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Design and development of a multifunctional prosthetic hand
controlled by voice and environmental sensors to support

activities of daily living

Description

This Master’s Thesis (TFM) aims to design and create a low-cost prosthetic hand prototype based
on voice control. The proposal includes: integrating environmental sensors (e.g., pressure, prox-
imity, or touch) to improve user interaction with objects; designing the mechanical structure via
3D printing; designing the voice control system; and validating the solution through functional
tests using simulation or a test bench. The result will be a functional prosthetic hand prototype,
thoroughly documented, with analysis of feasibility, cost, usability, and future improvement pos-

sibilities.

General objective

To develop a multifunctional prosthetic hand prototype controlled by voice and environmental

sensors, suitable for supporting activities of daily living.

Specific objectives

1. Review the state of the art in low-cost prosthetic hands, voice control, environmental sen-
sors in prosthetics, and additive manufacturing.

2. Analyze the base project: components, structure, control, functionality, limitations.

3. Design the mechanical structure of the hand via 3D printing or another method.

4. Select and integrate environmental sensors (e.g., force/pressure sensor on palm/fingers;
proximity/ultrasonic sensor; tactile sensor) to improve the prototype’s interaction with ob-
jects.

5. Develop or adapt the voice control system and complement it with auxiliary control (e.g.,
button, simple gestures).

6. Integrate all components (mechanics, electronics, software) into a functional prototype.

7. Conduct functional tests to evaluate grip capability for typical objects, voice recognition ac-
curacy in different environments, environmental sensor response, and prototype ergonomics.

8. Document cost, manufacturing time, usability (e.g., via a simple questionnaire), and pro-
pose future improvement directions.

9. Prepare the final report, presentation, and demonstrator (video, test bench, or physical pro-

totype) for defense.

iii
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Abstract

This master thesis carried out the design and development of a voice controlled extrinsically pow-

ered low cost prosthetic hand.

The main focus was to establish a cost effective design, in which the majority of components can
be 3D printed. The actuators, sensors and electronics have been chosen to be cost effective and
powerful enough to be on par with contemporary prosthetic hands, based on state of the art rec-

ommendations from medical and rehabilitative research.

For the voice control system a custom spoken word dataset has been collected, and used to train

a light weight classifier, which was implemented on a low cost microcontroller.

The fingers have been designed as a compliant Fin Ray mechanism, 3D-Printed out of a flexible
material, which can conform and adjust to whatever geometry is gripped. Each finger has been
implemented with two degrees of freedom and two actuators, each of which runs through a cur-
rent sensor, in order to measure and limit the force applied. However the thumb has been imple-
mented with three degrees of freedom, to handle its more complex function and provide the hand

with enough dexterity.

In order to interface with the environment, a contactless temperature sensor has been imple-
mented, aimed at any objects that might be grasped. The temperature is intuitively communi-
cated via a colour gradient, displayed with a LED.

The project has been developed in conjunction with Medialab at the University of Oviedo, within

the Superheroes group, aiming to make low cost prosthetics available to people with disabilities.
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1. Introduction

An estimated 22,3 Million people worldwide live with an upper limb amputation [42], which is a
big influence on their lives. Access to prosthetics will vastly improve both their purely functional
and mental quality of life [71]. Underdeveloped countries in particular lack access to prosthetics,
where the prevalence of amputations is higher [42], due to conflicts, lack of appropriate medical
care and fewer worker protections. The lack of access is due to their prohibitive cost, and lack of

local infrastructure to fit and customize prosthetics.

With no access to prosthetics, amputees will report a worse health outcome and generally lower
quality of life [30]. Furthermore prosthetics grant amputees the ability to live a more independent

life and function on parity with able bodied individuals.

Advanced active prosthetics can easily cost in excess of 10000 € [34]. In more developed countries
this cost is carried, at least in part, by health insurance, which may cause inflated prices [13]. How-
ever active prosthetics are technologically very complex and may need custom work to adjust to
each individual patient. In order to make prosthetics more accessible to economically disadvan-
taged people this work aims to develop a low cost design utilizing off-the-shelf components and
3D Printing.

Unpowered prosthetics, such as a hook or other simple manipulator are often the only affordable
and available option. An extrinsically powered hand is a vast improvement, as it greatly reduces
the cost of acquisition, in addition to costly maintenance and expensive proprietary replacement
parts [34], which passive options don't suffer from.

1.1. Problem Statement

As per the proposal, this project aims to design and implement a low cost prosthetic hand. It shall
be controlled via voice commands, and a system for that functionality will be implemented. In
order to achieve the low cost objective the majority of components will be produced via additive
manufacturing. The system shall also make use of environmental sensors to improve the user
experience. The result of this project shall be a functioning prototype, which will be tested in both

technical aspects as well as usability, costs and ease of manufacturing.



2. State of the art

This chapter elaborates on the basic components, technology and techniques necessary to de-

velop and understand the rest of the project.

2.1. The human hand

In order to develop a prosthetic hand, one must first understand the anatomy of the human hand,

and its capabilities and limitations.

The human hand consists of 19 different joints, in

a variety of configurations [32]. The joints closer
to the wrist, the Trazometacarpal (TM) joints in
the root of the hand, and the Metacarpophalangeal
(MCP) joints at the base of each finger [32], have 2

Distal phalanges

" Distal Interphalangeal (DIP)
E 1 DoF
| “prosimal Interphalangesl (PIF)
e 1DoF

s Py
5 Interphatangeal (1F)
e 1 DoF

. Proximal phalanges b I\/T/ & '.-J
Degrees of Freedom (DoF) each, while the rest have e | i &
Metacarpals = Vo /_ "‘wwrm;an::rrwul (MCF)
one DoF each. Figure 2.1 illustrates this, in addition ‘C*w'T{i % SN
. o . . 3 7 '_1,_‘)_2__.';- 2 DoF
to naming the bone groups, joint names and their LS "t.é’};,-’

abbreviations.
Figure 2.1.: [llustration of the bones and

joints in a human hand [36]
In total there are roughly 29 degrees of freedom [54],

although there is some debate on the specifics.

The Proximal Interphalangeal (PIP) and Distal In-
terphalangeal (DIP) joints in the non thumb digits are mechanically coupled by their respective

tendons and can only move in unison [39] for the average human.

The thumb is of course the most involved digit in the human hand, since it does a lot of com-
plex dexterous work [55] within a hand and can transmit a lot of force in comparison to the other
digits [49]. The thumb on its own also has 5 DoF [33], due to its complex role within the human
hand.

The human hand is "actuated" by a series of tendons, both within the hand and running out to the

arm and a number of small muscle groups with the finger joints [48].
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The friction of skin is a complex property, highly dependent on lubrication and wetting, skin hy-
dration and skin oils, skin roughness, roughness of the test object, the normal force, as well as local
deformation of skin [6][11]. The static coefficient of friction on the skin generally lies within the

range of 0 — 2,5, while for the palm and fingers specifically between 0,3 — 1,8[11].

