B e

s
= −  and 

2

9.11 7eqR

kgm
B e

s
= − .  

4.1.5 Equivalent moment of inertia 𝑱𝒆𝒒 

The moment of inertia is directly linked to the transient state of a system. Again, a voltage of 

2.75V was applied to the master motors and the angular velocity response was studied. The 

aim was to determine the time constant   of the mechanisms through which their equivalent 

moment of inertia could derive from Equation (4-6). The settling time 
s  required for the 

response to reach the steady state and stay within a tolerance band of 2% around the final 

value is equal to four times the time constant (see Figure 4-3). 
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 eq eqJ B=  (4-6) 

 

Figure 4-3. Time constant graph. 

After close inspection of the angular velocity response graphs, the settling times for each 

system were assessed at 4 0.052sL L s = =  and 4 0.058sR R s = = . Hence, the equivalent 

moments of inertia were calculated equal to 
21.29 8eqLJ e kgm= − and 

21.32 8eqRJ e kgm= − . 

4.1.6 Identified parameters and verification 

Table 4-1 and Table 4-2 summarize the parameters identified for the left and right master 

robots, respectively. 

Table 4-1. Parameters of the Left Master System. 

Left Master System 

Parameter Symbol Value Unit 

Equivalent moment of inertia JeqL 1.29𝑒 − 8 kg𝑚2 

Equivalent viscous  

friction coefficient 
𝐵eqL 9.93𝑒 − 7 kg𝑚2𝑠−1 

Static friction 𝑇𝑓𝑠𝑡𝐿 0.134 mNm 

Torque Constant 𝐾𝑇𝐿 3.357 mNm𝐴−1 

Resistance 𝑅𝑎𝐿 14.73 Ω 
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Table 4-2. Parameters of the Right Master System. 

Right Master System 

Parameter Symbol Value Unit 

Equivalent moment of inertia JeqR 1.32𝑒 − 8 kg𝑚2 

Equivalent viscous  

friction coefficient 
𝐵eqR 9.11𝑒 − 7 kg𝑚2𝑠−1 

Static friction 𝑇𝑓𝑠𝑡𝑅 0.165 mNm 

Torque Constant 𝐾𝑇𝑅 3.354 mNm𝐴−1 

Resistance 𝑅𝑎𝑅 14.88 Ω 

 

Finally, in an attempt to verify the quality of the identified parameters’ values, a simplified 

Simulink model was created to emulate the behaviour of a system with the same values as 

those listed in the tables above. The model is displayed in Figure 4-4 and constitutes an open-

loop system representation of the actual master system examined in the lab. A step input of 

2.75V was used to recreate the exact scenario performed in the lab during the identification 

process. The goal was to run the model and obtain the angular velocity response of the 

theoretical system in order to compare it with the experimental data that were recorded during 

the analysis of the actual master system. 

 

Figure 4-4. Simulink model imitating the behaviour of the actual master system. 

The theoretical and experimental angular velocity responses for the left and right master 

robots are displayed in Figure 4-5 and Figure 4-6 correspondingly. 

As can be observed from the figures, the theoretical response produced by the Simulink 

model and the experimental response received from the actual master system display an 

almost identical trend.   
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Figure 4-5. Left master system open loop velocity response operating at 2.75V. 

 

Figure 4-6. Right master system open loop velocity response operating at 2.75V. 

The responses are closely similar both during the transient and the steady state. In 

particular, the angular velocity steady state error between the two responses are 1.61% for 

the left and 0.59% for the right system, which are considered satisfactory. The discrepancies 

may be mainly due to the noisy readings of the encoder’s pulses and due to the minor 

structural inconsistencies that may affect the smooth and repetitive operation of the real linear 

actuator. In addition, it must be taken into account that the Simulink model constitutes a 

simplified version of the actual master mechanism, which is based on ideal equations that can 

only provide an approximation of the behaviour of the real system. Lastly, note that in Figure 

4-6, a repetitive high-frequency of around 160Hz (~8 peaks every 0.05 sec) appears clearly 

in the experimental response. In this thesis, the origin of this frequency was not identified; yet 

it would be interesting to further investigate the matter in the future to determine the source of 

this phenomenon. 
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4.2 Controller Design 

Following the parameter identification process, in this chapter, the design of the control 

scheme for both the slave and the master systems is presented. Due to its complexity and 

vast expanse, the control scheme will be initially presented as a whole and then it will be 

dissected into separate divisions for further analysis. 

Before proceeding, it should be stated that the control scheme presented in this thesis 

was implemented using Simulink together with the dSPACE DS1103 controller board. As will 

be explained in the following chapter, the dSPACE platform constitutes a powerful processing 

board that allows the wired communication between the slave and master systems and was 

utilized for the experimental tests performed in this project. However, a work towards the 

implementation of a wireless communication among the slave and master systems was 

simultaneously being carried out in the lab by the master student Petros Konstantineas. In his 

Thesis [7], a simplified version of the following control scheme was created and applied using 

two Nordic nrf5340 microcontrollers in order to examine the wireless response of the proposed 

Biomechatronic EPP topology. 

4.2.1 Biomechatronic EPP control scheme 

A diagrammatic representation of the complete control scheme is displayed in Figure 4-7, 

where the rationale behind the workings of the slave and master systems is revealed. It must 

be highlighted that even though seemingly a single control scheme is presented, in fact, three 

distinct control loops are incorporated and operating simultaneously: 

• An open-loop control concerning the slave system (blue colour) 

• A closed-loop control (PV controller) for the left master system (green colour) 

• A closed-loop control (PV controller) for the right master system (red colour) 

 

Figure 4-7. Biomechatronic EPP control scheme. 
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The Biomechatronic EPP control topology architecture was explained in Chapter 2.1 and 

was visually illustrated in Figure 2-4. The additional value of Figure 4-7 lies in the fact that it 

presents an in-depth insight into how the measurements received from the various sensors 

(the FSRs and the encoders) are actually processed, and how the control commands are 

formed and passed to the actuators (slave and master motors) to achieve the desired 

outcome. Next, the slave and master control loops integrated into the complete 

Biomechatronic EPP control scheme will be separately presented in detail. 

4.2.2 Slave System Open-loop Control Scheme 

A closer look at the isolated open-loop control diagram of the slave system is displayed in 

Figure 4-8. 

 

Figure 4-8. Isolated slave system control scheme. 

The whole control scheme is initiated by the signals received from the force sensors 

connected to the left and right master robots as shown in Figure 4-8. The output voltage of the 

FSR circuit (see Section 3.2.3) passes through a post-processing stage, after which the force 

signals are used to form the input command that will determine the current and consequently 

the torque of the slave system, which represents the prosthetic limb. 

 

FSR signal processing 

 

More precisely, the processing of the FSR measurements includes the following steps: 

1. Convert the FSR circuit voltage signals (V) into force signals (N). 

2. Set a lower bound (dead zone block). 

3. Set an upper bound (saturation block). 

4. Obtain the difference between the left and right FSR signals. 

 

Step 1 is performed by employing Equations (3-35) and (3-36) that were obtained from 

the line fitting task during the FSR calibration process (see Section 3.2.3). 

 

The need for steps 2 and 3 can be visualized in Figure 4-9. 
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Figure 4-9. Upper and Lower Bounds of the FSR sensor Output – Modified from [10]. 

Considering that ultimately the FSR values will be used to determine the current of the 

slave motor, Figure 4-9 illustrates the correlation among the two quantities.  

On the one hand, the parking band ensures that tiny forces, residual stresses, or even 

noise from the force sensors will not be interpreted as genuine intention from the amputee to 

move the prosthetic. Therefore, low output values from the sensors do not trigger the motion 

of the slave system.  

On the other hand, once a certain upper bound is reached, the slave motor command 

should remain constant. During the experiments, the upper and lower bounds must be variable 

and should be able to be set independently of one another, thus allowing to adjust the 

controller according to the preferences of the user. In this work, during the tests, the lower 

bounds were set equal to 
, , 1lowerB fl low ext lowF F F N= = − =  and the upper bounds equal to 

,max ,max 15upperB fl extF F F N= = − = . 

 

Step 4 constitutes a simple subtraction between the two FSR measurements, which is 

crucial in determining the movement of the prosthetic. This FSR signal difference diffF  is 

defined as 

 diff left rightF F F= −  (4-7) 

where leftF  and rightF  are the force signals from the left and right FSRs respectively, after 

having passed through steps 1,2 and 3 of the post-processing stage. 

The actual part of the Simulink model corresponding to the FSR signal processing is 

presented in Figure 4-10. 
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Figure 4-10. FSR Signal Processing - Simulink model. 

It must be pointed out that in addition to the blocks concerning the processes described 

above, additional blocks can be seen in Figure 4-10. These blocks mainly concern the 

compatibility of the Simulink model with the DS1103 controller board and their utility is 

diligently described in Appendix A: dSPACE Basics of a previous Diploma Thesis [15]. 

