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Abstract— Developing a prosthetic system that emulates the 

complexity of the human upper limb is a formidable challenge. 

Unfortunately, abandonment rates for such devices remain 

high, primarily due to the limited intuitiveness of control and 

poor dexterity. Specifically, inadequate wrist mobility, i.e., the 

absence of actively controllable flexion-extension and pronation-

supination degrees of freedom, often results in subpar dexterity 

in upper limb prostheses. This work introduces an 

anthropomorphic wrist prosthesis featuring active flexion-

extension and pronation-supination capabilities, integrated with 

the poly-articulated Hannes hand. The central focus of this 

study is to compare the functionality of this prosthetic system 

with the natural wrist movement of healthy participants, 

demonstrating that the biomechanical range of motion falls 

within that of the mechatronic system. The overarching goal is 

to improve the performance of trans-radial prostheses by 

enhancing their dexterity and overall functionality. Our 

preliminary findings from healthy subjects demonstrate that the 

incorporation of a 2 Degrees-of-Freedom active biomimetic 

wrist into the prosthesis can approximate human-like 

capabilities in upper limb prostheses. Moreover, the resulting 

development confirm its enhanced dexterity when operated by 

amputees. These results provide valuable insights into the 

potential applications of this technology for amputees, offering 

a basis for future investigations. 

 
Index Terms—Prosthetics, Bionics, Rehabilitation Robotics, 

Mechatronics, Bioengineering 

I. INTRODUCTION 

HE human hand is widely regarded as the most intricate 

and functional part of the human anatomy [1, 2]. 

Therefore, the loss of an upper limb is a profoundly traumatic 

event, and engineering a suitable replacement remains a 

challenge, both from mechanical and control perspectives. As 

a result of these challenges, long-term abandonment rates of 

prosthetic devices remain high, ranging from 30-50% [3, 4].  

In cases of forearm-level amputation, the loss of the hand 

is often accompanied by the loss of the wrist joint. The human 

wrist joint provides two Degrees-of-Freedom (DoFs), the 

ulnar-radial deviation (URD), and the flexion-extension (FE). 

However, the pronation-supination (PS) is also lost with 

forearm-level amputation, despite its anatomical location can 

be associated to the elbow joint. The loss of these three DoFs 

significantly affects the quality of life for amputees, as they 

are essential for manipulation and interaction. It is well-
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documented, through wrist splinting studies, that the inability 

to correctly position the hand can hinder even the most 

advanced prosthetic hands from performing prehensile tasks 

[5, 6]. 

As a consequence, the absence of wrist mobility 

significantly limits the hand's orientation capabilities, forcing 

compensatory movements [7] that add stress to the body and 

cause overuse complications in the remaining joints [5, 8]. 

Bertels [9] demonstrated that even a single DoF prosthetic 

wrist, coupled with a prosthetic hand, can greatly reduce the 

amplitude of compensatory movements. Given the 

importance of wrist mobility to users, it is essential to 

replicate the functionality of the native human wrist in 

prosthetic devices, both in terms of available DoFs and 

control capability [10]. In user-needs assessments, 

individuals have emphasized the necessity of various 

improvements, such as multiple passive [11] or active wrist 

movements, simultaneous control of wrist and grasps, wrist 

position feedback, among others, for Activities of Daily 

Living (ADLs) [10].  

Nonetheless, user-controllable actuated prosthetic wrists 

have largely been ignored in the literature, in comparison to 

the efforts devoted to hand prosthesis development [5, 12, 

13]. In fact, there are very few commercial myoelectric wrist 

prostheses available on the market, chiefly the Ottobock 

pronation-supination Electric Wrist Rotator [14], the Fillauer 

MC Wrist Rotator [15] and Fillauer Powered Flexion Wrist 

[16], all of them offering only one active DoF. In addition, 

research devices such as the Keshen KS-Bionic Hand with an 

actuated pronation-supination and flexion-extension wrist 

[17], the modular and compliant wrist module developed by 

[18], the ToMPAW modular arm [19] and DARPA Modular 

Prosthetic Limb [20] DEKA “Luke” Arm [21] have been 

developed, but have yet to be made commercially available 

for a prosthetic use [22].  

This paper presents an innovative 2-DoFs prosthetic wrist 

and its development, control, and evaluation, with a focus on 

its design and ability to replicate ADLs according to user 

needs. Moreover, we demonstrate how combining this device 

with the CE-marked underactuated prosthetic hand Hannes 

[23] addresses the most demanding tasks which other devices 

fail to accomplish. As consequence, to satisfy users' needs 

assessment [10], we aim to control this innovative wrist by 

using learning strategies such as pattern recognition (PR)  

[24]. This approach results in improved control, both in terms 
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of naturalness and intuitiveness, of the multi-DoF prosthetic 

device. Therefore, we showcase the successful application of 

advanced PR techniques, as presented in [25], in real-life 

scenarios for this newly developed system.  

To provide a comprehensive overview of the research, we 

first outline the system requirements in Section II. We then 

delve into a detailed description of the mechanical, electrical, 

and control design of the prosthetic systems in Section III. 

The testing methodology employed to validate the overall 

design is described in Section IV, followed by the 

presentation of corresponding experimental results in Section 

V. Finally, in Sections VI and VII, we discuss the potential 

impact of this work and suggest future applications of the 

system. 

II. SYSTEM REQUIREMENTS 

The Hannes hand was designed using a bio-inspired 

holistic approach. The result was an under-actuated hand 

prosthesis that nonetheless exhibits biomimetic behaviour of 

the human hand [26]. Hannes is already capable of 

performing three main categories of grasp, using a passive, 

manually operated thumb adduction: power grasp, precision 

grasp and lateral grasp. The under-actuated differential 

mechanism of the Hannes hand has been already presented 

and discussed [26], therefore, we focus here on the novel 

design of the 2 DoFs wrist. 