2.1.1. Range of motion

In medical literature the act of bending a joint is called flexion, and its straightening is called ex-
tension. For joints with 2 DoF like the MCP and TM Joints, the secondary side to side movement
is described by abduction and adduction, with reference to the middle finger, abduction moving
away from the middle finger, and adduction moving towards the middle finger respectively. The
range of motion the average non disabled human hand is capable of has been systematically stud-
ied [33] [1]. Table 2.1 lists the active and functional range of motion of the 4 fingers, table 2.2 the
range of motion of the thumb joints.

Joint ‘ Active ‘ Functional
MCP 109 52
PIP 108 64
DIP 90 54

MCP Abduction | 50 -

Table 2.1.: Fingers Range of Motion in degrees [1] [31]

Joint ROM
TM Flexion 15
TM Abduction 20
MCP Flexion 60
MCP Abduction | 50
1P 70

Table 2.2.: Thumb Range of Motion in degrees [33]

2.1.2. Joint Torque and speed

The joint torque for the average man has been calculated [9] out of grip force studies and fall

approximately at:

Thumb | TM =10 MCP=6 | IP=2
Index MCP=4 PIP=3 DIP=1
Middle | MCP =5 PIP=1 DIP=1
Ring MCP=4 PIP=3 DIP=1
Pinky MCP=2.5 | PIP=1 DIP=0.2

Table 2.3.: Finger joints maximum Torque in Nm [9]

The average human can close their hand in 1,5s [2],with the angular sustained speed of about
300°/s
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2.2. The prosthetic hand

In designing a prosthetic the first differentiation is between an anatomical and a "free-form" hand,
the former is closely modelled to a human hand, the latter only having to be functional in its cho-
sen requirements. An anatomical hand is generally preferred by amputees, since it provides a
more "natural" user experience, in close parity to a biological hand, while other designs and forms
require a bigger adjustment by the user [68]. Furthermore there is also the aspect of "fitting in",
where amputees don't want to draw more attention to their disability [3], although this is highly

dependent on the specific person.

2.2.1. Nomenclature

As abasis for the further work, each joint has a direction of rotation and rotational axis defined. For
this the anatomical name of the joints is used, by convention prefixed with 6, for the fingers with
subscript starting from 0 at the index finger, while the thumb angles get the subscript of T. The
degrees of freedom have been simplified in naming the joint angles, aligning with what is possible
to be implemented in the prosthetic hand. Figure 2.2 shows the MCP, PIP and DIP exemplary on
the index finger, however the same applies for all other fingers. The zero position for each joint is
open the palmed position. Figure 2.3 displays the joints of the thumb, each in a neutral and closed
position. The zero position for the TM joint is as shown in Figure 2.3a, flat against the hand, the
same going for the MCP joint, compare figure 2.3c. The IP is at zero when the thumb is straight,

compare figure 2.3e.

Very few prosthetics designs implement active abduction movement for their hands [9], since it is
complex to include another actuator and mechanism, however they may include an unactuated
degree of freedom, to better adjust to the task at hand.

(a) Finger at neutral position (b) MCP joints at 90° (c) All joints at 90°

Figure 2.2.: Joint angles Fingers
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(a) TM joint at neutral position (b) TM joint at 90°

(c) MCP joint at neutral position (d) MCP joint at 90°
-‘,m_r,. T i

(e) IP joint at neutral position (f) IP joint at 90°

Figure 2.3.: Joint angles Thumb
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2.2.2. Prosthetics Grip Force & Speed

For the use in prosthetics lower strength is generally recommended [24], as compared to what a
human hand is capable of (compare chapter 2.1.2) due to the limited control fidelity of a pros-

thetic. Therefore the biological values are treated as a maximum.
The total recommended grip force for prosthetics is about % to 1—10 of the biological grip force [24].

The recommended grip speed for a prosthetic is close to the biological speed, at about 200 °/s [9].

2.2.3. Degrees of Freedom, Actuators and mechanics

There is also the matter of how many degrees of freedom to implement. Existing designs vary be-
tween 4 and 18 DoF, with 1 to 15 individual actuators, meaning a lot of designs are underactuated,
i.e. some joints and their degrees of freedom are mechanically coupled in some manner [9]. A lot
of designs couple the middle, ring and pinky to move in unison, or couple the PIP and DIP joints

to their respective MCP joints, or omitting the final DIP joint entirely in each finger.

2.2.4. Actuation

First there is the distinction between an intrinsically and extrinsically powered actuation of a pros-
thetic hand.

Intrinsically, or body powered, uses the users own body strength, depending on the design and
level of disability, either vestigial muscles or tendons near the amputation site, or further up the
arm. These designs have to be customized for each user and might lack in strength [16].

Extrinsically powered means the addition of some artificial power source. A lot of different ap-
proaches have been implemented over time, with the options ranging from electric motors, pneu-

matics, hydraulics and Shape Memory Actuators (SMA) more [9].

Users generally prefer an extrinsically powered setup, with a priority on gripping tasks [3], al-

though intrinsically powered options are more cost effective and accessible.

Each actuator type comes with a set of advantages and disadvantages, with pneumatics and hy-
draulics being able to provide a high power density [22], but lacking in positional accuracy and
pneumatics lacking in efficiency [22]. The properties each option has are compared in the follow-

ing table:
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. Off-the-shelf | Positional | Complexity of Control &
Actuator Type | Power Density | Cost Availability | Accuracy Implementation
Hydraulic Excellent Fair Fair Fair High
Pneumatic Excellent Fair Good Poor High
SMA Excellent Poor Poor Fair High
Electric Good Excellent | Good Good Fair
Table 2.4.: Actuator Comparison
2.2.5. Control

There have been many approaches to control a prosthetic hand, electromyographic signals, i.e.

measuring and interpreting voltage signals in the muscles, electroencephalographic signals, i.e.

measuring and interpreting signals in the brain, eye tracking, or residual limb motion, and they

can be further combined with an inertial measuring unit to improve handling [20]. There are also

designs using voice control [66] or computer vision systems [69].

2.2.6. Grasp Task

The human hand can support an almost infinite amount of tasks and positions due to its large

number of DoF and range of motion. Figure 2.4 shows an exhaustive display of all possible hu-

man grasp types. With high fidelity control schemes and an appropriate number of actuators a

prosthetic hand can get very close to real performance.

?
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2.3. Speech recognition

In order for words to be extracted from an audio stream, it first needs to be reduced to a more
manageable amount of data, because even a low fidelity recording setup, e.g. 16 kHz 16 bit mono,
will produce 32 kB/s.

2.3.1. Mel Frequency Cepstral Coefficients

For key word recognition the standard technique for feature extraction is Mel Frequency Cepstral
Coefficients (MFCC). This is modelled after the subjective experience of human hearing, where in

high frequencies changes in amplitude are less noticeable than in lower frequencies [43].
To extract the MFCCs a given audio sample undergoes the following processing steps:

The following explanation of the processing pipeline is based off the foundational paper of the
MFCCs [10].

1. Windowing The sample is split into shorter frames and a windowing function is applied; a

Hamming window is typical, but a Hann window is used as well.

2. Discrete fourier transform of each window Each window is transformed to the frequency

domain via a discrete Fourier transform.