 

Prosthetic Bounds and Direction 

 

The output from the FSR processing stage is the force difference diffF  between the two 

force signals. This force difference has a sign and a magnitude. The sign is used to determine 

the direction that the slave motor should rotate. For example, a stronger signal from the left 

FSR will result in a force difference with a positive sign which will then give the command to 

the slave motor to rotate in a clockwise direction. Correspondingly, a stronger signal from the 

right FSR will produce an anticlockwise rotation. 

Moreover, since the slave motor is intended to imitate the extension and flexion of a 

human wrist, appropriate positional bounds must be set. These bounds ensure that the slave 

motor will only receive commands to move inside the positional limits. 

More specifically, if f  and e  are the boundaries of the movement in the flexion and 

extension bands respectively, and if s  is the angular position of the prosthetic limb, the 

following equation set is true: 

 

0 ,

0 ,

s e

diff e s f

s f

s e

diff e s f

s f

clockwise rotation

F and clockwise rotation

halted

halted

F and anticlockwise rotation

anticlockwise rotation

 
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 

 
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 

 


  
 

 


  
 

 (4-8) 

Based on the findings of study [1], which was mentioned and explained in Section 3.1.6, 

during the experimental tests, the respective boundaries were set equal to 45f = −  and

50e = . 
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The direction change and the set of positional bounds in Simulink are displayed in Figure 

4-11 and were first implemented and explained in [14]. In this work, the same concept is 

adopted since the driver of the slave system remained the same. 

 

Figure 4-11. Prosthetic Bounds and Direction - Simulink model. 

 

Slave Motor Drive 

 

The input of the AZBDC10A4 slave driver is a PWM pulse and the output is current in 

PWM form. The magnitude of the current that will be directed to the slave motor depends on 

the Duty Cycle (which is noted as DC in Figure 4-7) of the PWM pulse, which in its turn 

depends on the magnitude of the FSR difference diffF . Therefore, the driver’s input command 

must be normalized. In other words, the FSR signal difference must be converted to a duty 

cycle range between 0 and 1. This is done by multiplying the FSR signal difference diffF  by 

1/
MAXdiffF , where 15

MAXdiff upperBF F N= =  in this case. 

However, due to the fact that currently, the chosen slave motor is largely oversized for 

this application and a duty cycle with the value of 1 would result in an over-reaction of the 

slave system, an FSR reduce gain had to be placed to mitigate the output current command 

of the driver. As a result, the duty cycle range that is actually utilized lies between 0 and 0.05. 

The corresponding Simulink model is displayed in Figure 4-12. 
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Figure 4-12. Slave Motor Drive Command - Simulink model. 

With the above figure, the open-loop control scheme of the slave system was thoroughly 
analysed. Next, the control of the master system will be presented in detail. 

4.2.3 Master System Control 

Τhe control schemes for the left and right master robots are separate but identical, and 

therefore only one of the two will be presented meticulously. The isolated closed-loop control 

diagram for the left master robot is displayed in Figure 4-13. 

 

Figure 4-13. Isolated left master system control scheme. 

The position response of the prosthetic limb 
s  constitutes the reference input for the 

master motors closed-loop controller. The aim of each master robot is to set the appropriate 

length of the residual muscles that corresponds to the rotation of the wrist joint, which in this 

application is represented by the prosthetic limb. 

Proceeding the first order of business is to calculate the angular position 
s  of the 

prosthetic through the pulses of the slave encoder. The dSPACE platform can only measure 

the number of pulses of the encoder, so the following equation is used to obtain the angular 

position of the prosthetic: 

 
360

[deg] [ ]
/

s slaveEncPosition counts GR
slave encoder counts rev

 =  (4-9) 
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where 343:17576slaveGR =  is the gear ratio of the gearbox attached to the slave motor. Also, 

from the encoder datasheet, it is given that the slave encoder counts per revolution are 500. 
Next, the acquired angular position of the prosthetic 

s has to be converted into the 

corresponding desired master motor position des

m . This is done using the following formula: 

 
360

[ ]
180

des u
m s

range

le
rad

l


 


=  (4-10) 

where the lead screw lead l  is equal to 0.4mm, the thread length of the lead screw 
ule is 

20mm, and the motion range of the prosthetic limb 
range is 95°, see Chapter 3 also. 

Figure 4-14 presents the part of the Simulink model corresponding to the conversion 
described above. 

 

Figure 4-14. Slave Encoder Count Conversion - Simulink model. 

The desired master motor position des

m  is then used as the command input for the master 

motor closed-loop PV controller. The output of a PV controller (in the case of a voltage mode 

control) is given by: 

 ( )[ ] ( ) ( )p v mVoltage Command t V K e t K t= +  (4-11) 

where 
m is the angular velocity of the master motor, e  the positional error defined as  

 des

m me  = −   (4-12) 

and 
pK , 

vK  the position and velocity gains, respectively. 

To calculate the positional error e , the input command is compared to the actual master 

motor angular position 
m . As with the slave motor position, the knowledge of the master 

motor position 
m  is obtained from the master encoder using Equation (4-13). 

 
360

[ ] [ ]
/ 180

m rad EncPosition counts
master encoder counts rev


 =  (4-13) 

where, according to the datasheet, the master encoder counts per revolution are 256.  

The velocity of the master motor is obtained in a similar fashion from Equation (4-14). 

 
[ / ] 360

[ ]
/ 180

m

EncDeltaPosition counts s
rad

sampling rate master encoder counts rev


 =  (4-14) 
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Using the dSPACE controller board, the sampling rate was set to 1 ms during the 

experimental tests. 

The Simulink model division corresponding to the master encoder conversion and the 
implementation of the PV controller is displayed in Figure 4-15. 

 

Figure 4-15. Master Encoder Count Conversion and the PV controller - Simulink model. 

When designing a controller, one of the most critical tasks is determining appropriate 

values for the gains. To obtain an initial estimation of the gain values, the procedure described 

below was followed.  

From Section 3.1.1, it is known that the master mechanism equation of motion can be 

expressed as: 

 eq m eq m m fJ B   + = −  (4-15) 

As mentioned in Section 3.1.5, a voltage mode control is implemented, which means that 

the torque m  of the master motor is defined as: 

 ( )T
m a T m

a

V
R

 


= −  (4-16) 

In this case, the voltage 
aV  applied to the motor is equal to the output of the PV controller, 

which is given by Equation (4-11). 

Combining Equations (4-11), (4-15) and (4-16) the master closed-loop equation is 

derived: 

 

2
desV T T P T P T

eq m eq m m m f

a a a a

K K K K K K K
J B

R R R R
    

 
+ + + + = − 
 

 (4-17) 

Equation (4-17) could also be written as: 
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 2 22
fdes

m n m n m n m

eqJ


      + + = −  (4-18) 

where 
n  is the closed-loop natural frequency and   the damping ratio. 

Consequently, the gains of the PV controller could be given by the following equations. 

 

2

n a eq

P

T

R J
K

K


=  (4-19) 

 

2

2 aT
V n eq eq

a T

RK
K J

R K


 
= − − 
 

 (4-20) 

To ensure that all fast wrist movements up to 4.5 Hz will be followed by the system, a 

natural frequency of 140 rad/s was chosen considering that 

 4.5 2 28.27
MAX MAX MAXpath path path

rad
f Hz f

s
 = = =  =   (4-21) 

and  

 5 140
MAXn path

rad

s
 =     (4-22) 

  Also, to achieve the fastest possible response without overshooting, a critical damping 

ratio was assumed.  

 1 =   (4-23) 

By substituting Equations (4-22) and (4-23) into (4-19) and (4-20), the gains for both the 

left and right master robots were obtained. 

 1.13 , 0.0083
LEFT LEFTP V

V Vs
K K

rad rad

   
= =   

   
 (4-24) 

 1.11 , 0.0086
RIGHT RIGHTP V

V Vs
K K

rad rad

   
= =   

   
 (4-25) 

Even though the above gains proved to be a good initial estimation, fine-tuning of the 

values was implemented during the experimental tests. In particular, a slight increase of the 

positional gain value seemed to improve the response of the system. Also, it was observed 

that by reducing the damping ratio to around 0.7, the response was quicker, while the 

overshooting was not noticeable to the user. In conclusion, the final gain values are presented: 
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LEFT LEFTP V

V Vs
K K

rad rad
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The input of the DRV8833 master driver is a PWM pulse and the output is voltage in PWM 

form. The magnitude of voltage that will be applied to the master motor depends on the duty 

cycle of the input PWM pulse, which is determined from the output of the PV controller. 

Therefore, the output of the PV controller, which is in essence a voltage command, has 

to be converted in a duty cycle scale [0,1] in order for the command to be comprehended by 

the master driver. 

Figure 4-16 shows the part of the Simulink model responsible for the correct interpretation 

of the PV controller’s output command by the master driver. 
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The voltage command first passes through a saturation block which chops the voltage 

signal at a specified maximum voltage 
maxV . The chopping value represents the maximum 

voltage that the master motors should be subjected to during the operation of the system. 

From Section 3.1.3, it was stated that in the experimental phase, the maximum voltage 

provided to the master motors was set to 8V. 

To finally obtain the Duty Cycle (DC) value that corresponds to the desired voltage 

command, the chopped signal is multiplied by 
max1/V . 