With a similar design approach, our goal was to develop a 

2-DoFs prosthetic wrist including flexion-extension (FE) and 

pronation-supination (PS) characterized by biomimetic 

performances in terms of range of motions (RoMs), speed and 

torque hence consenting user to perform the most demanding 

ADLs.   

In the following part of this manuscript, we firstly present 

the biological and technical requirement as inspired by ADLs 

(Section II.A and II.B respectively), followed by the 

kinematic layout (Section II.C) and finally the power and 

safety aspects (Section II.C and II.D respectively) considered 

along with the development phases. 

A. User’s needs-driven requirements 

The human wrist joint has three DoFs that can be 

simultaneously moved. The wrist itself possesses two DoFs: 

FE and URD. In addition, the forearm ulnar and radius bones 

provide PS movement [27-29]. Since this rotation ability is 

largely lost by trans-radial amputees it can be considered 

integral to wrist functionality and a relevant characteristic for 

a prosthetic wrist system to fulfil. To be able to effectively 

replicate the functionalities of its biological counterpart, the 

hand-wrist prosthetic system should possess the following 

features [23, 30-33]: 

1) RoMs, torques and speed must be comparable to the 

ones attained by humans during ADLs; 

2) Robustness – each actuator must resist peak loading 

forces substantially above peak torques exerted during 

ADLs, in case of a fall or improper use;  

3) Anthropomorphism – the system must approximate the 

size of the human hand and forearm;  

a. Low weight – as this characteristic is strongly 

correlated with abandonment rates, the system must 

weigh less than the human hand and arm, needing to 

be similar to commercial prostheses (see Table I) 

[34]; 

b. Low overall length – The type of arm amputation 

and lost functionality is unique for each patient. The 

minimum overall length will maximise the number 

of patients that can benefit from a wrist prosthesis 

system. As up to 70% of upper limb amputations are 

distal to the elbow, and assuming that the average 

trans-radial amputation occurs halfway along the 

forearm, then the total length of the wrist prosthesis 

should not exceed 50% of the female 5th percentile 

of forearm length (around 97mm) [2]. 

4) Ease of Control and low latency – From the Assessment 

of user needs [10], it emerges how the wrist is explicitly 

required by the amputees, since, as already stated, the 

positioning of the hand is crucial in everyday activities. 

Moreover, focusing on the users’ requirements, the ease 

of control and the non-disturbing time delay in wrist 

movements are both crucial. To deal with these, we 

developed a low-level control strategy (Section III.C) 

for the wrist and tested the device involving an online 

control through PR.  

B. Design Requirements from the perspective of ADLs 

Literature on RoMs, torques and speeds characterizing 

each joint of the human arm during 23 ADLs and the SHAP 

test was used to define the desired DoFs, kinematic layout, 

and desired peak torque and peak joint velocity of each wrist 

[35]. The SHAP test is a standardized clinical protocol for 

estimating and comparing patient hand and wrist dexterity in 

ADLs [36]. Although simulated activities only approximate 

functional ones [37] they can estimate the minimum required 

prosthesis performance. 

In addition, whilst RoMs during ADLs are well defined by 

studies of wrist motion, with the worst-case values found in 

literature used for each joint [38], there is much fewer data 

and much higher variation regarding joint speeds and torques 

[12]. Commercial PS wrist devices angular velocity span 

from 80 deg/s to 180 deg/s [14, 15]. Previously published 

researches on wrist PS and FE speeds have noted that 

175deg/s is a suitable value to be functional [39], whereas for 

FE prosthesis the target rotation speed is 150deg/s [40]. 

Information on nominal and peak wrist torques is even more 

lacking as most studies focus on maximal wrist torques, 

nevertheless, minimum torque requirements for the FE and 

PS wrist can be estimated from the literature [41]. However, 

in Section IV, it was decided to estimate more accurate values 

from able-bodied volunteers using motion capture hardware. 

C. Kinematic Layout Required for ADLs  

F. Montagnani et al. demonstrated that the exclusion of the 

ulnar-radial deviation DoF using a custom-designed orthosis 

resulted in the smallest increase of compensatory movements 

 
Figure 1. Individual joint rotation axes and layout of prosthesis vs human 

hand and forearm. 4 mm of misalignment among the human and the wrist. 



during the SHAP test [42]. Other studies conducted on able-

bodied subjects similarly demonstrated how the URD can be 

regarded as the least important upper limb movement [43, 

44]. In fact, a 2-DoF wrist (PS and FE) coupled with a 1-DoF 

hand (open/close), performed very similarly to an anatomical 

hand during SHAP tests. 

Based on these findings and the limiting requirement to 

minimize the prosthetic wrist weight and overall length, a 2-

DoFs device with FE and PS was developed, as this would 

offer similar functionalities compared to a 3-DoFs wrist 

prosthesis. Moreover, to increase the human-like behaviour, 

we decided to couple the 2-DoFs wrist with an underactuated 

prosthetic hand (Hannes) capable to express very high 

biomimetic performance as demonstrated in [45]. 

D. Power Consumption Requirements 

As an upper limb prosthesis must embed the power source, 

another important constraint is to minimize the motors power 

consumption, to gain a sufficient battery autonomy during 

daily use. As stated in [46], and confirmed during the clinical 

evaluation performed in 2017 with Hannes [47], transradial 

amputees perform an average of 150000 main grasp 

movements per year, resulting in 411 movements per day.  