3. Mapping with a Mel Filterbank Each frame spectrum is passed through a precomputed set
of evenly spaced (on the Mel scale) triangular filters, which results in the Mel spectral ener-
gies. The filterbank is defined by a series of parameters, and there are usually between 20
and 40 filters (bands).

4. Taking the logarithm The logarithm of each filterbank energy is taken, in order to mimic

the human perception of loudness based on its amplitude.

5. Discrete cosine transform The discrete cosine transform converts the log-filterbank ener-
gies into a series of coefficients, which decorrelates adjacent bands and provides a com-

pressed representation of the spectral envelope.

The first three steps are demonstrated in figure 2.5, with an exemplary audio sample being pro-
cessed. In addition to computing the basic MFCCs, it can also be useful to compute the first and
second order time derivatives (deltas) of the signal, in order to capture changes within the signal,
for this the final MFCCs are numerically derived. Figure 2.6 displays the exemplarity MFCCs and
its deltas, where the time axis is split into the discrete frames, and the Y-Axis shows the magnitude

of the 13 chosen coefficients.
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2.3.2. Online Service vs. Pretrained Models vs. Selftrained Model

There are different approaches to extract words from an audio stream. The simplest approach is
to send the audio stream to an Online API (Google, OpenAl etc.) and have the transcript returned.
This however requires a permanent internet connection and only has a limited amount of free to-
kens, beyond which payment is necessary. The next approach is to run a free/open source model
(OpenAl’s Whisper) on a smartphone, raspberry pi or hardware with similar compute power. This
can run offline and entirely for free due to the licensing terms, the disadvantage being the required
compute power and memory (minimum 1 GB [53]). The final approach is to train a small, special-

ized model, which can run on a lot of cheap microcontrollers.

Furthermore, in battery powered applications, a Single Board computer, like a raspberry pi, will
draw a lot of power when running larger models(on the order of 5W) - 10 W [14]), and also have a
high idle power of about 3 W [14].

2.3.3. Inference

After extracting the MFCCs from an audio sample, they can be further processed and classified

using a few different approaches.

A common technique is the Gaussian Mixture Model Hidden Markov Model (GMM-HMM). The
idea here is that the Gaussian part can spot individual units of speech, i.e. phonemes, which are
the linguistically distinct units of human speech, and the hidden Markov chain can recognize se-

quences of given phonemes [52].

Dynamic Time Warping (DTW) dynamically aligns audio samples of differing length and speed,
by computing the shortest distance between a given frame and a provided template [57]. The
templates are samples of the keywords, although only a few are required per word, not a large
training dataset. If the distance between a sample and a template is below a certain threshold, the
keyword has been spotted [57]. This approach is easy to implement and doesn’t require a lot of
training data; however, in comparison it is fairly fragile and may not achieve accurate results with

different speakers, microphones, or a lot of background noise.

Another approach to keyword recognition is a Convolutional Neural Network (CNN) architecture.
This takes the MFCCs and potentially their deltas as a 2-dimensional input, analogous to an image,
and through a series of convolutional, reduction, and activation layers, outputs a probability vec-
tor for each class [56]. A CNN requires a large, labeled dataset in order to be trained, but depending
on the quality of the training data will be robust against differences in speakers, microphones, and

background noise [38].

An extension of the CNN that finds use in keyword recognition is the Recurrent Neural Network
(RNN), sometimes with the addition of a long short-term memory (LSTM) setup. Unlike a CNN,
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which is stateless, an RNN maintains internal memory from one sample to the next, to better
predict sequences [21]. LSTM pushes the memory aspect even further, maintaining state through
a long series of samples [26]. This technique is very useful for classifying longer sequences of

speech, where the context of a sentence is used for more accurate results.

2.4. Fin Ray

The FinRay effect was discovered and patented by Leif Kniese [35]. It uses the geometry found
in fish fins, compare figure 2.7, to construct compliant and very efficient grippers [7], where the
gripper geometry automatically adjusts to the object at hand. After the patent was withdrawn

Festo started selling commercial versions for use in material handling in automation [18].

Various filling patterns

Figure 2.7.: Fin Ray Effect [61]

2.5. FreeRTOS

FreeRTOS is an open source real time operating system (RTOS) for embedded devices [28]. The
main feature it provides is process management, where individual processes are scheduled on
hardware based on their priority. It also provides synchronization mechanisms like Semaphores
and Mutexes, along with data structures like Queues, such that the processes can communicate

with each other. The nomenclature for processes in FreeRTOS is a “Task”.

Manually scheduling different processes on a MCU is definitely possible, but it requires careful

testing after every change and may cause hard to debug concurrency issues [40].
The advantage is the ability to run both critical real time processes and less critical housekeep-
ing or secondary processes on the same core, without losing the real time guarantee and without

having to manually adjust the calling logic.

Furthermore the ESP32 has two cores, core 0 usually reserved for system processes, mostly han-
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dling radio, WiFi and Bluetooth, and core 1 running user code. However if the radio is idling or

disabled entirely the FreeRTOS scheduler also makes use of that core to increase the throughput.



3. Requirements

Now the specific requirements for the prosthetic hand can be derived out of the reasoning of Chap-

ter 2 and the objectives laid out in the proposal, compare Page ii.

3.1. Size, form and weight

As discussed in chapter 2.1, an anatomical shaped hand is much preferable to the end users, so this
implementation will take the shape of an anatomical hand. The specific size shall approximate the
size of the average male hand, since this is the first prototype, smaller designs might be viable as
well, but miniaturizing the system to better fit female or adolescent users is not within the scope

of this project.

The average dimensions of a male hand have been systematically studied [23], and this design
should approximate these dimensions. Figure shows the dimension, and the following table the

average measurements for a male adult human:

Dimension Measurement
Width 8,82 cm
Height 19,17 cm

Palm height 10,89 cm
Finger Length | 7,53 cm
Finger Width | 2,23 cm

Table 3.1.: Dimensions of the average hu-
man male [9]

Figure 3.1.: Hand dimensions
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The final hand should also roughly match the weight of a human hand, which is between 380 g
and 540 g, depending on gender and size [51].

3.2. User Experience

The functionality of the system should be abstracted to a point where it is trivial for users to control
and interact with, given little to no prior instruction. As per chapter 2.1 users are more comfortable

with anatomical looking prosthetics and will on average use their prosthetics more regularly.

3.3. Grip Force, Joint Torque and speed

As discussed in chapter 2.1.2, it is recommended that the grip forces of a prosthetic hand should

be only a fraction of that of a biological hand. The suggested force of between % and % of the

biological values results in the following range of requirements:

Thumb | TM =0.1-0.16 MCP=0.6-1 IP=0.2-0.3
Index MCP=0.4-0.66 | PIP=0.3-0.5 DIP=0.1-0.16
Middle | MCP=0.5-0.83 | PIP=0.1-0.16 | DIP=0.1-0.16
Ring MCP=0.4-066 | PIP=0.13-0.21 | DIP=0.1-0.16
Pinky MCP=0.25-0.41 | PIP=0.1-0.16 | DIP=0.02-0.03

Table 3.2.: Finger joints maximum Torque for the prosthetic in Nm

As per chapter 2.2.2 the recommended joint speed for a prosthetic is % of that of a biological hand,
thus the hand closing time shall be 2,25s.
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3.4. Grasp Tasks

Out of the grasp tasks described in chapter 2.2.6, the following four have been chosen, in this

discussion with the project advisor, to be implemented:

(a) Neutral/Open

(c) Lateral Pinch/ Key Pinch (d) Cylindrical Grasp

Figure 3.2.: Necessary grasps

Due to the limited control fidelity achievable and practical with a voice command approach, the
above grasp tasks have been chosen, since they cover a lot of the functionality of the human hand.
A more involved and finer control voice system has been proposed, but ultimately discarded since
commanding each degree of freedom within the hand individually is impractical for day to day

tasks and error prone for the user.