 

Figure 4-16. Master Motor Drive Command - Simulink model. 

All the other blocks illustrated in Figure 4-16 concern how the master driver determines 

the direction of rotation using the positional error sign, and the fact that the driver actually 

utilizes the inverse of the duty cycle to produce the desired outcome. In-depth details about 

the workings of the DRV8833 are presented and thoroughly explained in works [8] and [7]. 

Lastly, the isolated control scheme for the right master motor is shown in Figure 4-17 and 
as mentioned previously, it is almost identical to the one of the left motor explained above. It 
must be pointed out, however, that the only difference is that the desired input command has 

the opposite sign (
LEFT RIGHT

des des

m m = − ), so that the lead screw nuts will move linearly in 

opposite directions, thus imitating the expansion and contraction of the human muscles 
accordingly. 

 

Figure 4-17. Isolated right master system control scheme. 
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5 Implementation 

This chapter presents how the communication between the master and slave subsystems was 

implemented in the lab. In addition, the hardware connections and wiring diagrams for each 

subsystem of the setup are displayed and listed in detail. 

5.1 Wired and Wireless Communication 

It is evident that the proposed Biomechatrionic EPP control topology is inextricably linked with 

the concept of wireless communication between the master and slave subsystems. This 

statement derives from the fact that the master robots are intended to be placed inside an 

amputated arm. Therefore, inevitably, the exchange of information with the slave subsystem 

must be conducted through wireless communication. From previous works [11], [9], the 

Bluetooth Low Energy (BLE) wireless protocol was chosen as the most promising protocol to 

be implemented for this application. However, at the time of the conduction of this thesis, no 

wireless setup was ready-to-use to perform experiments. Therefore, as done in [15] and [8], 

the dSPACE DS1103 PPC controller board was employed once again to establish a wired 

connection between the master and slave. 

The DS1103 is an all-rounder in rapid control prototyping. Its processing power and fast 

I/O are suitable for applications that involve numerous actuators and sensors. It is fully 

programmable from the Simulink block diagram environment and all I/O can be configured 

graphically using the dSPACE's Real-Time Interface (RTI). Through the corresponding 

software ControlDesk 5.6, new control functions can be tested and several parameters can 

be observed in real-time, thus facilitating the experimental procedure. A mini-manual 

containing instructions on how to use the hardware and software is presented in Appendix A: 

dSPACE Basics in [15]. 

At this point, it has to be mentioned that implementing a wired instead of a wireless setup 

was not directly obstructing the course of the current thesis since its purpose was 

predominantly to examine the adequacy of the newly constructed master system. However, it 

was clear that the project’s ultimate goal was to test the whole system under wireless 

communication, which would constitute a far more realistic approach to the actual application. 

As mentioned in Chapter 4, the development of a wireless implementation was concurrently 

examined in the lab by Petros Konstantineas, who suggested using two Nordic nrf5340 

microcontrollers to serve as the master and slave microcontrollers. 

Therefore, even though the system was tested using the dSPACE platform in this work, 

the system’s circuitry was designed and tailored based on the capabilities of Nordic’s nrf5340 

microcontroller. For example, the FSR circuit was designed so that the maximum output 

voltage would be 3V. This value constitutes the maximum input voltage that the nrf5340 

microcontroller can measure and not the maximum input voltage that the DS1103 board can 

handle. The complete list of the microcontroller’s capabilities and its suitability with the system 

are provided in [7]. 

5.1.1 Remodeling of the setup 

The selection of new electromechanical components meant that the previous hardware 

connections had to be altered. This constituted one of the most arduous tasks to be carried 

out in this thesis, as the existing setup was not as straightforward as possible. In Figure 5-1, 

the setup received from previous works is displayed. 
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Figure 5-1. View of the setup before remodeling.  

Based on the complexity shown in Figure 5-1, a radical remodeling of the setup was 

considered necessary in order for the project to progress. After hours of disentanglement and 

careful integration of the newly selected components, the setup currently used in the lab is 

presented in Figure 5-2. 

 

Figure 5-2. View of the setup after remodeling. 
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In Figure 5-2, the main parts of the setup are circled and named. Note that the cables 

employed were labeled appropriately to avoid future confusion and possible connectivity 

mistakes. 

5.2 Hardware Connections 

This section presents tables and wiring diagrams to portray a complete picture of the setup’s 

hardware connections. The setup can be split into three main subsystems. The first one 

concerns the prosthesis (slave), the second one the implant (master) and the third one the 

FSR sensors. 

5.2.1 Slave subsystem 

Figure 5-3 presents the wiring diagram of the slave subsystem, which involves the slave motor, 

the slave encoder, the slave motor driver and their respective connections with the DS1103 

Pins and the power supply. 

 

Figure 5-3. Slave subsystem wiring diagram. 

For further clarification, Table 5-1 and Table 5-2 present the connectivity map of the driver 

and the encoder, respectively. 

A few clarifications must be made: 

• All the power and signal grounds are common for all the subsystems in the setup. 

• The DS1103 pins P1B26, P1B24 and P2B37 are ground pins. 

• There is a 100uF decoupling capacitor between Pins 10 and 8.  
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Table 5-1. Analog Servo Drive AZBDC10A4 connectivity map. 

Analog Servo Drive AZBDC10A4 Mapping 

a/a Hardware Pin DS1103 Pins/Power Supply 

1 P1 – Pin 1 P1B25(DACH1) 

2 P1 – Pin 2 P2B28(SPWM1) 

3 P1 – Pin 6 P1B23(ADCH17) 

4 P1 – Pin 8 Signal Ground 

5 P1 – Pin 11 Signal Ground 

6 P2 – Pin 1 Motor Phase 1 (+) 

7 P2 – Pin 3 Motor Phase 2 (-) 

8 P2 – Pin 8 Power Supply(GND) 

9 P2 – Pin 10 Power Supply(+15V) 

Table 5-2. Encoder HEDS  5540 500 Counts per turn connectivity map.  

Encoder HEDS 5540 

a/a Hardware Pin DS1103 Pins/Power Supply 

1 Pin 1- GND P3B12(GND)/Ground 

2 Pin 2-Index - 

3 Pin 3-Channel A P3B11(PHI0(3)) 

4 Pin 4- Vcc Power Supply(+5V) 

5 Pin 5 – Channel B P3B44(PHI90(3)) 

5.2.2 Master subsystem 

The master subsystem includes the master motor driver and the two FPC cable adaptors 

that connect the master motors and encoders with the driver, the DS1103 Pins and the power 

supply. Table 5-3, Table 5-4 and Table 5-5 present the connectivity maps of the master motor 

driver and the left and right master encoders, respectively. 

Table 5-3. DRV8833 Dual Motor Driver Carrier connectivity map. 

DRV8833 Dual Motor Driver Carrier 

a/a Hardware Pin DS1103/Power Supply/Adaptors 

1 Pin 1 – GND2 Ground 

2 Pin 3 - BIN1 P2B29(SPWM7) 

3 Pin 4 - BIN2 P2B13(SPWM9) 

4 Pin 5 - AIN2 P2A27(ST2PWM) 

5 Pin 6 - AIN1 P2A29(SPWM8) 

6 Pin 9 – GND1 Ground 

7 Pin 10 - Vin Power Supply(+8.3V) 

8 Pin 11 - BOUT1 Left Adaptor Pin 1 - Left Master Motor (-) 

9 Pin 12- BOUT2 Left Adaptor Pin 2 - Left Master Motor (+) 

10 Pin 13 - AOUT2 Right Adaptor Pin 2 - Right Master Motor (-) 

11 Pin 14 - AOUT1 Right Adaptor Pin 1 - Right Master Motor (+) 

Table 5-4. Encoder – ENX 8 MAG 256IMP connectivity map for Left Master Motor. 

Encoder – ENX 8 MAG 256IMP (Left Master Motor) 

a/a Hardware Pin DS1103 Pins / Power Supply/Adaptors 

1 Right Adaptor Pin 4 - GND Ground  

2 Right Adaptor Pin 5 - Vcc Power Supply (+3.3V) 

3 Right Adaptor Pin 6 - Channel A P3B10(PHI90(2)) 

4 Right Adaptor Pin 7 - Channel B P3B26(PHI0(2)) 
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Table 5-5. Encoder – ENX 8 MAG 256IMP connectivity map for Right Master Motor. 

Encoder – ENX 8 MAG 256IMP (Right Master Motor) 

a/a Hardware Pin DS1103 Pins / Power Supply/ Adaptors 

1 Right Adaptor Pin 4 - GND Ground  

2 Right Adaptor Pin 5 - Vcc Power Supply (+3.3V) 

3 Right Adaptor Pin 6 - Channel A P3B25(PHI90(1)) 

4 Right Adaptor Pin 7 - Channel B P3B41(PHI0(1)) 

 

Figure 5-4 presents the wiring diagram of the master subsystem. 

 

Figure 5-4. Master subsystem wiring diagram. 