Therefore, we set the requirement to execute at least 500 

combined hand and wrist movements with a single battery 

charge, considering a worst-case scenario of 1:1 ratio 

between hand and wrist. As consequence, we designed the 

wrist FE drivetrain to be non-backdrivable, allowing static 

loads to be resisted without motor torque contribution, 

therefore greatly minimizing current consumption in static 

poses [12]. Non-backdrivable transmissions also permit to 

select smaller motors, since the dynamic active torque 

requirements during ADLs are low compared to the 

maximum passive torques that the human wrist can be 

subjected to [48]. Additionally, the joint will remain static 

when subjected to sudden external load changes or during a 

power loss, also resulting in a more predictable control and 

safer use by upper-limb prosthetic users.  

III. DESIGN  

In this Section, the prosthetic system will be analyzed in 

all its parts. Firstly, in Sections 0 and III.B, respectively the 

mechanical and electrical architectures of the device will be 

described in their entirety. Subsequently, in Sections III.C 

and III.D, the control strategies, both low and mid-level, 

applied to this system will be discussed and detailed. 

 

A. Mechanical Architecture 

The mechanical structure of the wrist is intentionally 

designed to be both serial and modular (Figure 1). This is 

achieved by creating separate FE and PS wrist joints (Figure 

2 and Figure 3, respectively), which can accommodate an 

Ottobock compatible quick-disconnect Locking Unit [49] and 

an electrical slip-ring, known as the Coaxial Plug [50] with 

its corresponding Co-Axial Bushing [51], within the wrist 

socket. The slip-ring provides power and control signals to 

the hand during PS rotation. Furthermore, the modular design 

architecture allows for a flexible overall system length, 

ensuring the adaptability of the prosthesis to the patient's 

amputation type and severity (whether distal or proximal), 

while also preserving compatibility with existing amputee 

socket. This precluded the investigation of an integrated 

parallel wrist mechanism for simultaneous multiple DoFs 

motion such as Stewart-platforms or quaternion wrists, even 

though such systems are often more compact than serial chain 

devices [52]. 

 

1) FE Wrist Design 

According to the previously presented design requirements 

(section II), hereafter we describe the design solution to 

match the anthropomorphism of the FE wrist rotation axis 

equipped on the Hannes hand. The misalignment between the 

mechanical and the anatomical rotation axis has been 

designed to not exceed 5 to 7mm (Figure 1). Moreover, the 

overall mechanism needed to be as small and noiseless as 

possible to prevent user discomfort [53]. On the other hand, 

non-backdrivability was selected as a crucial feature to 

prevent excessive battery consumption in case of high static 

loads. Therefore, the FE wrist has a weight of 211g, and its 

powertrain presents a 3-stage gearbox directly connected to 

the drive motor (Faulhaber BXT22H) and a slow shaft 

encoder (Figure 2A). In detail, the first stage is a [(13/3):1] 

planetary gearbox, that allows lowering the revolutions-per-

minute (RPMs) of the BLDC motor while keeping high 

efficiency (η ≈ 0.9) that guarantees high torque to drive the 

subsequent gear-stage. The second stage shifts the rotation 

axis to the physiological position of the human wrist with a 

[2:1] spur gear to reduce angular velocity by still maintaining 

high efficiency (η ≈ 0.9).  

The supplementary reduction of the resultant angular 

velocity is fundamental to reduce the noise of the previous 

 
Figure 2.  FE wrist: A) Simplified diagram of mechanical design, B) Placement of the mechanical components and C) the real FE wrist device. 

TABLE I 

Biological & ADL Requirements 

Joint 
Length 

[mm] 

Mass 

[g] 

ADL 

RoM 

[deg] 

Peak 

Torque 

[Nm] 

Velocity 

[rad/s] 

Wrist 

FE 
20-30 100 -70 to 50 -3.5 to 3.5 4 

Wrist 

PS 
60 100 -65 to 77 -6.0 to 4.0 7 

Wrist 

URD 
50 150 -18 to 20 -0.2 to 0.3 -0.2 to 0.3 

 



gear’s stages and to provide a sufficient torque to the third 

stage although this latter provides low efficiency (η < 0.4, 

0.25 < η < 0.4) [40:1]. Thanks to its precise dimensioning, 

this third stage (worm-gear) guarantees the correct alignment 

of the rotation axis. Moreover, it is crucial to grant the non-

backdrivability of the entire mechanism, by means of its low 

efficiency. This characteristic, coupled with the correct 

dimensioning of the frame, makes the wrist able to hold up to 

50 kg in steady condition without any battery consumption. 

Therefore, the user can lean on the wrist, for example, when 

standing up from a chair leveraging on the upper limb for 

stability purposes and reducing harmful compensatory 

movements. 

The design of the entire wrist FE mechanism permits 82 

deg of RoM by offering 33 deg in extension and 49 deg in 

flexion therefore mimicking the natural conditions (40 deg in 

extension and 38 deg in flexion hence admitting and 78 deg 

of overall RoM) of healthy subjects [44]. Finally, the resultant 

mechanism is characterized by an overall length of 55 mm 

and a 45 mm diameter (Figure 2B). 