The open hand position serves as a neutral base position, which also can hold things with the right

wrist position.
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3.5. Range of Motion and degrees of freedom

The prosthetic should also replicate the human range of motions (RoM) for each finger, which is
differentiated between the active range of motion (how far the joints can physically extend) and

the functional range of motion (where functional work can be done), this is specified in table 2.1.

The thumb however requires a more complex kinematic setup, due to its importance for the species
and evolutionary history. As discussed in chapter 2.1 the thumb has 5 DoE and table 2.2 lists the

range of motion for the thumb joints.

Replicating the full DoF and RoM of a human thumb is not feasible within the scope of this project,
however the chosen mechanics need to replicate the functionality of the thumb.

Since most prosthetics designs are underactuated(compare 2.1), there needs to be a compromise

between dexterity and what is technically possible.

3.6. Adaptive Force control

In order to cope with the variety of tasks a hand is required to do, the applied force of each actuator
has to be adjustable and controllable. Some tasks will require a finer control of force, while others

more.

3.7. Environmental Sensors

The Project proposal also requires a selection of environmental sensors to better interact with
it's surrounding. A large variety of environmental conditions might be useful to integrate within
the system, the project proposal suggests for example, temperature, pressure and touch sensors.
The need for force control, as described in the chapter above, can be additionally used as a touch
sensors, i.e. checking if an object is currently held by the hand. Due to the space constraints to
fit everything into the volume of an anatomical hand, the number and size of possible sensors is
limited. Furthermore a contactless (IR) Temperature Sensor has been chosen, which together with

the force control provides a good base level of feedback to the users.

3.8. Voice Control

The voice control system should recognize each command word on the first try, because repeating

the same phrase hinders the user experience. Thus the whole audiostream needs to be processed
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without any gaps, and the implemented systems needs to be fast enough for that.

Furthermore the system shouldn’t have any false positives, since in the worst case an unintended

closing of the hand may cause injuries.

In the first step, the voice control system has to respond to Spanish commands, while commands

in English and German may be implemented.

3.9. Summary of requirements

Functional Requirements

No.
F-1 The hand shall be of an anatomical shape and design
F-2 Usage of the hand shall be easy to learn
F-3 The hand shall implement the following four grasp tasks:
1. Neutral/Open
2. Spherical Grasp
3. Lateral Pinch
4. Cylindrical Grasp
F-4 The hand shall invoke their corresponding  grasp
when  the following command words are spoken
Grasp Spanish (Required) | English (Optional) | German (Optional)
Neutral/Open Abrir Open Offen
Spherical Grasp Esfera Sphere Kugel
Lateral Pinch Llave Key Schliissel
Cylindrical Grasp | Cilindro Cylinder Zylinder
F-5 The hand shall implement the Spanish command words and may im-
plement the English and German command words
F-6 The hand shall be able to measure the force applied to gripped ob-
jects
F-7 The hand shall automatically limit the force applied to an object
F-8 The hand shall implement a temperature sensor and display its re-
sults in a organic manner
F-9 The hand shall be more cost effective than commercially available

options

Non functional Requirements

No. Min Max
NF-1 The hand should weigh as much as a human hand 380g 540g
NF-2 the hand has to fulfill the range of motion of as specified in table 2.1
NF-3 The gripforce and by extension the joint torques have to fulfill the

values specified in table 3.2
NF-4 The hand shall close and grasp with a certain speed 2,258

Table 3.3.: List of Requirements



4. Mechanical Design

In order fulfil the cost requirement, as many components as possible were designed to be 3D-
Printed. This also lends a lot of development and design flexibility, because changes and improve-
ments in the design can be quickly printed and tested out. This iterative approach was taken
throughout the mechanical design phase. External components were acquired as they became

necessary, focusing on widely available and cost effective options.

This chapter goes through the mechanical design process, with the decisions and considerations
made along the way.

4.1. Overview

The following figure 4.1 shows an overview of mechanical parts to be designed, the parts are

named after their anatomical counterpart, if applicable.

Figure 4.1.: Overview of the mechanical Parts



4.2. Actuator Selection 19

4.2. Actuator Selection

Due to the space constraints inside an anatomical sized hand the choice of actuator or actuator

mechanism is quite limited.

The options are either to embed the actuator itself into the hand, or use a system of wire or pulleys
to transfer the movement of an external actuator to the right spot within the hand. Externally
mounted actuators can be larger, will however occupy more of the user and may lead to a worse

user experience.

Small, high power density actuators, which fit within the volume of an anatomical hand, are ex-

pensive, especially with built-in positional or speed control.

A hydraulic or pneumatic approach would provide an appropriate amount of power density; they
however need some form of external power pack, in the form of a compressor or pump. Further,
a custom actuator would have to be designed in order to fit the space constraints, since commer-
cially available actuators are too big. Another aspect is safety, using high pressure fluids demands

a well thought out and tested design, to avoid any possible injuries to the user or bystanders.

Mass produced, cheap SMA Actuators are not available, and are confined to material science ex-

periments and a few select applications in medical robots [15].

Thus the remaining option lies with an electric motor. Some form of gear reduction will be nec-
essary to turn the high speed low torque output of the motor into appropriate parameters to use

within a hand.

(a) Linear stepper motor (b) Geared Stepper Motor

Figure 4.2.: Electric Motors Options

There are a few cost effective options available, compare figure 4.2, most of them however lack the
necessary torque. The linear motor has a maximum Force of 0,15 N, and the geared stepper motor
a holding torque of 0,12 Nm, which doesn’t come close to the required joint torque as described
in table 2.3. Commercial prosthetic hands use custom designed gear trains or other transmission

mechanisms with high power motors, which make up a large portion of their cost [9].
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The best option for gearbox is a worm drive, due to its large gear ratio and the fact it can’t be
backdriven, i.e the output of the motor can’t rotate the input, so the position can be set, without
the fingers being able to move it back. There are however no options available with the right size

and capable of producing the right amount of torque.

So finally there are geared Servo motors, usually used within remote controlled models, as shown
in figure 4.3b. Primarily they fit within the given constraints of size and available torque. They
are also easy to control, because the internal controller just takes in an PWM Signal to set the
motor angle. Their range of motion is usually 180°, which is enough for the application with a
prosthetic hand. They come in a few common sizes, the motor display in figure 4.3b being the de-
facto standard and capable of 1 Nm - 2 Nm. Smaller sizes are sold under the name of microservo,
capable of 0,1 Nm - 0,2Nm. Other sizes and specifications are of course available, however the
two mentioned are very commonly available and are produced by a variety of manufacturers. The

servos bring the best compromise between availability, cost, power and ease of use.
For this work two specific models have been selected, the SG90 Microservo (see Datasheet [64],
compare figure 4.3a), abbreviated here after as MS, and the MG996 High torque servo (see datasheet [12],

compare figure 4.3b), abbreviated as HTS.