The DS1103 pins P2A34, P2A35, P2B34, P3B27, P3B42 and P3B12 constitute ground 

pins and are connected to the rest of the ground setup. 
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5.2.3 FSR subsystem 

The FSR circuitry is the simplest of the three subsystems since it involves only the FSR 

sensors, two variable resistors and two operational amplifiers. The connection with the 

DS1103 pins and the power supply is displayed in Figure 5-5. 

 

Figure 5-5. FSR subsystem wiring diagram. 

The DS1103 pins P1A03 and P1A05 are also ground pins and the corresponding 

connectivity map is given in Table 5-6. 

Table 5-6. FSR Circuit connectivity map. 

FSR Circuit 

a/a Hardware Pin DS1103 Pins / Power Supply 

1 Left Op-amp Pin 1 - OUTA P1A04(ADCH10) 

2 Left Op-amp Pin 4 – V-  Ground 

3 Left Op-amp Pin 8 – V+ Power Supply (+5V) 

4 Right Op-amp Pin 1 - OUTA P1A02(ADCH04) 

5 Right Op-amp Pin 4 – V-  Ground 

6 Right Op-amp Pin 8 – V+ Power Supply (+5V) 
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6 Experimental Tests 

Following the creation of the miniaturized master system, the control scheme design, and the 

wired implementation with the dSPACE platform, there was a need to study the characteristics 

and adequacy of the newly selected components that comprise the master robots. This 

chapter presents the experimental phase of putting the new implant and the proposed 

Biomechatronic EPP control topology to the test. 

6.1 Experimental Setup 

To perform any kind of test in the lab, firstly, a setup had to be created that would allow the 

imitation of the loading scenarios that the master implant would be subjected to if it was 

actually placed inside an amputated arm. 

For this reason, inspired by a setup design used for experiments in [8], the following 

improved setup configuration was constructed (see Figure 6-1 and Figure 6-2). 

 

Figure 6-1. Experimental setup parts (top view). 

 

Figure 6-2. Experimental setup parts (side view). 
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The structure was designed entirely in Solidworks and 3D-printed in the lab. The main 

parts are: 

• A base where the two master robots are mounted with screws. 

• A pulley acting as a rotational joint and thus representing a simplified version of a 

human wrist joint. 

• An adjustable handle (connected to the pulley) that the user can rotate to transfer 

the intention to flex or extend the prosthetic limb. 

The base part is located at a fixed distance from the pulley, thus ensuring that the fishing 

braids connecting the FSRs to the pulley are stretched constantly. More specifically, the above 

setup is supposed to work as follows: 

First, the user has to grab the handle and adjust it so that the wrist is comfortably placed 

on the cushion above the pulley. Then, as shown in Figure 6-3 presented below, if the user 

attempts to flex or extend the wrist, the pulley connected to the handle will be forced to rotate. 

Consequently, one of the two fishing braids attached to the pulley will be tightened, thus 

pressing the corresponding FSR’s surface with the help of the FSR housing parts (see   

Section 3.2.2). Afterward, the picked-up force signal initiates the control scheme presented in 

Section 4.2.1. As a result, the slave system (prosthetic limb) performs a movement depending 

on the slave’s open-loop current mode control scheme. Subsequently, employing a closed-

loop voltage mode control, the master mechanisms will have to linearly displace their lead 

screw nuts to follow the angular position of the slave. Hence, the pulley of the setup will be 

able to rotate and allow the user to indeed flex or extend the wrist as initially intended. This 

way, the user’s wrist will have the same angular position as the prosthetic’s. This means that 

the user’s actual agonist and antagonist muscles responsible for the flexion and extension of 

the wrist will be displaced by a certain amount, and, therefore, the user will be able to ‘‘feel’’ 

the position of the prosthetic limb at any given moment, without requiring visual feedback. 

This, in a sense, is what will reinstate the proprioceptive ability of the amputee in the actual 

application and it is precisely what the proposed Biomechatronic EPP control topology strives 

to achieve through the implantable device. 

 

Figure 6-3. Setup function concept of flexion (black arrows) and extension (red arrows) of the 
wrist. 
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Figure 6-4. Experimental setup integrated with DS1103 alongside the slave system.  

It must be stated that, obviously, the workings of the setup described above cannot fully 

represent the real scenario of the implantable device. However, in terms of response demands 

solely from the master robot’s point of view, the aforementioned setup can be considered a 

more challenging scenario than the real application. This is because for the pulley actually to 

rotate, the two separate master robots have to almost completely synchronize their responses; 

otherwise, the wrist motion will either not be smooth or not occur at all. On the other hand, in 

the real application, the residual muscles will be independent and therefore, slight 

discrepancies between the two master robots will probably not affect the overall outcome. This 

is, of course, an assumption that until tested cannot be evaluated.  

Nevertheless, it should also be taken into account that the powerful DS1103 controller 

board was employed for the communication between the slave and master systems and the 

implementation of the control scheme. This fact greatly facilitates the system’s overall 

operation, and most significantly, it eliminates the time delays that wireless communication 

would introduce. As mentioned in previous chapters, wireless communication was the topic of 

interest in a prior master thesis [7]. In this thesis, however, the focus is directed to the selected 

components that comprise the master mechanisms. The primary goals of the experiments are 

to determine whether the newly formed miniaturized master system can cope with the forces 

exerted by the wrist muscles and reliably and accurately follow the position of the prosthetic 

limb without significant deviations or steady-state errors. In addition, the power consumption 

of the system is also examined, while the last experiment, namely, the sense experiment, 

explores the ability of the Biomechatronic EPP control topology to provide feedback to the 

user regarding the forces applied from and to the prosthetic limb by objects in the surrounding 

environment. 

6.2 Response - Transparency Experiment 

The purpose of the first experiment was to examine the general response of the master system 

and the transparency of the Biomechatronic EPP control topology. As mentioned in the first 

chapter, a topology is called transparent only in the case where the impedance of the 

environment is the same for the user as if he or she was controlling the slave motor without 

the master [15]. Therefore, the aim was to determine whether correct information is transferred 

rapidly and reliably between the master and the slave and whether the miniaturized 

mechanical system, in combination with the closed-loop PV controller, can sufficiently track 

and follow the movement of the slave.  
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6.2.1 Procedure 

During the response experiment, random wrist flexion and extension movements were 

performed using the experimental setup presented above. Simultaneously, using the dSPACE 

platform and the ControlDesk software, the following parameters were recorded: 

• Angular position of the slave motor (prosthetic limb) 

• Angular positions of the master motors  

• FSRs circuit output voltage (thus, by extension, the forces applied to the FSRs) 

• Master driver duty cycle (voltage command) 

• Slave driver duty cycle (current command) 

 

Figure 6-5 offers a glimpse of the ControDesk software environment, where some of the 

above parameters are shown to be recorded in real-time during the conduction of a test.  

 

Figure 6-5. ControlDesk environment recording parameters for the response test. 

Over 50 trials of both slow and rapid movements were conducted. Since this constituted 

the first experiment, during the tests, multiple adjustments regarding the function of the master 

system were applied. The most notable ones were the following. 

Adjustment 1: Slight changes to the closed-loop control scheme of the master motors 

and fine-tuning of the PV controller gains.  

The control scheme presented in Section 4.2 had to undergo many changes before it was 

finalized. Initially, the force signals from the FSRs were inserted as a known disturbance to 

the closed-loop system, as conceptually displayed in Figure 6-6. This was done to enhance 

the voltage command directed to the master motors in cases where the forces applied to the 

mechanisms were significant.  
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Figure 6-6. Block diagram representing the FSR disturbance integration to the master closed-
loop control scheme. 

However, the measured FSR signals proved to be quite noisy with sudden fluctuations 

(see Figure 6-7) and as a result, the voltage command was rapidly changing inside the control 

scheme. During the initial tests, this was also obvious by the erratic acceleration of the master 

motors that indicated abnormal functionality.  

 

Figure 6-7. Force signals (after line fitting) received from the FSRs during a test. 

To confront the issue, a possible solution would be to introduce appropriate filters in the 

Simulink model to obtain a better-quality signal. This strategy was extensively examined in 

[15] and the conclusion was that the use of filters would introduce considerable delays to the 

system, which would exacerbate the response instead of proving beneficial. Consequently, it 

was decided to remove the involvement of the FSR measurements from the master closed-

loop control scheme (this means that the FSR measurements were used only for the open-

loop control scheme of the slave motor). Rather, to achieve a more instantaneous response 

and boost the available torque provided to the master motors, the position gain 
pK  was slightly 
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increased while the velocity gain 
VK  was moderately reduced. The exact gains’ values 

determined after fine-tuning were presented in Section 4.2.3. 

Adjustment 2: Increase of the master motor driver’s operating voltage. Ideally, the 

operating voltage of the driver corresponds to the maximum reference voltage for the master 

motors. In other words, if the duty cycle command of the driver is equal to 1, the voltage 

applied to the motors (reference voltage) should be equal to the operating voltage.  