2) PS Wrist Design 

The PS wrist main design requirement was to be hollow 

shafted, to allow fitting the single slip-ring located in the 

Ottobock-style Laminating Ring [54]. The weight of this 

component is 210g and its actuator unit is composed by a 

frameless PMSM motor (TQ Motors ILM-25x04) [55], 

directly integrated with the strain-wave reducer’s wave 

generator [100:1] (Harmonic Drive HFUC 11-100-2A R), 

forming a hollow shaft actuator for electrical connecting the 

hand prosthesis with the socket electronics. The output of the 

strain-wave reducer is connected to the female output of the 

quick-disconnect adapter. The design permits the hand 

prosthesis and FE wrist actuator to be quickly attached and 

detached by the patient, whilst ensuring a robust electrical 

connection between the two halves of the prosthesis system, 

namely the hand and the socket.  

The resultant mechanism is characterized by an overall 

length of 65.1 mm and a 43 mm diameter (Figure 3C) which 

offers a one-to-one replacement with the Standard wrist 

quick-disconnect male (Ottobock-like Locking Unit) and its 

related counterpart, the Ottobock-like Laminating Ring [56] 

which can also accommodate the active component namely 

Electric Wrist Rotator [57] by Ottobock.  

On the mechatronic side, our custom device can exert 

higher angular velocity and torque on the slow shaft in respect 

to existing commercial solutions (pick torque of around 6 Nm 

and maximum angular velocity around 70 rpm). The direct 

connection between the Harmonic Drive and the BLDC 

motor [55] grants a single reduction stage (Figure 3). The 

overall power-train efficiency of 80% can be achieved by 

aligning the bell-shaped efficiency behaviour of the reducer 

with the one described in the motor datasheet. Conversely, 

commercial prosthetic wrists offer a cascade of reduction 

stages that lower the device’s efficiency. As consequence, our 

solution aims at increasing the overall efficiency to design a 

reversible mechanism that, at the same time, allows the 

Ottobock-like Locking Unit to disconnect the wrist from the 

hand thanks to the breakaway torque of the powertrain. 

B. Electrical Architecture 

From the electrical point of view, the entire system 

guarantees all the necessary safety features as for IEC60601- 

1 medical device standard, including sensor diagnostics, 

overcurrent, overload and short circuit protection as well as 

compliancy of EMC standards on all the active joints. 

Moreover, the system is conceived to be modular and self-

contained (Figure 4): the hand itself contains all the motor 

drive electronics necessary to move the main grasp motor and 

the FE wrist motor in closed loop. All the hand and wrist 

movements are controlled via a single microcontroller (Texas 

Instruments TM4C123GH6PM [58]) embedded in a single 

rigid-flex control board system (SCMM), minimizing space 

requirements and power consumption overhead. The onboard 

electronics include a 9-axis IMU module [59], to provide the 

angular orientation of the hand expressed in quaternions via 

I2C protocol to the motor control unit of PS wrist (SCMPS). 

The system includes two contactless absolute on-axis 

magnetic encoders (AMS AS5045B [60]), to provide 

absolute position feedback and diagnostics via SPI protocol. 

The overall system architecture includes a central processing 

board (EMGM) and up to 6 surface electromyography (EMG) 

sensors, compatible with both Ottobock electrode or custom 

circular EMG sensor Marinelli, et al. [61] developed by 

Rehab Technologies lab of Italian Institute of Technology. 

The EMGM board hosts a microcontroller (Texas 

Instruments TM4C123GH6PM), acquiring the EMG signals. 

The EMGM board is placed above the wrist joint, and acts as 

a master of a CAN Bus network, sending position references 

to the SCMM board, for controlling hand and wrist FE via 

SCMFE, and retrieving various measurements from the 

SCMM board, such as the joints current, the measured joint 

position, the angular orientation, and the system status. 

Additionally, the EMGM board hosts an IMU module to gain 

information about the angular orientation of the stump and to 

 
Figure 3.  PS wrist: A) Simplified diagram of mechanical design, B) Placement of the mechanical components and C) the real FE wrist device. 



directly control the PS wrist control board (SCMPS) 

movement accordingly (Section III.C). 

All the information gathered by the prosthetic systems is 

then provided via Bluetooth Low Energy to a host system 

graphical user interface (GUI), which can allow both 

therapists or researchers to perform tuning of the control 

parameters, the activation thresholds, check the system 

diagnostics, visualise, and log the data in real-time. All the 

data are available to a frequency up to 100Hz via custom 

communication protocols.  

The system is equipped with a custom battery pack, made 

of 3 lithium-ion certified cells in series (11.1 V nominal, 2.5 

Ah capacity, 27.75 Wh energy, 99900 Joule) and a battery 

management system, carefully designed to fit in the gap 

between the residual stump and the wrist joint, hence 

allowing to directly embed the system electronics and power 

supply in most of the transradial amputation cases. To 

confirm that, we made a simple evaluation of the power 

consumption, measuring the battery current absorption at a 

fixed voltage (12.28 V) in respect of the worst-case 

movements of each joint (highest speed), using an 

oscilloscope (Tektronix MDO3034) and a current probe 

(Tektronix TCP0020). We then computed the net electrical 

power and the energy absorbed for each task. Additionally, 

we measured the overall system consumption in an idle state, 

with all the motors enabled but not moving. With respect to 

the daily energy balance, we considered a 16 hours per day 

duty cycle, compared to the energy available with a full 

charge. The analysis, resumed in Table II, shows that the 

main energy use is due to the idle state (48%) rather than 

during the movements. However, is shown that the system 

can be easily operated, in an average use, for 16 hours 

consecutively with a single charge, having a good residual 

charge (43.8%). 

C. Motion Control  

We developed a control strategy that allows both 

intuitiveness and non-disturbing time delay, in agreement 

with the assessment of user needs [10]. For the FE wrist joint 

we implemented a position Proportional-Integral-Derivative 

(PID) controller by using the custom encoder as feedback (see 

Figure 2C). Conversely, due to the lack of space, no 

embedded encoder was possible to fit in the PS joint. 