The selection of actuators and their layout thus inform the envelope of the rest of the design.

(a) Microservo (b) High Torque Servo [50]

Figure 4.3.: Servo Motors
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4.2.1. Coupling the motor to the joints

Transferring the actuator movement to the actual joints can be done in a wide variety of ways, a lot
of designs relying on electric motors either use linkages or custom designed reduction gearboxes
in order to transfer the movement, this however requires quite a bit of manufacturing infrastruc-
ture in order to make. One example is a patent [59], which implements a series of linkages to move
all the finger joints with a single actuator. Furthermore a wide variety of motion coupling tech-
niques has been systematically reviewed [9]; most of the designs using a custom designed gearing

and transmission setup.

A simpler line and pulley system can be entirely 3D-Printed
and will automatically compensate for angular misalign-
ments. The disadvantage being work can only be done in one

direction, which for one limits the usefulness of the design

for certain tasks, and requires a return spring for the joints to

return to their neutral position. Figure 4.4 shows the initial Figure 4.4.: Initial proof of con-

proof of concept design, which has been refined later. cept test
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4.3. Finger design

Alot of kinematic approaches for a finger use a single flexible ten-
don fixed to the distal phalanx. It has the advantage of simplicity
and only uses a single actuator for the whole finger. To explore
this possibility a mock-up has been designed and printed, com-
pare figure 4.5. Testing and handling the mock-up revealed that
the distal phalanx will always move first, curling the finger into the
shape of a fist, without an object to grab. This also limits the fi-
delity of the system, since only one type of grasp is really feasible.
Therefore a two actuator per finger design is preferred. The MCP

joints, as shown in table 2.3, require the most amount of torque,

Figure 4.5.: Single  actuator
approach

and will use a bigger motor, while the PIP and DIP joints require far less and will use a smaller

motor.

The full degrees of freedom for the fingers has been simplified
in order to save on design complexity and actuator and man-
ufacturing cost, compare figure 4.6. The MCP joint has been
reduced to a single degree of freedom, the same as most other
designs and approaches [9], which makes spreading the fin-
gers laterally impossible, but that only marginally effects the
usability of the hand [29]. Furthermore the DIP joint has been
folded into PIP joint, by using the compliant FinRay mecha-

nism.

All the joints operate on brass bushings with a steel dowel pin.
This might be not entirely necessary since certain 3D printing
filaments, like ABS, have good wear resistance and low fric-

tion for low speed applications [46].

In order to fit two actuators per finger, the following layout
was eventually chosen (compare figure 4.7), which also leaves
the hand roughly human sized, as per the requirements, com-
pare Chapter 3. The MCP Joint also produces and requires
more torque than PIP and DIP joints, respectively, so the HTS

Figure 4.6.: Finger Kinematic

actuates the MCP joint, while the MS actuates the combined PIP/DIP joint.

The fingers are actuated via fishing line, which is guided through a PTFE Tube in order to reduce

friction. It is reset via torsional spring acting on the support bracket encompassing the finger, as

shown in Figure 4.8.
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Figure 4.7.: Layout Actuators

Figure 4.8.: Finger Reset Spring. Right Cut Away Section showing the position of the spring, Left

the assembled digit

4.3.1. Proximal Phalanx

The design for the proximal Phalanx has a few requirements.
Firstly the it has to attach to the base and moved my the ac-
tuator, secondly it has to route the actuation pulley for the
Intermediate/Distal Phalanx. The initial mock-up, compare
figure 4.9, is modelled after the authors dimensions, which

has been later adjusted to fit the average dimensions.

The pivot points have been designed to achieve 90° of mo-
tion, for both the proximal Phalanx itself and the intermedi-

ate Phalanx which is attached to it.

The protrusion at the back of the part are the guide for the in-
termediate phalanx actuation string, since after initial testing

it became clear the string needs to pull higher up to achieve

Figure 4.9.: First iteration of the
proximal Phalanx
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the required range of motion, if mounted lower the interme-

diate phalanx would only be able to reach about 45°.

Furthermore the proximal Phalanx is also involved in any grasping tasks, so the mechanical inter-
face was designed like described in chapter 4.6. Additionally the side of the index finger proximal
phalanx is used for the lateral pinch grasp type, so another grip surfaced has been designed in the
same fashion as the other ones. The exact dimension of the proximal Phalanx have been included

in appendix C.

Figure 4.10.: Proximal Phalanx Design

In order to achieve the lateral pinch grasp, a contact surface
has been added to the side of the index proximal phalanx,
compare figure 4.11. Such that any object gripped in a lat-
eral pinch has a high friction mechanical interface to adhere

to.

Figure 4.11.: Index Finger Contact
pad
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4.3.2. Intermediate/Distal Phalanx

The finger tips and DIP Joints have been designed into a sin-
gle compliant mechanism, based on the fin ray gripper de-
sign, compare Chapter 2.4. When manufactured out of a flex-
ible material, like being 3D printed out of TPU, the gripper
conforms to the shape at hand and thus achieves a better grip
profile. The exact dimension of the finger can be found in ap-

pendix D.

The geometry of the finger tips, compare Figure 4.12 is based
off the work of [60], who optimized the geometry of the stan-
dard FinRay shape for a grasping application. This geome-
try is very good at grasping tasks, however lacks dexterity for
finer movements, since it is flat, and the sides are not usable.
The voice control approach doesn’t lend itself to fine motor-
tasks, because control fidelity of individual joints is not pos-
sible. So the proposed finger geometry is a good compromise
for the system at hand, but not necessarily transferable to dif-
ferent designs, which might use a myoelectric control scheme

or something with similar fine control.

The length of the fingertips has been designed to be a little

longer than the equivalent human parts, such that more con-

. . . Figure 4.12.: Finger Geometry
tact surface is provided for grasptasks, as well as providing
more area for the design to deform and passively adjust to the

object at hand.

Of note, every finger has been designed exactly the same, with no differentiation taken to match
a human hand, this has been advantageous for the development process, since only one kind had

to be designed, manufactured and installed.

Furthermore when this geometry has load applied at the tip it will deform, to combat this a small
support out of PLA has been designed and printed to negate that, compare figure 4.13. In the
original application [60] the whole lower part of the gripper is flat and fixed to the actuator. But in
order to rotate the finger the geometry had to be adjusted and the support became necessary. The

exact dimension of the support have been included in appendix D.