Initially, the driver’s operating voltage was set to 6V. However, during the tests, it seemed 

that when high-magnitude forces were exerted, the master system was unable to overcome 

the external loading. After further inspection, it was observed that due to additional resistance 

introduced by the various jumper cables that intervened between the motors and the driver in 

the setup, and due to power losses from the motor driver, the maximum stall current drawn by 

the master motors could not produce sufficient torque to overcome the external loading with 

ease. By increasing the operating voltage to 8.3V, the response vastly improved, and it was 

decided to use this value as the reference voltage for all the experiments.  

The master motors’ stall current corresponding to the operating voltage of 8.3V was 

measured around 0.40 A. Even though this is beyond the maximum continuous current  

(0.20 A based on the motor’s datasheet) it did not seem to cause the master motors to 

overheat. This can be attributed to the intermittent and short-term nature of the application 

and the fact that the stall current was rarely reached during the operation of the system.  

6.2.2 Results 

Following the implementation of the adjustments described above, in this section, the position 

response of the system and the various recorded parameters will be presented. 

Figure 6-8 and Figure 6-9 display the linear position responses of the left and right master 

lead screw nuts, respectively, as recorded during one of the tests. 

 

Figure 6-8. Left Master Position Response. 
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Figure 6-9. Right Master Position Response. 

The vertical axis indicates the linear displacement of the lead screw nut in millimetres, 

while the horizontal axis shows the elapsed time in seconds. As the legends of the Matlab 

graphs state, the cyan and green curves correspond to the positions of the left and right nuts. 

It is reminded that the correlation between the linear position 
nx  of the lead screw nut and the 

angular position 
m  of the master motor is given by the following equation. 

 
1

[ ] [ ]
2

n m

l
x mm rad

n



=  (4-28) 

where l  is the lead of the lead screw and n  the gear ratio of the linear actuator. 

Even though with the help of the motors’ encoders the parameter measured and used in 

the control loop is the angular position of the motors, for the analysis of the responses, it is 

more sensible to study the linear position using Equation (4-28). Therefore, in both graphs, 

the red coloured dashed curve represents the position of the slave (prosthetic) converted to 

the corresponding desired linear position for the nuts. In other words, it constitutes the linear 

reference input for the closed-loop control for each motor. Lastly, the error between the desired 

and the actual position of the master robots is illustrated by the magenta coloured curve. 

The maximum instant positional error during the tests was 0.15 mm, while the average 

positional error was around 0.08 mm. This result is considered more than satisfying for the 

needs of this particular application. 

Figure 6-10 and Figure 6-11 show a close-up part of the previous position responses for 

further analysis. 
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Figure 6-10. Left Master Position Response Close-up. 

 

Figure 6-11. Right Master Position Response Close-up. 

By gathering data from all the tests, it was determined that the average time elapsed until 

the actual position of the master robots reached the desired position command was around   

6 ms for both motors. This fact can also be seen by the data tips in the close-up graphs shown 

above, where the elapsed time varied between 5 and 7 ms for the positions to match within 

less than a margin of ±0.01 mm. The elapsed time between desired and actual position 
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seemed to be reasonably increased only in cases where significant forces (over 5 N) were 

exerted on the force sensors or where rapid change of movement direction was performed. 

In Figure 6-12, the recorded positions of both the left and right master motors are 

displayed in a single diagram. This figure illustrates that during the system's operation, the 

two master robots move linearly by the same amount in opposite directions. To accomplish 

smooth rotation of the pulley of the experimental setup, the two robots should be in complete 

coordination with one another. 

 

Figure 6-12. Left (cyan) and Right (green) Master Position Responses. 

The above position responses were recorded during the conduction of a test where 

relatively rapid wrist movements were performed. Below, the position responses from a test 

involving slower movements are displayed. 

 

Figure 6-13. Left Master Position Response – Slow Wrist Movement. 
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Figure 6-14. Right Master Position Response – Slow Wrist Movement. 

It is worth noting that when the user performed very slow rotational movements of the 

wrist, in particular, slower than approximately 2 rpm, the system’s response seemed to get 

less smooth (bumpier). In general, the system had the smoothest response when the angular 

velocity of the prosthetic ranged between 3-10 rpm, while for greater velocities, the quality of 

the response began to deteriorate. To identify the cause of this behaviour, further analysis is 

required which was not conducted in this thesis due to time limitations. Therefore, to interpret 

the results appropriately, this matter should be addressed in future work. 

To give a complete picture of the system’s operation, other parameters recorded during 

the experiments are presented next. 

Figure 6-15 shows the output voltages from the FSRs’ circuit (see Chapter 3.2.3), which 

are converted to force signals inside the slave’s control loop. 

 

Figure 6-15. Output Voltages from the FSRs’ circuit. 
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When the user attempts a wrist flexion, the left FSR is pressed, which increases the output 

voltage represented with the blue colour. Correspondingly, an extension of the user’s wrist 

exerts forces to the right FSR (illustrated with red colour). It can be seen that even though the 

voltage signals fluctuate, they do not intertwine. Therefore, the user’s intention regarding the 

motion he or she wants to perform with the prosthetic can be derived easily from the measured 

signals. Due to the quality of an FSR sensor, this fact is not self-evident and was only ensured 

by the correct design of the FSR housings that allow the proper loading of the FSRs without 

leaving any residual stresses when the pressure to the sensor is released. A close-up of Figure 

6-15 is displayed in Figure 6-16 to demonstrate that when the force sensors are not pressed, 

the output voltage instantly drops to almost zero (the minor offset of approximately 0.05 V 

does not affect the system since it does not trigger the motion of the slave). 

 

Figure 6-16. Close-up on the FSR output voltages when the sensors are not pressed.  

 Another interesting graph is given in Figure 6-17, which displays the duty cycle command 

calculated inside the closed-loop PV controller and directed to the master motor driver to set 

the voltages of the two motors appropriately. 

 

Figure 6-17. Duty Cycle command for the master motor driver. 
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As indicated by the legend of the figure, the blue and red coloured curves represent the 

DC commands directed to the driver for the left and right master motors, respectively. Τo 

interpret the diagram, the following must be considered. 

Whenever the user wants to move the prosthetic limb, both master motors should move 

in opposite directions. However, in addition to simply linearly displacing the nut and depending 

on the direction of the motion, one of the two motors also has to overcome an external force 

that is applied to its FSR by the corresponding muscle. Therefore, at any given moment, the 

DC command towards one of the two motors has to be greater than the other since the loading 

scenarios differ. This is why, for example, between the time period of 25-27 s, the DC for the 

right master motor is greater. At that time, the user attempted to conduct a flexion of the wrist, 

thus loading the right FSR and as a consequence, the right motor required higher voltage to 

follow the position of the slave. On the other hand, the vice-versa is valid for the time period 

of 27-29 s which corresponds to an extension of the user’s wrist. All the figures presented in 

this chapter so far (except Figure 6-13 and Figure 6-14) belong to the same experimental trial 

so that correlation between the measured parameters (FSR circuit output voltages, force 

signals, linear positions and duty cycles) can be observed. 

In conclusion, from the data gathered during the response experiment, it can be inferred 

that the system's transparency is achieved. During normal operation, virtually no time delays 

were observed, while the linear positional errors between slave and master were kept below 

0.15 mm for both master robots. At this point, it should be mentioned that the Simulink control 

loop solver and the sensors’ sampling period were set to 1 ms. This was only possible due to 

the use of the DS1103 controller board. In the real application, where two less powerful 

microcontrollers will execute the communication and the control loop calculations, the 

sampling period would inevitably increase. Therefore, this and the following experiments must 

be repeated and evaluated with the wireless setup. 

Nevertheless, regarding the hardware of the project which constitutes the focus of this 

thesis, based on the results, the adequacy of the selected miniature components was 

confirmed. The master mechanisms, despite their size and specifications, proved capable of 

dealing with reasonable muscle forces and movement velocities. The system’s response can 

be characterized as smooth overall; however, there is room for improvement. In the cases of 

very slow movements or when significant forces were exerted, the master system eventually 

followed the position of the prosthetic limb, although, with obvious difficulties. Of course, these 

issues should be confronted either through hardware or software modifications. It should be 

noted though, that, having always in mind that the final system will depend on two small 

microcontrollers, no complex software solutions that require considerable processing power 

should be implemented. 

6.3 Power Consumption Test 

Following the response experiment, another aspect that examines the suitability of the 

selected mechanical components for this application is their power consumption. The 

necessity to determine the power consumed during the operation of the master system boils 

down to two main reasons. 

Firstly, the fact that the master system is intended to be eventually implanted inside an 

amputated arm entails that it should comply with certain specifications. As mentioned in 

Section 3.1.2, based on initial findings from [11] regarding thermal losses, the Biomechatronic 
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EPP topology seemed to be safe and feasible, assuming that each master motor placed inside 

the amputated limb would have a power consumption equal to 0.5 W. 

Secondly, since the concept of the Biomechatronic EPP implies that the implantable 

device would be wirelessly charged, an appropriate rechargeable battery should be identified. 

Therefore, this power consumption test could serve as the basis for conducting the wireless 

charging study in future works. 

6.3.1 Procedure  

In total, five tests were conducted to obtain an estimation of the motors’ power consumption. 