Therefore, a virtual encoder was used as feedback to the PS 

position loop. In particular, the virtual encoder is obtained by 

using two IMUs (Bosch Sensortech BNO055 [59]) located on 

the two links, respectively the hand and the socket. These 

sensors extract quaternions used to compute the angular PS 

position via a custom algorithm. The “Relative Angle and 

Orientation” (RAO) algorithm computes the angle between 

the hand and the forearm, avoiding singularities. To ensure 

IMUs reliability as a virtual encoder, a two steps calibration 

is required. The first step is performed once when mounted 

on the device during which the BNO055 records and stores in 

the EEPROM offsets for each sensor to compensate for drift 

and tilt inaccuracies. The second one consists of switching on 

the device horizontally aligning the z-axes along the gravity 

direction to ensure long-time stability. The entire procedure 

is presented hereafter. 

Knowing the standard definition of a quaternion (Q) and 

its conjugate (Q*): 

 
𝑄 =  [𝑞𝑤, 𝑞𝑥 , 𝑞𝑦 , 𝑞𝑧] 

𝑄∗ = [𝑞𝑤, −𝑞𝑥 , −𝑞𝑦 , −𝑞𝑧] 
(1) 

setting Qpre and Qpost as quaternion relative respectively to 

pre-joint and post-joint link, it is possible to define the 

rotation quaternion of the joint as follows: 

 
Figure 4. Electronic architecture of the full Prosthetics system. 

TABLE II 

Daily power consumption 

Joint 

Average 

Current 

[A] 

Average 

Power [W] 

Energy per 

Movement [J] 

Movement 

Time [s] 

Number of 

Movements 

Overall day 

energy 

consumption [J] 

Percentage 

on battery 

charge [%] 

Hand 0.75 9.2 7.4 0.8 500 3700 3.7 

Wrist PS 0.2 2.4 3.5 1.5 500 1750 1.75 

Wrist FE 0.16 2 5 2.5 500 2500 2.5 

Idle state 0.07 0.86 - - - 48240 48 

Total - 56209 56.2 

 



 𝑄𝑅 = [𝑄𝑝𝑟𝑒
∗ ∙ (𝑄𝑝𝑜𝑠𝑡 ∙ 𝑄𝑝𝑟𝑒

∗ )] ∙ 𝑄𝑝𝑟𝑒 (2) 

Once QR is evaluated by knowing the actual possible DoFs of 

the joint, the angles along the principal axis (αx, αy, αz) can be 

computed. Knowing the structure of the quaternion from 

Eq.(1), the angles can be calculated as follows: 

 𝛼𝑖 = 2 ∙ 𝑎𝑡𝑎𝑛 (
𝑄𝑅𝑖
𝑄𝑅𝑤

)     , with 𝑖 ∈ [𝑥, 𝑦, 𝑧] (3) 

Calculations run in a built-in routine on the EMGM board, 

retrieving link quaternions from the peripheral sensors and 

computing the RAO algorithm. This computation efficient 

routine can run in real-time, as it computes the angles in 0.172 

ms (13760 clock cycles) on an ARM Cortex M4F running at 

80 MHz. 

D. Pattern Recognition Control  

Furthermore, we implemented a Prosthetic Control (PR) 

algorithm using Nonlinear-Logistic Regression (NLR) as 

presented in two our previous works of Marinelli, et al. [25] 

and Di Domenico, et al. [24]. After training, users controlled 

2 and 3 Degrees of Freedom (DoFs) in real-time. The 

software had two layers: joint selection and joint control. PR 

decoded user intention using up to 6 EMG electrodes, 

modulating joint positions based on RMS of EMG signals, 

with threshold comparison and gain amplification as shown 

in Figure 6 according to the formula: 

 𝐽𝑜𝑖𝑛𝑡𝑝𝑜𝑠 +=
(𝑅𝑀𝑆(𝑠𝐸𝑀𝐺) − 𝐿𝑇ℎ)

𝐻𝑇ℎ
∗ 𝐺𝑎𝑖𝑛 (4) 

where, RMS is the root mean square of the EMG signals, LTh 

is the activation threshold optimized according to the 

validation set, HTh is the high threshold EMG coefficient 

used to normalize the signal amplitude optimized according 

to the calibration phase and Gain is a parameter to tune the 

joint speed according to the user needs. 

IV. TEST METHODOLOGY 

We developed a 3-phases testing methodology to 

incrementally characterize and validate the device 

performances. A preliminary analysis in the frequency 

domain was performed to identify the dynamic behavior of 

the single joints’ movements as presented in Section IV.A. 

Subsequently, in Section IV.B we acquired the kinematics of 

able-body subjects performing ADLs and then used this 

information to validate the prosthesis’ performances in 

mimicking these movements. Finally, a speed-torque analysis 

was conducted to outline the mechatronics performances 

achieved during ADLs as presented in Section IV.C. 

Moreover, to examine the control capabilities, an EMG-based 

PR algorithm was developed and tested on amputee as 

presented in Section IV.D. 

A. Dynamic tests 

We aimed at estimating the bandwidth of the wrist 

actuation unit in both PS and FE joints. To this end, we 

imposed a sequence of sinusoidal speed references, by 

increasing the frequency with step increments of 0.25Hz from 

0.25 to 4.5Hz. Moreover, we chose the reference amplitude 

according to the mechanical RoMs of the system not to 

impact with the end of travels. We supplied the motor drive 

with fixed voltage and measured the joint speed output 

response comparing them with the imposed references. We 

then interpolated the voltage-speed transfer function to 

estimate the closed-loop mechanical bandwidth.  