The joint is actuated by the microservos at the back of the hand, the initial design had the actuation
string being guided by a few 3D printed features integrated into the design, however the friction
proved to be too high, so in the final design the string is guided by a PTFE tube, which has great

abrasion resistance and very low friction
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(a) Without support

Figure 4.13.: Finger Support

4.4. Thumb design

The thumb is the most involved and complicated component
of this design. As described in chapter 2.1 the thumb has a
total of 5 DoE Implementing the full range of motion and de-
grees of freedom is prohibitively complex, so a simpler ap-
proach was chosen. The thumb assembly has been simpli-
fied to use one degree of freedom for the TM and MCP joint,
and one degree of freedom for the IP joint, the same as in a
human hand. The arrangement of the joints is shown in Fig-
ure 4.14.

The mechanical connection from the TM joint to the MCP
joint is offset, such that the end effector of the thumb lands in
a useful position, opposing the fingers when closed and out

of the way when the hand is open.

(b) With support

Figure 4.14.: Thumb Kinematics

This arrangement has been reached after experimentation with the layout and research into other

designs [9]. The design enables a 120° range of motion of the TM joint, and 100° for the MCP joint.

The exact dimension of both the metacarpal of the thumb and the proximal phalanx are included

in appendix D.

Unlike the finger actuators, the TM and MCP joints in the thumb are directly driven by the high

torque servos, with no transmission. The torque of the motors is still sufficient for the functionality

of the hand, but lacks the back drive resistance of the transmission in the finger actuators, and thus

has basically no holding torque when no power is applied. The values listed in table 2.1 for the
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thumb has been derived from a lateral pinch test (compare figure 3.2c), which is not necessarily

representative of the requirements of other grasp tasks.

The end effector of the thumb (compare figure 4.15) also has
been designed after the FinRay principle, however in addi-
tion there is a longer section, called the thumb webbing from
here, that reaches further down to provide more support with

grasping tasks, compare figure 4.15. The actuator for the IP

joint sits below the end effector and is driven by a string as
well, which is attached to the middle hole when assembled.
The exact dimension have been included in appendix C. The
actuation of the hand effector rotates around a bushing, the
same as the finger PIP, however it mostly causes the end ef-

fector to deform and stiffen, achieving a 20° range of motion;

the majority of the range of motion is provided my the MCP .
. . ) Figure 4.15.: Thumb end effector
joint mechanism.

The dimensions of the thumb are proportional to the rest of
the hand, to achieve functional parity with a human hand, however due to the simplified kine-
matics and position of the actuators the individual parts are larger than a human thumb would

be. Due to the size of the actuators and available space within the hand.

The thumb end effector also includes the same kind of support the fingers do, compare figure 4.13,
to handle loads at the tip of the end effector.

4.5. Hand

The base of the hand needs to fulfil a wide variety of functions. It houses all the actuators, as
described in chapter 4.3 and 4.4. The base for the four fingers is the exact same for each, just
stacked next to each other. The mount for the thumb sits just below, with room for routing the
cables of the actuators. On the backside there are mounts for the control PCB and in the front the

mount for the temperature sensor.

The proportions of the upper part of the hand fit closely to a human hand, however in order to fit
the thumb TM actuator the length had to be increased

The base consists of a "wrist", which for this iteration has been designed to fit to the teststand, but

should be changed if attached to the residual stump of a user.

The base is an assembly in CAD of multiple smaller parts, in order to make development and

changes easier to integrate, which then has been exported as a single mesh to be 3D printed.
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The exact dimensions of the base have been included in appendix D.

Figure 4.16.: The base hand

4.6. Grip Surfaces

TPU has good coefficient of friction, typ. 0.4 - 2+, depending on a lot of factors, like hardness,
infill, lubrication, temperature [37], and when printed with little infill (10 %) offers even better
static friction, due to the deformation offering more effective contact area [4]. Also materials with

lower Shore Hardness offer better grip properties, due to higher amounts of deformation.

The grip surfaces have been printed with a low infill, and a low amount of top and bottom layers,

to further increase the local , which increases the grip.

To further increase the possible contact area, a fuzzy skin modifier has been applied to the sur-
faces, which have been generated with an open source tool [5]. It also emulates the human skin

texture to a degree, which also provides better grip.

Figure 4.17 shows the process at the example of the palm grip surface, but the same technique
has been applied to all grip surfaces. The palm surface specifically has radii modelled on top to

emulate the human hand and further increase the grip.

(a) Without modifier (b) Textured (c) Textured Surface after slicing

Figure 4.17.: Bumpmesh
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4.7. Servo Interfacing

To connect the servo spline to the moving parts different approaches were used depending on the

size of the servo.

For the High Torque Servos a FDM printer can resolve and print the spline profile, compare Fig-

ure 4.18, so the mechanical interface could be directly designed into the parts.

The splines of the microservos however have too fine of features for a FDM printer to resolve, so

the an adapter for the included servo horns was designed.

Figure 4.18.: Left: Servo Adapter CAD Model, Right: Sliced Model

In order to transfer the force from the above described pulleys to the joints, a length of fishing line
is used. It has the advantage of being cost effective, thin and quite strong. The exact line I was
using has an advertised breaking strength of 40 1bf, or 177,93 N, with an diameter of 0,28 mm.

4.8. Manufacturing

As already stated, the hand is designed to use as many 3D-Printed components as possible. For

this there were a handful of different 3D-Printers available in MediaLab.

All prints were done in Polylactic acid (PLA), which is the de-facto standard for 3D Printing, due to

its low glass temperature and good mechanical properties [65].

Only the Fused deposition modelling (FDM) printing process was used, where a spool of filament
gets melted via a resistive heater and pushed through a small nozzle to be deposited on a build-

plate.
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The settings used through the project was the basic PLA pro-
file, so 0,2 mm layer height, 220 °C Nozzle Temperature and
60 °C Bedtemperature with conservative speed and accelera-
tion, combined with a gyroid infill at 15% (see Figure 4.19),
which provides a great print speed and more isotropic prop-
erties than the alternative options [41].

For the flexible parts made out of TPU, like the fingers and
gripping surfaces, the standard profile has been used. The
fingers using a 96A Shore Hardness filament, with the con-
tact surfaces using a 92A Hardness filament, to provide better

grip. Lower hardness is preferable for the grip surfaces, they

Figure 4.19.: Example of gyroid in-
fill pattern

are however harder to work with for 3D Printing, and may cause feed issues and clogs.

4.9. Microphone mount

The microphone mount needs to be chosen carefully, in order
to be effective at recognizing command words when in use.
Since the microphone module itself is small (15 mm in diame-
ter), and it only requiring a handful of wires to connect, it can
be mounted almost anywhere. However in the best case there
should be uninterrupted line of sight between the speakers
mouth and the microphone in most circumstances and posi-

tions.

For these reason it was chosen to mount the microphone
above the thumb and below the index finger, as shown in
figure 4.20. Since the thumb on a human hand will rarely
point directly away from its attached body, the microphone

will have a good sound path in most tasks and applications.

Figure 4.20.: Microphone mount
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4.10. Transmission and joint torque

Designing the transmission ratio between the actuators and joints had to be balanced just that
the full range of motion is achievable, while maximising the transmission ratio to increase the
available joint torque. The pulley diameter of the actuators has been chosen conservatively, such
that the 180° range of the servos can accomplish the whole range of motion with a reserve.