During the tests, which lasted between 30-60 seconds each, the user made random flexion 

and extension movements that one might typically perform with their wrist. 

The power 
mP  consumed by each master motor can be derived from the following 

equation: 

 
m a aP V i=  (4-29) 

where 
aV  is the voltage applied to the motor and 

ai  the current running through the motor. 

Hence, the motors’ voltage and current are the parameters that need to be measured during 

the experiments in the lab. However, this is easier said than done since the output of the 

master motor driver is a PWM signal. Accordingly, the voltage applied to the master motors 

and by extension the current are in PWM form. Unfortunately, the DS1103 controller board is 

not capable of measuring PWM voltage, thus, an alternative route was followed. 

It was assumed that the voltage 
aV  applied to each motor could be obtained through the 

duty cycle command directed to the motor driver. Since a voltage mode control is 

implemented, in theory, the duty cycle command ranging from 0 to 1 should be directly 

proportional to the operating voltage of the driver (in this case, 8.3V). For instance, if the duty 

cycle command from the control loop was calculated equal to 0.5, ideally, the voltage applied 

to the motor should be 4.15V. This is, of course, a simplified assumption that only partially 

holds true in the real world, especially for duty cycle values near 0% and 100% and in dynamic 

cases where the DC command changes rapidly, as in this project. Nevertheless, the aim of 

this test is simply to get an estimation of the master motors’ power consumption. 

The current 
ai  of the motors was also acquired indirectly through Equation (4-30). 

 a T m
a

a

V K
i

R

−
=  (4-30) 

where the torque constant 
TK  and the resistance 

aR  of each motor are known since they were 

determined in Section 4.1 during the identification of the system’s parameters. The only other 

parameter measured in this test is the angular velocity 
m  of the motors with the help of their 

respective encoders and the dSPACE controller board. 

6.3.2 Results 

Figure 6-18 and Figure 6-19 give the power consumption calculated in one of the five tests. 

More specifically, Figure 6-18 shows the power consumed by the left master motor, while 

Figure 6-19 illustrates the corresponding consumption of the right motor. 
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Figure 6-18. Left master motor power consumption test. 

 

Figure 6-19. Right master motor power consumption test. 

Since the forces applied to the master mechanisms change rapidly due to the dynamic 

nature of the application, there are significant fluctuations regarding the power needs of the 

motors. Consequently, it was sensible to extract the average power consumption for each 

motor which is displayed with the distinctive magenta colour. 

As seen from the data tips in the figures, in that particular test, the average power 

consumptions of the left and right master motors were 413mW and 428mW, respectively. The 
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values obtained from the other four tests were quite similar. This consistency was an 

encouraging indication concerning the estimation accuracy regardless of the simplified 

assumptions made to obtain the result. Finally, considering all five tests, the overall average 

power consumptions were: 

421 437
LEFT RIGHTmAV mAVP mW P mW= =  

Of course, the combined average power consumption of the system was 

858
TOTAL LEFT RIGHTmAV mAV mAVP P P mW= + =  

Fortunately, the values estimated above satisfy the power restriction set in [11]. Yet, it 

must be pointed out that the result of this test greatly depends on the type of executed 

movement during the tests. In general, as expected, the faster the motions of the wrist or the 

greater the exerted forces, the greater the system’s power consumption. For that reason, the 

figures displayed above were deliberately chosen to correspond to the figures given in the 

previous experiment. Therefore, the type of movement that caused the specific power 

consumptions of Figure 6-18 and Figure 6-19 can be seen in Figure 6-8 and Figure 6-9. 

In the future, more precise power measurements should be taken with the final wireless 

system. In addition to the motors’ consumption, these measurements should include the 

power consumed by the master microcontroller, the master motor driver and any other 

electronic component that would be part of the implantable device. 

6.4 Target Experiment 

The aim of the target experiment was to examine the subjects’ ability to control the angular 

position of the slave motor and, essentially, the rotation of the prosthetic limb. In contrast with 

the response-transparency experiment that involved random movements, in this experiment, 

the subjects were given specific desired targets according to which they should position the 

prosthesis. 

Before proceeding further, note that due to time limitations, the target and sense 

experiments were conducted only with two subjects. Therefore, the results of these tests 

should be considered more as an indication of the system’s capabilities rather than undeniable 

facts. To obtain more reliable results it is essential that the experiments be repeated with more 

subjects and more trials. 

6.4.1 Procedure 

Initially, the subjects were given different tables, each containing a set of ten desired targets. 

The target values in each table were determined randomly and ranged between 45f = −  and 

50e = , which correspond to the prosthesis's movement boundaries for flexion and extension 

that were set in Section 4.2.2. The subjects were instructed to attempt to reach the desired 

targets by exerting appropriate forces on the FSRs using the experimental setup presented in 

Section 6.1 (see Figure 6-4). The attempt would be considered successful only if the subject 

managed to place the prosthetic limb within ±0.5 degrees from the specified target and 

remained in that error margin for at least 2 s. The subject would constantly be aware of the 

prosthetic’s exact position by looking at a screen projecting the ControlDesk environment, 

which is capable of displaying the real-time angular position of the slave as received from the 
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slave’s encoder (see Figure 6-20). A second person acting as a supervisor monitored the 

experimental procedure to ensure everything was executed as planned. 

In total, four such trials were conducted by each subject and the metrics evaluated were 

the accuracy (error) with which the user could approach the target and the elapsed time 

between hitting two consecutive targets. 

 

Figure 6-20. ControlDesk Environment displaying measurements in real-time during Target test. 

During the tests, videos of the master system, the slave system and the ControlDesk were 

recorded simultaneously. Figure 6-21 presents a case of wrist flexion (left) and wrist extension 

(right) by taking individual screenshots from these videos and putting them together. 

 

Figure 6-21. Case of wrist flexion (left) and wrist extension (right) performed by the subject. 
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Each case in Figure 6-21 is illustrated by three individual screenshots. On the left side, a 

screenshot of the master robots and the subject’s upper limb can be seen. On the bottom 

right, a side view of the prosthesis (slave) is displayed, while in the top right corner, the 

positions of the master and slave systems are graphically represented by the ControlDesk 

instruments. During the experiments, it was observed that the prosthesis instantly responded 

to the user’s intention to move and closely followed the angular position of the subject’s wrist. 

This naked-eye observation can also be seen in Figure 6-21 and was later confirmed by 

comparing the master and slave position responses, as was also shown in the response-

transparency experiment. 

6.4.2 Results 

An example of a target table (Table 6-1) given to one of the subjects is presented below. 

Table 6-1.  Desired target table given to one of the subjects during the target experiment. 

Desired Target Positions 

Target № Position [deg] 

1 −21 

2 30 

3 −34 

4 −15 

5 −37 

6 −13 

7 −29 

8 16 

9 38 

10 41 

 

Next, the subject’s trial corresponding to the above target table is displayed in Figure 6-22. 

The blue curve shows the angular position of the prosthetic limb, while the horizontal and 

vertical black lines represent how the value of the desired target changed as the experiment 

progressed. The red circles indicate the start and finish of the subject’s attempt to reach each 

of the ten targets. The time periods 
it  shown with black arrows illustrate the time required by 

the subject to approach the desired target within an error margin of ±0.5 degrees. On the other 

hand, the green-coloured time periods portray the time that the subject stayed on the target 

before moving to the next one. 
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Figure 6-22. Prosthesis angular position [deg] recorded during a target experiment. 

In all the trials, the two subjects managed to reach every single target within the ±0.5 

degree error margin. This fact is a strong indication that the Biomechatronic EPP control 

topology enables the user to control the prosthesis with satisfying precision. 

The average elapsed time needed by the subjects to reach a desired target was defined 

as: 
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 (4-31) 

where 10n =  is the number of desired targets in each trial and 8h =  the number of trials. The 

metric 
meant  was calculated equal to 5.8s and constitutes a simple average serving as a 

reference of the time required to precisely position the prosthetic using the specific 

experimental setup. It should be highlighted that a significant time portion of the time periods 

it  was often devoted to positioning the prosthetic within the 1-degree error margin and not 

to the transition from one target value to another. A perfect example of this observation can 

be seen in Figure 6-22 during the attempt of the subject to reach target number 5. The subject 

approaches the target in close vicinity within 1-2 seconds; however, it takes another 15-16 

seconds to precisely place the slave within the required margin. This implies that if the error 

margin was slightly wider, for example, ±1 degree, the average elapsed time 
meant  would be 

expected to improve considerably. 

 Even though this experiment put the whole Biomechatronic EPP topology to the test, it 

should be mentioned that the final results heavily depended on the mechanical characteristics 

of the slave system. The slave system was inherited from previous works and was not 

meticulously studied in this thesis. It is believed that for this application, the slave motor 

currently used in the setup is oversized in terms of power and dimensions. Therefore, 
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especially when the subjects attempted short-quick movements to accurately position the 

prosthesis, the inertia of the slave assembly combined with the generated torque proved to be 

a challenging hindrance. This is also one of the reasons why only a tiny portion of the slave’s 

driver output PWM duty cycle range was actually utilized ([0, 0.05] instead of [0, 1]). Duty cycle 

values over 0.05 were attempted, however, in that case, the acceleration of the motor was 

clearly surpassing that of an average human wrist.  