B. Able-Body Kinematics Recording 

To the best of the authors’ knowledge, there is a lack of 

accurate velocity (and torque) profiles of the human wrist 

joint during typical ADLs in literature. Therefore, we built a 

dataset of healthy subjects’ wrist speed profiles performing 

multiple tasks. We then obtained reference kinematic 

trajectories to be applied to the 2-DoF wrist [62] to test its 

 
Figure 5. Human-Prosthetic validation setup. A-B) VICON Mo-Cap room, in yellow squares the IR VERO Cameras for marker tracking while in blue square 

the subject wearing the 12 markers. C) Marker positioning scheme according to VICON user’s manual.  



dynamic performance under load. The considered tasks were 

divided into two sections, namely the basic functional tests 

and fully functional tests. In the former, the subject separately 

performed simple movements (i.e., wrist flexion, wrist 

supination) and their combination (i.e., infinite trajectory). In 

the latter, we selected ADLs activities where the wrist 

movements play an essential role and recorded the joint 

angles via a Motion Capture system described below. 

Eventually, each subject was asked to perform 5 tasks divided 

as presented in Table III. 

In detail, during the trials, the subjects were asked to 

perform each one of the tasks three times. Using a 

metronome, a rhythm was prescribed to impose three 

different speeds, namely “slow” (30bpm), “normal” (45bpm) 

and “fast” (60bpm). The subjects were asked to perform the 

task in the most natural way while following these rhythms to 

start each movement. Moreover, the participants were 

instructed not to restrict their movements in any way. 

Imposing a defined time frame to execute the task prevented 

unnecessary interruptions which could bias the acquired 

speed distribution. Therefore, a distribution of natural speeds 

was acquired and compared with the speed performances of 

the two wrist motors. 

As shown in Figure 5, the setup consisted of a Vicon Nexus 

system, based on 10 Infra-Red (IR) cameras that record the 

movement of 12 IR-reflecting markers. This system can 

guarantee a 0.01mm precision over a 48 m3 of total volume 

of acquisition. This setup with the 12 IR markers allows the 

tracking of the whole arm, and, for this case, the detailed 

movement of wrist PS and FE. The Vicon system has a fixed 

frame rate of 100Hz. This is consistent to Khusainov et al.  

[63], as 90% of human movements are under the 5Hz 

threshold. Therefore, we asked 8 able-bodied volunteers (age 

range: 25-32 years, 5 males and 3 females with self-reported 

hand and wrist dominance) to sit on a chair with their elbows 

fixed and close to their torso to minimize elbow and shoulder 

contribution. After the participants were marked with the 12 

IR markers (according to the marker placement depicted in 

Figure 5C) they were asked to perform the 9 tasks. During 

each task, the movement was repeated 10 times. Each subject 

performed each task with a 30s pause between them to 

prevent muscular fatigue. The test duration was 

approximately 20 minutes per participant. The study adhered 

to the standard of the Declaration of Helsinki and was 

approved by the Bologna-Imola ethical committees (CP-

PPRAS1/1-01). 

C. Prosthesis Kinematic and Dynamic Test 

We tested the speed and torque performances of the novel 

prosthetic wrist with the aim of assessing its reliability and its 

consistency in comparison with the natural equivalent. 

Therefore, we computed the joints speed Probability Density 

Function of healthy subjects examined to obtain a reference 

distribution curve. The percentiles distribution of angular 

velocities was compared with respect to the speed 

performances for both PS and FE mechanisms. To this end, 

we chose the two most demanding basic functional tasks 

mentioned before for each DoF, executed at maximum 

achievable rotational speed. To stress the overall system in a 

realistic scenario, we loaded the prosthetic hand with a glass 

jug (300 gr) with 500 ml of water for the jug pouring task 

(PS), and a heavy aluminium sphere (532 gr) for the lifting 

task (FE). We recorded the joint position and the motor 

current to compute both speed and torque achieved. From this 

data we extracted the speed-torque required by the two 

powertrains while executing the tasks. 

D. Overall system validation 

Advanced control strategies [64, 65] were tested on a 

prosthetic system, initially on healthy subjects and later on 

amputees. An EMG-based PR algorithm, developed by Di 

Domenico, et al. [24], enabled simultaneous control of three 

active DoFs: the Hannes hand's, PS, and FE wrist. The 

algorithm used speed proportional to EMG signal RMS and 

achieved simultaneity by activating multiple joint 

movements. Testing involved 10 healthy subjects and 3 

mono-lateral amputees, with each subject performing 10 

repetitions of gestures like hand opening and wrist 

movements. Muscular activity was recorded using 6 

MyoBock electrodes (Ottobock) (Figure 6)  

. Data collection was managed with EMG-Data 

Acquisition and Training Software [24]. Non-Linear Logistic 

Regression [24, 25] was used as the PR algorithm to select 

the joint to move and map muscle activation to joint reference 

positions. An example of a subject is reported in Figure 6A, 

where for each movement and DoF the activation of the six 

EMGs generate a different pattern associated to the 

movement intention.  

Non-Linear Logistic Regression was used as PR algorithm 

to select the joint to move, as already offline tested by our 

group in different configurations. Moreover, we mapped 

muscle activation amplitude to selected joints’ reference 

position Figure 6C), as described in formula (5): 
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𝑃𝑡 = 𝑃𝑡−1 + ∆𝑆 

∆𝑆 =
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𝑁
𝑛=1 ||

𝐹𝑐

   (5) 

where P indicates the position, the sum of the previous 

position and the increment (∆𝑆). ∆𝑆 is calculated with the 

normalized RMS of the N = 6 EMGs divided by the loop 

frequency of the microcontroller (300 Hz) to limit the 

maximum increment to a value that controls the prosthesis 

full-RoM movement in 1s. 