4.10.1. MCP

Figure 4.21.: Knuckle Dimensions

The Horizontal lever acting on the knuckle depending on the knuckle angle is described by:

H(p) =10(sin(p) + cos()) 4.1)

The first derivative to find the maximum

H'(p) = 10(cos(¢) — sin(p)) 4.2)
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So the maximal mechanical advantage is a at knuckle angle of 45°, so in the middle of the stroke
where most grasp tasks take place. The pulley on the servo has an effective radius of 8 mm. So

there is a maximum ratio of:

10 * (sin(45°) + cos(45°))

Ratio =
8mm
10 (1.4142
Ratio = 0+ (14142) (4.4)
8mm
Ratio=1.76

And at the extremes of ¢ = 0deg and ¢ = 90deg the ratio is Ratio = 1.25.

4.10.2. PIP

The transmission of the PIP joint is defined by the pulley diameter used, and the leverage of de-
signed in the finger. The pulley has a diameter of 16 mm, while the finger has a lever length of
10,5mm in the neutral position. The finger strikes a similar arch to MCP joint, and will also have

its most leverage at 45°, with the following ratio:

_10.5% (sin(45°) + cos(45°))

8mm

10.5%(1.4142
Ratio = 102 * (14142 (4.5)

Ratio

8mm
Ratio=1.86
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4.10.3. Available joint torque

Fingers

The motor actuating the MCP joint has a rated maximum torque of Ty, = 15kgcem or Tyayx =
1,47Nm. So the maximum MCP joint torque will be:

Tyvcp max = Ratiomax - Tmax
Tyvcep_max =1.76-1,47Nm (4.6)

TMCP_max =2,59Nm

With a minimum joint torque of:

Tvcep min = Ratiomin- Tmax
Tvcep min =1.25-1,47Nm 4.7)

TMCP?min =1,84Nm

The motor actuating the PIP joint has a rated maximum torque of Ty, = 1,8kgcm or Tyuyx =

0,18 Nm. So the maximum PIP joint torque will be:

Tpip_max = Ratiomayx - Tmax
Tprp max=1.86-0,18 Nm (4.8)
Tprp_max =0,33Nm

With a minimum joint torque of:

Tpip_min = Ratiomin- Tmax
Tpip_min=1.31-0,18Nm (4.9)
Tpip_min=0,24Nm

Thumb

The TM and MCP joint of the thumb are directly driven by the motors, so their maximum torque is
simply Tyqx = 1,47 Nm. The IP joint however uses a transmission, where the pulley has a diameter

of 12 mm, and the end effector a lever of 8 mm, thus achieving a transmission ratio of 1,33. Since
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the IP joint can’t rotate a lot, the change in transmission ratio can be disregarded. The actuator of

the IP joint has a maximum torque of T}, = 0,18 Nm, thus the maximum joint torque is:

Trp min=Ratio-Tyax
Tip_min=1.33-0,18Nm (4.10)
TIPJnin :0,24Nm

Summary

The following table summarizes the results from above:

Joint | Max Torque | Min Torque
MCP, 2,59 Nm 1,84 Nm

pPIpP, 0,33Nm 0,24 Nm

TMr 1,47Nm -
MCPr 1,47 Nm -

1Py 0,24Nm -

Table 4.1.: Calculated Joint Torque
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5.1. Sensors

5.1.1. Force Sensing

As per the requirements, compare chapter 3, the hand needs some force sensing capabilities, in

order to

The options are direct sensing via a force sensor embedded into grip surfaces of the hand, or indi-

rect sensing via the motorcurrents, since they will scale linearly with the force.

The only cost effective force sensor small enough to easily fit into components are Force Sensitive
Resistors (FSR). They however have issues with repeatability, drift and measurements on the low

end [8], and are thus more of a qualitative measurement rather than a quantitative one.

Another option are piezoelectric force sensors, which are however prohibitively expensive for this

application and require more extensive electronics and signal conditioning [27].

As for indirect sensing, measuring the motor current in a sufficient temporal and quantized reso-
lution is easily achievable, with dedicated ICs and devboards widely available, for example the TI
INA3221 [63] or TTINA219 [62].

The INA3221 has 3 current channels, so only 4 modules are needed to measure all actuators. Fur-
thermore the indirect measurement has the advantage of measuring every single motor, and the

system can be tuned easily to the force exerted by a human hand.

5.1.2. Other environmental sensors - IR Thermometer

In addition to the systems described in chapter 2.2.5, object proximity sensing via ultrasound or
Lidar might be good inclusion, or capacitive touch sensors for better user feedback. Within the
scope of this project a IR Temperature sensor has been incorporated. Compared to more trivial

temperature sensors, like a temperature dependent resistors or a thermocouple, which rely on
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close proximity or contact to the object to be measured, the IR Sensor can measure from some

distance away.

To communicate the measured temperature with the user, the direct approach is some sort of
display, either a small I2C OLED module, or a seven segment display, this however is not very

intuitive and requires the user to concentrate and pay attention to the display specifically.

Ainfrared thermometer operates under the principle of mea-

NASA/IPAC 547

suring black body radiation, where the wavelength of emitted

light corresponds to the absolute temperature of said object. *
a0

However a perfect black body is not possible, so there mea-

surement has to be corrected via a emission factor, i.e. what

percentage of radiation actually gets emitted compared to a
perfect black body. A general useful emission value is 0,95, Figure 5.1.: Thermal Color Gradi-
because most non metallic objects are close to that value [44]. ent [47]

Metallic and transparent objects have a lot lower emission

values, however without another sensor that is hard to determine dynamically.

A more elegant solution is the use of a thermal color gradient, also called an iron palette, as com-
monly used thermal imaging cameras (compare Figure 5.1) to display its measurements in an in-
tuitive manner. Here the low range of the temperature is displayed in a black, blue and purple
hue, while the high range is displayed as an orange, yellow and white hue. The range of the colour
gradient has been set display the lowest temperature of 10 °C and the maximum of 60 °C, this pro-
vides a dynamic range of temperatures usually encountered in day to day life, while still displaying
detectable changes via the LED.

To actually display the gradient a RGB-LED is used, which is driven via PWM in order to achieve
a good coverage of the RGB Color space. The LED colour has a refresh rate of 30 Hz in order to
produce a smooth transition.

The sensor is mounted in the middle of the palm, such that it will measure the temperature of any

object that is about to be grasped, as shown in figure 5.2a.

The RGB LED is mounted on the thumb of the hand, above the thumb. It was chosen due to space
being available and the fact that it can be seen in the majority of wrist and arm positions, the exact

positioning is shown in figure 5.2b.
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(a) IR Sensor Mount (b) RGB LED Position

Figure 5.2.: LED and IR Thermometer mounting place

5.2. Motorcontrol

5.2.1. PWM

The angle of the chosen servomotors is controlled by adjusting the duty cycle of its PWM Control
Signal. The PWM signal needs a frequency of between 50 Hz and 200 Hz, where a pulse width of
0,5ms corresponds to an angle of 0° and a pulse width of 2,5ms to an angle of 180°. Figure 5.3
shows the control signal with a frequency of 50 Hz, which is the de-facto standard for driving these

kinds of servos.