The last thing that should be discussed concerns the benefit of proprioceptive feedback. 

As mentioned previously, the position of the subject’s wrist was mirrored by the prosthetic with 

notable accuracy. Therefore, even though the subject was not looking at the prosthesis, he or 

she was constantly aware of its position since it corresponded to the linear displacement of 

the subject’s actual wrist muscles. This fact alone demonstrates the superiority of a control 

topology that provides proprioceptive feedback to the user. 

6.5 Sense Experiment 

The last experiment conducted in this thesis, namely the sense experiment, investigates 

whether the Biomechatronic EPP control topology can provide the user with information about 

external forces exerted on the prosthetic limb (slave) during its interaction with objects from 

the surrounding environment. Essentially, the aim of the experiment is to examine the ability 

of the user to sense those external forces through the implantable device (master), hence the 

term ‘sense’. 

6.5.1 Procedure 

In the experiment, only two subjects took part. One of the subjects was extensively familiar 

with the master-slave system and had been using the experimental setup regularly for about 

three weeks before the conduction of the experiment. The other subject was significantly less 

acquainted with the setup and had only tried to operate the system on a handful of occasions. 

Based on the above, the former subject would be referred to as the experienced subject while 

the latter as the inexperienced subject. This information would prove crucial regarding the 

interpretation of the results. 

The experiment involved the placement of everyday objects with different stiffness levels 

in the movement path of the prosthesis. The task for the subjects was to move the prosthetic 

limb by exerting forces on the FSRs until they hit the object placed in the way of the movement. 

In each trial, the subjects were left free to move the prosthesis slowly or rapidly, to move it 

back and forth to repeat the collision with the object, or even to keep applying force to the 

object for an extended period of time. Afterward, the subjects had to report whether they 

sensed the existence of an object at all and, if yes, to estimate its stiffness level from a scale 

of 1 to 5. 

The objects employed during the trials are listed below in descending stiffness levels. 

 

Level 1 - Rigid 3D-printed block – (very stiff) 

Level 2 - High density foam – (stiff) 

Level 3 - Kitchen sponge – (flexible) 

Level 4 - Low density foam – (very flexible) 

Level 5 - Nothing – (no object) 
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Examples of objects with stiffness levels 2 and 3 can be seen in Figure 6-23. It should 

also be noted that in every trial, the selected object was attached with velcro strips on a 

wooden block which was positioned at a predetermined fixed angle in the range of motion of 

the prosthesis. 

 

Figure 6-23. Objects placed in the movement path of the prosthesis (slave) – kitchen sponge 
(left) and high density foam (right). 

As seen in the above figure, only for this experiment, the khaki-coloured 3D-printed hand 

that was seen in previous figures representing the prosthetic limb was replaced by a 3D-

printed rectangular prism (see Figure 6-24). This was done to ensure that in each trial, due to 

its flat shape, the surface area of the prosthesis coming in contact with the object would be 

the same and to allow the forces to be uniformly spread on larger surface area. 

 

Figure 6-24. 3D-printed rectangular prism used as a prosthetic limb [8]. 
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To have no visual of the prosthesis or the object, during the trials, the subjects were 

seated staring at a wall. In addition, the subjects had to wear earbuds playing loud music so 

they could not hear the collision sound generated when the prosthetic hit the object since this 

might hint at the object's nature. 

It must be emphasized that the goal for the subjects was not to identify the object itself 

but instead to determine how stiff it «feels» compared to the others. The stiffness of an object 

can be defined as: 

𝑆𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 =
𝐿𝑜𝑎𝑑

𝐷𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛
 

Therefore, if the loading configuration is identical, a stiffer object requires a greater load 

to deform equally compared to a less stiff object. Due to the different stiffness levels, the 

interaction of the prosthetic with each object felt different. For this reason, before the 

experiment, both subjects initially performed several mock trials with all the objects to get a 

sense of how each object behaves. 

For example, no deformation could be observed in the case of the rigid 3D-printed block 

(stiffness level 1 – (very stiff)), no matter the magnitude of the force exerted by the user. In 

contrast, in the case of the low density foam (stiffness level 4 – (very flexible)), by exerting low 

magnitude forces, the subjects were able to deform the object significantly. 

Just like a spring, a restoring force was exerted from the object to the prosthesis while an 

object was being compressed. As soon as a subject released the pressure upon the FSRs 

and, therefore, the object, this restoring force displaced the prosthesis (push back) in order to 

restore the object to its equilibrium condition. This restoring force varied from object to object 

and consequently, the prosthesis displacement varied as well. Since the position of the 

prosthesis is mirrored by the master system, both during the experiment's compression and 

release stages, the subjects were expected to «sense» the displacement and acceleration of 

the prosthesis, thus enabling them to distinguish the different stiffness levels. 

In other words, since the subjects did not have visual or auditory feedback to identify the 

objects, they had to rely solely on the proprioceptive feedback that the Biomechatronic EPP 

control topology can provide to the user through the master system. 

In total, fifty trials were conducted by each subject. Each object was placed ten times in 

random order in the way of the prosthesis and the subject was not informed about the results 

until after the experiment was completed. 

6.5.2 Results 

Table 6-2 shows the data collected during the conduction of the sense experiment. The 

fifty trials for both the experienced and the inexperienced subjects are listed in Table 6-2. As 

instructed, the subjects gave their estimations based on the scale of 1-5 presented previously, 

where each integer was represented by an everyday object and corresponded to a certain 

stiffness level. In the table, the successful estimations of the subjects are signified with green 

colour while the mistakes are indicated with red. 

In total, the experienced subject successfully determined the stiffness level in 46 out of 

the 50 trials, while the inexperienced subject estimated correctly in 34 out of 50 tests. 
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Table 6-2. Sense experiment data. 

Sense Experiment Data 

 Experienced Subject Inexperienced Subject 

Trial 

№ 
Object Placed Subject Estimation Object Placed Subject Estimation 

1 2 2 2 2 

2 4 4 3 3 

3 5 5 1 1 

4 2 2 1 1 

5 1 1 1 1 

6 1 1 3 4 

7 4 3 5 5 

8 2 2 3 3 

9 1 1 4 4 

10 4 4 2 2 

11 1 1 4 2 

12 3 3 2 1 

13 5 5 1 1 

14 1 1 5 5 

15 2 2 5 5 

16 4 4 3 2 

17 1 1 2 1 

18 4 4 1 1 

19 1 1 3 3 

20 5 5 1 1 

21 5 5 4 4 

22 3 3 5 5 

23 3 4 4 4 

24 2 2 3 3 
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25 2 2 3 4 

26 4 3 5 5 

27 5 5 5 5 

28 3 3 1 1 

29 3 3 2 1 

30 2 2 5 5 

31 3 3 2 1 

32 4 4 3 4 

33 1 1 5 5 

34 5 5 4 3 

35 3 3 3 3 

36 2 1 2 1 

37 3 3 2 1 

38 5 5 1 1 

39 4 4 2 2 

40 3 3 3 3 

41 1 1 4 4 

42 5 5 1 1 

43 4 4 2 2 

44 1 1 4 3 

45 2 2 5 5 

46 2 2 4 3 

47 4 4 5 5 

48 5 5 4 3 

49 3 3 4 3 

50 5 5 1 1 

 

Next, the results are presented more intuitively through bar charts. The bar chart in Figure 

6-25 summarizes in percentages the data given in Table 6-2 regarding the ability of the 

subjects to separate the stiffness levels between all objects. The success rates were 92% and 

68% for the experienced and the inexperienced subject, respectively. 
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Figure 6-25. Bar chart illustration of the data given in Table 6-2 regarding the overall success 
rate for each subject. 

Two main conclusions can derive from those results: 

1) The overall success rates indicate that the Biomechatronic EPP control topology can 

indeed provide positional and force feedback to the users, informing them regarding 

the interaction of the prosthesis with the environment. 

2) The success rate difference between the experienced and the inexperienced subject 

amounted to a non-negligible 24%. This fact could suggest the existence of a learning 

curve concerning the proposed control topology. That is to say that the user might 

initially have to go through an adjustment period of using the master-slave 

configuration before fully comprehending and perceiving the system’s feedback 

signals. Simply put, the more accustomed the user is to the system, the better the 

interpretation of the system’s feedback and, therefore, the better the success rate. 

This adjustment period is expected, especially in the field of prosthetics, where the 

users have to essentially integrate a foreign limb into the rest of their human body. 

 

Taking a closer look at the unsuccessful attempts, another crucial observation was made. 

In the overwhelming majority of the mistakes, the subjects failed to answer correctly only by a 

difference of just one stiffness level. In other words, the mistakes involved objects with similar 

stiffness levels. For example, a very stiff object was never considered very flexible or vice-

versa. The confusion was limited between levels 1 and 2 (category of stiff objects) and 

between levels 3 and 4 (category of flexible objects). In fact, only two mistakes by the 
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inexperienced subject involved the misconception that an object in the flexible category was 

considered a stiff object (trial no.11 and no.16). Figure 6-26 displays the success rate of the 

experienced and inexperienced subjects regarding their ability to separate the objects 

belonging to the stiff category (rigid 3D-printed block – (level 1), high density foam – (level 2)) 

from those characterized as flexible (kitchen sponge – (level 3), low density foam -– (level 4)). 