V. RESULTS 

Correspondingly with the methods presented in Sec. IV, 

we computed the open-loop Bode diagram (Section IV.A), 

the able-body kinematics analysis (Section IV.B) and the 

joint’s speed-torque dynamic performances (Section IV.C). 

Finally, in Section IV.D we present the results obtained in a 

real scenario, in which machine learning techniques were 

used to offer an intuitive control strategy for the multi-DoFs 

system via EMG. 

A. Dynamic test results 

This analysis (Figure 7A) shows the speed closed-loop 

mechanical bandwidth of the prosthetic wrist drive at the 

maximum battery voltage (12.6 V), defined as the intercept 

TABLE III 

Performed tasks 

Basic functional Fully functional 

Wrist Flexion-Extension Stirring 

Wrist Pronation-Supination Jar Pouring 

Infinite shape (combo FE and PS) - 

 



of the magnitude system response with the -3dB attenuation 

red line. The measured dynamic is around 1Hz for wrist PS 

joint and 2Hz for FE joint in their complete RoMs. 

B. Able-Body Kinematic recordings results 

Throughout the trials, the participants were instructed to 

perform movements without any specific guidance, ensuring 

that the angles measured were not influenced by any bias. 

Despite this, as depicted in Figure 7B boxplot, the healthy 

subjects' executed movements were contained within the 

mechanical Range of Motion (RoM) of the Hannes system. 

The prosthesis minimum and maximum RoM are indicated 

by the dotted lines. Specifically, the End-of-Travels for the 

FE wrist were designed to span from -49 deg to +33 deg, 

while the Wrist PS could move freely without any 

restrictions; however, the End-of-Travels were set to span 

from -90deg to +90 deg. Therefore, these limits could be 

adjusted according to the subject's natural contralateral 

anatomy. In the boxplots, the squared regions represent the 

population from the 25th to the 75th percentile, the grey dashed 

lines indicate the entire population span and the red crossed 

indicates the outliers outside the Tukey fence.  

C. Performance Characteristics during ADLs 

Figure 8A presents the human wrist’s speeds distribution 

compared to the prosthetic wrist speed performance. The 

Probability Density Function of healthy speeds, as well as the 

Distribution of the speed population in the form of a boxplot 

can be appreciated for both PS and FE wrist. These results are 

compared to the Hannes wrist's performance, represented by 

the grey shaded area. For the PS joint, we observed a median 

value of 5.82 rpm (34.95 deg/s), a 25th percentile of 1.51 rpm 

(9.06 deg/s) a 75th percentile of 16.39 rpm (98.34 deg/s) and 

a maximum of about 38.7 rpm (232.2 deg/s). For the FE joint, 

we observed a median value of 4.77 rpm (28.62 deg/s), a 25th 

percentile of 1.25 rpm (7.5 deg/s) a 75th percentile of 10.12 

rpm (60.72 deg/s) and a maximum of about 23.43 rpm 

(140.58 deg/s). The red crossed indicates the outliers outside 

the Tukey fence. Moreover, we observed that the data are 

substantially symmetric with respect to the sense of rotation. 

Figure 8A depicts the torque-speed behaviour of the PS 

and FE wrist respectively performing the two most 

demanding selected tasks. The maximum rotational speed 

achieved by PS wrist joint was around 360 deg/s (60 rpm) 

during glass jug pouring task whilst was around 180 deg/s (30 

rpm) for FE wrist while lifting a heavy sphere. The maximum 

torque exerted by PS wrist joint was around 5.27 N during 

glass jug pouring task whilst was around 2.38 Nm for FE 

wrist while lifting a heavy sphere. The dashed grey lines 

represent the power rating under load and no load, 

respectively 20 W and 10 W for the PS and 4 W and 2 W for 

FE wrist. We measured an RMS torque of 1.55 Nm for PS 

and 0.88 Nm for FE.  

D. Control Design Test  

Once the NLR classifier was trained, each subject was able 

to intuitively control the 3 different joints. The implemented 

control strategy (NLR) was able to suitably discriminate the 

patterns for the 6 different gestures as presented in Figure 6A. 

The radar plots show the 6 EMG signals contribution among 

the classified movements. As consequence, the trained 

algorithm was able to decode the user intention and translate 

them into prosthesis actions. In Figure 6C, it is possible to 

appreciate the synthesis of the position references according 

to the EMG signals: in the upper side of the graph, EMG 

rectified signals are grouped together, in the lower side, we 

show the respective reference positions after the regression. 

Figure 6B shows the fully integrated system controlled by a 

transradial amputee. Since the NLR algorithm runs directly 

embedded in the EMGM control electronics, the system is 

wearable and usable in a realistic clinical scenario. As a 

result, the subjects were able to control the prosthesis’ RoMs 

by combining each movement as for ADLs.  

 
Figure 6. A) Radar plots of the EMG activation separately for the 3 Degrees-of-Freedom: Hand Open and Closure (HOC) (left), Wrist Pronation and Supination 

(WPS) (center), Wrist Flexion and Extension (WFE) (right). B) Fully integrated, wearable system fitted on a transradial amputee while operating the 
prosthesis. C) Plot of 6 EMG signals enveloped and amplified (top) compared to the normalized position measurements of the controlled joints (bottom).  



VI. DISCUSSION 

The aim of this study was to introduce a groundbreaking 

prosthetic wrist that features 2 degrees of freedom combined 

with a poly-articulated prosthetic hand. Our primary 

objective was to evaluate its reliability as a practical 

substitute for the natural counterpart. To achieve this goal, we 

conducted a comprehensive multi-level validation process. 

Our solution, which fully integrates mechanical, electronic, 

and software components, was designed to meet the 

requirements outlined in Section II. We developed a compact 

mechanical assembly, a modular, wearable, and battery-

operated electronic structure, and an advanced software 

system that enables the prosthesis to function in a natural 

manner. 

Initially, we conducted a mechanical bandwidth analysis to 

explore the frequency response of the two powertrains, 

showcasing the advanced mechatronics capabilities as 

presented in Figure 7A. Secondly, we conducted an 

acquisition campaign on able-bodied individuals to capture 

wrist movements during typical daily activities, thereby 

extracting realistic dynamic behaviors. Consequently, we 

compared the performance of healthy wrists to that of the 

prosthetic counterpart, evaluating the biomimicry of the 

proposed mechatronic system in terms of range of motion and 

speed performance. The suitability of wrist for executing all 

examined tasks is evident from the RoMs achieved, as 

depicted in the diagrams of Figure 7B. Furthermore, to assess 

the wrist's capabilities, we statistically analyzed the speed 

behavior of natural, healthy wrists and compared the results. 

From Figure 8A, it is evident that 2-DoFs wrist's speed 

performance exceeds the maximum statistical angular 

velocities required for natural tasks, excluding the outliers. 

This is coherent with the torque-speed performance graphs 

(Figure 8B), which shows that the worst-case load speed-

torque trajectory examined falls inside the limits of the 

mechatronic system. Human-like dexterity was validated 

using a ML-based multi-DoFs control strategy on healthy 

subjects and an amputee (see Supplementary Materials 

Video). Low control latency and anthropomorphism were 

crucial for mapping muscular contractions to natural 

prosthesis movements. The ML approach effectively 

controlled the system, enabling predictable wrist movements 

 
Figure 7. A) Bandwidth diagram of prosthetic wrist powertrain, and B) Ranges of motion of healthy subjects during trials. 



with 6 EMG sensors (Figure 6A). The compact wrist 

mechatronic solution promoted anthropomorphism (Figure 

6B), and joint position control was demonstrated (Figure 6C). 

Users could independently control joints by varying muscle 

contraction for speed modulation and stop movements by 

relaxing muscles, enhancing grasp robustness and object 

manipulation capabilities. 

VII. CONCLUSION 

The Hannes hand combined with the 2-DoFs wrist module 

is a novel prosthetic device designed to replicate human 

capabilities, thereby restoring lost functions for trans-radial 

amputees. The power trains for wrist motion allow for an 

impressive range of motion that is coherent with the natural 

equivalent, as validated by a set of functional tasks and 

measurement campaign. Nonetheless, anthropomorphism 

and mechatronic performances are guaranteed while 

respecting the biological requirements for weight and length 

as the weight exceeds of about 70g and the length exceeds 

about 4mm its natural counterpart (please refer to Table I and 

Figure 1 respectively). 

Through a series of functional tasks designed to assess 

human wrist capabilities, we validated the performance of our 

prosthetic device consisting of a polyarticulated hand 

prosthesis and a 2-DoFs actuated wrist. Our measurement 

campaign provided a statistical analysis of range of motion 

and velocities during activities of daily living for healthy 

subjects. The results demonstrate that our system is capable 

of mimicking human movements, while also achieving a 

satisfactory range of motion through the use of two power 

trains for wrist motion. In addition, we validated the 

mechatronic design of the wrist through estimation of motors' 

torque and power effort in worst-case load and speed 

scenarios. Our findings demonstrate that the proposed system 

is a promising prosthetic device for promoting wrist dexterity 

for trans-radial amputees. The combination of 2-DoFs wrist 

 
Figure 8. A) Speed Probability Density Function (PDF) and Distribution (DST) for WFE and WPS extracted from humans, the grey shaded area represents 

the speed’s ranges of the 2-DoFs Wrist. B) Torque-Speed Behavior of WPS and WFE in 2 tasks with respect to the motor’s Intermittent Operation Area.  



motors enables both fast and slow motions, allowing users to 

move freely in three-dimensional space. Moreover, the non-

backdrivability of the wrist in flexion-extension provides 

users with the ability to hold weights or lean on the wrist for 

support during activities such as standing up from a chair, 

thus restoring not only functionality but also self-confidence 

in daily activities while using their prosthesis. 

The results of this study suggest a potential synergy 

between performance and user requirements, which may 

indicate a promising path for designing a medical wearable 

device that could better address the user needs. The wrist 

system's design carefully mimics natural human motion while 

addressing anthropomorphism and low-noise requirements. 

This approach aimed balance performance and user needs, 

which could be important for achieving favorable outcomes. 

However, it is important to note that the study did not include 

real long-term use, validation of robustness, or assessments 

of usability satisfaction. These critical aspects will be 

addressed in future studies. However, these findings could 

still serve as a basis for future developments, providing a 

starting point for further refinements of the final device. 

Furthermore, the mechatronic system can serve as a platform 

for the development of novel advanced control strategies, 

such as the application of artificial intelligence, spanning 

across the invasive and non-invasive domains, bridging the 

gap between a state-of-the-art neuroprosthetic device and a 

realistic one. 

Lastly, the proposed development approach can be adapted 

to the design of a novel trans-humeral prosthetic solution, 

expanding the reach of this technology to an even broader 

population.  
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