 

Figure 6-26. Bar chart illustration of the data given in Table 6-2 regarding the subjects’ success 
rate in separating the stiff from the flexible objects. 

As seen from the bar chart, the experienced subject distinguished the stiff from the flexible 

objects with a 100% success rate (40/40), while the inexperienced subject committed only two 

mistakes resulting in a 95% success rate (38/40). The main conclusions are that: 

1) Both subjects could distinguish stiff from flexible objects with remarkable accuracy. 

However, considering that a few mistakes were made within those two categories (see 

Figure 6-25), there appears to be a limit to the stiffness identification ‘resolution’. 

Consequently, the Biomechatronic EPP seems to offer the user the ability to 

distinguish among objects with considerable stiffness difference; however, the success 

rate declines as the stiffness of the objects is more similar. 

2) The subjects' experiences once again seemed to have an impact on their ability to 

interpret the position and force feedback signals through the master mechanisms. 

Lastly, a long-awaited explanation has to be given on how the non-backdrivability feature 

of the master linear actuator affects the system’s functionality regarding the scenario where 

the prosthetic limb interacts with objects from the environment. As mentioned in Section 2.2.2, 

non-backdrivability constituted one of the main specifications during the design process of the 
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master linear mechanisms. In the sense experiment, the non-backdrivability feature played a 

decisive role in the outcome. The need for this feature derives from the fact that human 

muscles, in some cases, can exert high-magnitude forces that cannot be easily addressed by 

a mechanism with such small dimensions as the one used for the master system. More 

specifically, it was observed that when muscle forces with a magnitude over ~15 N were 

exerted on the FSRs, the master linear actuators could hardly move due to the increased 

friction forces. This fact, of course, was considered during the mechanism design stage, and 

it should be emphasized that it does not affect the system’s regular operation where simple 

wrist movements are performed since those involve way lower-magnitude forces, usually up 

to 5-6 N (see Figure 6-7). The higher-magnitude muscle forces (>15 N) typically appear in 

cases where the amputee wants to deliberately exert significant force with the prosthetic limb, 

for instance, to lift or apply pressure to an object. The latter case of compressing an object 

was examined in the sense experiment. In particular, when the prosthesis collided with an 

object, the user had to increase the forces applied to the FSRs to compress it; thus, high-

magnitude forces (>15 N) were developed on the FSRs. In this case, if the system was 

backdrivable, since the linear actuators cannot counteract the developed forces to neutralize 

them, the residual muscles would be able to drag and linearly displace the lead screw nut at 

will, regardless of the master position closed-loop control command. Therefore, in such a 

scenario, the control would be ‘’broken’’ and the nut position would not correspond to the 

prosthetic limb’s position. This issue could be confronted either by considering the use of a 

higher-power master mechanism that could counteract even the strongest muscle forces or 

by selecting a non-backdrivable one. The former solution was rejected during the design 

stage, as a higher-power mechanism would not qualify regarding the dimensional and power 

consumption specifications, constituting the system’s implementation unfeasible. On the other 

hand, by selecting a non-backdrivable mechanism, the system self-locks when high-

magnitude forces are applied. Consequently, the user is able to feel a reaction force that 

corresponds to the force that he/she is exerting with the residual muscles. As a result, the 

prosthetic limb can interact with objects from the environment depending on the force 

command given by the residual muscles, while the user will be able to sense this force through 

the master system due to the non-backdrivability feature. Another significant benefit of this 

feature concerns power consumption and conservation. This can be made clear by the 

following example. As soon as the prosthetic limb encounters an obstacle from the 

environment which prevents it from moving, the master mechanisms are also obliged to stop 

moving. That is because the master system has as input reference the position of the 

prosthesis, and, therefore, if the prosthesis is fixed (not moving), then the master system 

should also remain fixed (not moving). However, suppose the system was backdrivable and 

the user wanted to apply force to the object, for example, to compress it. In that case, the 

master system should have to devote power constantly to counteract the forces exerted by 

the muscles to prevent the nut from displacing. In fact, this scenario would also constitute the 

most power-demanding scenario of the system. Nevertheless, this unnecessary power 

consumption is completely averted since the system is self-locking and therefore the forces 

from the residual muscles cannot displace the nut. As a result, the master system can rest 

and power is conserved, while at the same time, dangerous overheating scenarios are 

avoided. 
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7 Conclusions and Future Work 

7.1 Conclusions 

This chapter summarizes the findings of this work. This thesis focused on developing the 

smallest possible mechanism prototype regarding dimensions and power consumption that 

satisfies the requirements set by the proposed Biomechatronic EPP control topology. Standing 

on the shoulders of previous works, the appropriate specifications were set during the 

mechanism design stage to achieve the desired level of prostheses control. Subsequently, all 

the components comprising the new master system were meticulously selected, ordered and 

assembled in the lab. Then, the parameters of the system were identified, and the 

Biomechatronic EPP control scheme was designed. The communication between master and 

slave was achieved through the dSPACE DS1103 PPC controller board and a new 

experimental setup was constructed in the lab to perform appropriate tests. 

The response-transparency experiment showed that the prototype is functional and that 

the miniature electromechanical components can adequately cope with the expected forces 

and velocities of the application. Moreover, the transparency of the system was confirmed 

since, during normal operation, the desired position of the slave was reached in under 10 ms 

by the master mechanism, while the linear positional errors did not exceed 0.15 mm for both 

master robots. The overall response of the system was smooth; however, it was observed that 

for wrist movements with angular velocities less than 2 rpm or more than 10 rpm, the quality 

of the response began to decline. 

From the power consumption tests, it was estimated that when the user performs random 

flexion or extension movements with the wrist, each master motor consumes, on average, 

around 400-450 mW. Consequently, the selected components seem to also comply with the 

desired power consumption goal of 500 mW per motor set in [11]. 

The target test indicated that the system enables the users to accurately place the 

prosthetic limb within ±0.5 degrees from a desired angular position. 

Lastly, the results of the sense experiment suggested that the mechanical system through 

the Biomechatronic EPP control topology can provide users with information regarding the 

prosthesis's interaction with the environment. More specifically, the users successfully 

recognized the relative stiffness of everyday objects that the prosthetic limb interacted with 

during the experiments. In addition, the results indicated that new users might require to go 

through an adjustment learning period of getting familiar with the system before being able to 

interpret the system’s feedback signals to their full extent. 

Based on these findings, the proposed topology seems capable of reinstating the 

proprioception of the user through the master-slave configuration. Information regarding the 

position and external forces applied to the prosthetic limb was conveyed to the user without 

the need for visual feedback. More importantly though, the fact that all of the above were 

accomplished using the miniaturized master mechanism prototype demonstrates that the 

Biomechatronic EPP can be realistically implemented. 

Concluding, even though there is a long way ahead and significant room for improvement, 

the results in this thesis reinforce the promising future of the Biomechatronic EPP control 

topology in the field of prosthetics. 
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7.2 Future Work 

Following the construction of the miniaturized master system, the next step should be a 

complete and definitive transition to wireless communication between the master and the 

slave. This is practically already implemented in the lab; however, there are a few adjustments 

to be made so that the wireless setup is running satisfyingly compared to the wired setup. 

Even though the dSPACE platform proved to be an extremely helpful tool for real-time testing 

and measuring, a wireless implementation would pave the way toward realizing the concept 

of the proposed topology. 

As soon as this is accomplished, the experiments performed in this thesis should be 

repeated methodically, employing more subjects and more trials to establish or dismiss the 

aforementioned findings. As mentioned previously, the conducted experimental tests had the 

form of a proof of concept, and the results should be interpreted only as indications of the 

system’s capabilities. Therefore, experiments following strict protocols should be carried out 

in the future and statistical analysis of the data must be performed. 

The implementation of wireless communication and the finalization of the selected 

electromechanical components will also allow the further miniaturization of the system by 

designing the complete circuitry on a tiny PCB board. 

In addition, the slave system that was largely neglected in the current and previous works 

should be redesigned and its specifications must be set so that the whole system enters a 

final phase. For instance, even though until now, the examined degree of freedom was the 

flexion and extension of the wrist, it might be more sensible to transition to a form of grasping 

mechanism which also constitutes a single degree of freedom but has more utility to the 

amputee. 

Finally, another significant area that has to be examined is the system’s power supply. 

Following the determination of power requirements for both the master and slave systems, 

appropriate rechargeable batteries should be identified and, more importantly, the wireless 

charging circuit concerning the implantable master system must be designed. 
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9 Appendix A Datasheets 

Master Motor 
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Master Motor Encoder 
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Molex FPC Connector 
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Master Motor Driver 
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Force Sensitive Resistor 
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Slave Motor 
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Slave Encoder 
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Slave Motor Gearhead 
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Slave Motor Driver 
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