There are a few options to individually control the 11 motors
of the system. The ESP32 in use has hardware PWM capabil-
ity, and the appropriate signal can be generated. It however

lacks in GPIO Pins to control all the actuators in combination

with the rest of the periphery. Therefore a PWM Driver board
has been chosen, the PCA9865, as shown in figure 5.4. It is
controlled via the I2C protocol and can provide 16 indepen- Figure 5.4.: PWM Driver Board
dent PWM Channels with a resolution of 12bit. The board

itself can directly power the motors as well, and has appropriate headers to directly connect to the

servos, however current measurement isn't possible like that.

5.2.2. Wiring

Finally each motor is connected to one current measurement channel of a INA3221, with its signal
line connected to one channel of the PCA9685 PWM driver. Figure 5.5 shows the connection for

each servo motor conceptually.
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5.2.3. PCB

All the electronic components have been put together on a single prototype board, using module
boards instead of just the ICs, this of course makes the footprint a lot larger, but is easier to imple-
ment for prototyping and testing purposes. The schematic for the whole PCB has been included
in appendix C. Figure 5.6 shows the final PCB in situ. The following elaborates on the installed

components

1. ESP32 Microcontroller

2. PCA9685 PWM Driver

3. INA3221 Powersensors

4. ESP32-S3 Microcontroller

Figure 5.6.: Prototype PCB
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5.3. Grasp Implementation

The implementation of the required grasps was done by defining a set point for each joint, with
corresponding motor angles, to achieve grasp. However each motor is also current limited, and
will not move further if that limit has been reached. For reference, the angles and their zero po-

sitions are defined in figures 2.2 and 2.3. The following table shows the angle setpoints for each
grasp:

Index | Middle | Ring Pinky | Thumb
. 0
Joint Angles | Onpcp o | Omcpa | Omcp2 | Omcp s HJ\/TI(];/IP_ TT
Grasptype Opipo | Oprp1 | Opip2 | Opips 0o
IP_T
Cvlindrical 90° 90° 90° 90° 90(3,
yhindrica 90° 90° 90° 90° .
90
90°
) 90° 70° 70° 90° o
Spherical 30° 30° 30° 30° 40o
20
00
, 90° 0° 0° 0° .
Lateral Pinch 90° 0° 0° 0° 0 ]
20
-30°
0° 0° 0° 0° .
Neutral/Open 0° 0° 0° 0° 90(1

Table 5.1.: Angle setpoints for each Grasptype
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6.1. Development Environment and Infrastructure

For machine learning applications the TensorFlow (TF)! python library by google is the most com-
monly used and generally best approach. Furthermore it is licensed under Apache 2.0 Open

Source license?, which makes it entirely free to use, given proper licensing notice.
TF also provides a Microcontroller SDK to run the models in edge applications.

The most widely used alternative for models running on MCUs is Edge Impulse®, they however

have strict licensing conditions and the resulting model and SDK is proprietary.

Espressif also provides a speech recognition framework for detecting spoken command words
specifically for the ESP32, with the ability to implement custom commands, however their models

are pretrained for Mandarin and English and also closed source.

6.2. Hardware

The ESP-32 microcontroller is a common choice for edge Al appli-
cations, due to its comparatively high performance, high amounts
of memory and limited parallel computing capability, both for

Digital Signal Processing and matrix operations for inference. The

included WiFi and Bluetooth radio also can prove useful, even if

it’s just for sending diagnostics and debugging information.

For connecting a microphone to a microcontroller the Inter-
Integrated Circuit Sound (I2S) protocol was developed, which is

directly supported by a lot of MCUs. The Microphone itself is a

INMP441 MEMS Microphone, compare figure 6.1, which is proven
Figure 6.1.: INMP441

https:/ /www.tensorflow.org
2https:/ /www.apache.org/licenses/LICENSE-2.0
3https:/ /www.edgeimpulse.com/
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hardware for just this kind of application. MEMS type micro-
phones can get very small, the INMP441 itself is only 3 mmx2 mm,
the connectors take up the most of the module. Furthermore it is
stable under changing temperature and humidity, and finally the analog front end is already in-

cluded within the microphone itself, thus it can be directly connected and provide samples.

It is important to find a good middle ground between the amount of data sampled and a high

enough temporal and quantization resolution.

A sampling frequency of 16 kHz with a resolution of 16bit was chosen. The sampling frequency is
more than enough for human speech, in fact most telephone systems only use 8 kHz to save on
bandwidth [19].

A 16 bit resolution is also a good middleground between bandwidth and detail resolution.

6.3. Collecting training data

Garbage In, Garbage Out. — George Fuechsel, 1960

In order to develop areliable and well working Machine Learning model it requires a large amount

of good quality training data.

For this the hardware was set up in a quiet corner of the workspace, compare 6.2a, and my col-

leagues graciously provided voice recordings of the command words.

For this a Python GUI was developed, compare Figure 6.2b, which connects to the ESP-32 via WiFi
and prompts the user with a word to say, which is then saved to disk. When starting a recording
session the user is asked to consent to their voice being used in this machine learning application.
The data is of course completely anonymized and just named with a timestamp of the time it was

recorded.
The following is the consent form as used:

By clicking 'Yes’ you consent to your voice recordings being used to train a machine
learning model for a non profit project The data will be wholly anonymized right as
it is recorded. The derived model parameters may be published later, but the actual

recordings won't.

The data collected in situ was augmented with samples from the ML. Commons Multilingual Spo-

ken Words Dataset, under a free use license [45].
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Llave

Start Recording

Recordings 0

Stop Session |

(a) Voice Recording Setup (b) Voice Recording GUI

All the voice clips collected were manually comprehensibly reviewed and failed or bad recordings
discarded. The discard requirements were subjectively set by the reviewer. Recordings with heavy
background noise were kept, and generally as long as the word was legible to humans it was in-

cluded, to improve the robustness of the final model and its flexibility in different environments.

Whenever audio files needed processing, FFMPEG was used. For splitting longer recordings into
smaller clips, as well as downsampling the ML Commons Data from 48 kHz to 16 kHz, in order to
match all the other data.

In the end there was a variety of about 20 different speakers, where each speaker provided about
20 samples in Spanish total. Based on their language skills, a part of the speakers also provided
samples in English and German. The amount of samples was limited by both time and the limited

number of volunteers available. The following table lists the number of samples for each word:

Self collected | ML-Commons | Total

Abrir 145 84 229
Cilindro | 153 13 166
Esfera 148 18 166
Llave 160 19 179

Table 6.1.: Number of speech samples available

The number of samples is on the lower end of what is feasible for a custom classifier, generally
on the order of 1000s is required, however due to the low number of different words it is reason-
able in this case. The ML-Common dataset generally has more samples for more common words,
like Abrir. The differences in number of the self collected dataset stems from the random order
speakers were presented with the words, and also different rejection rates for the samples while

reviewing.
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6.4. Defining and training the model

Due to it's deployment on a microcontroller with limited hardware acceleration capabilities the
chosen model architecture has to be very light, i.e. limiting the number of parameters and com-
plexity of layers. The command works recognition models as shown in the tflite examples, and

other published approaches turned out too big to be deployed on a MCU.

The following architecture (compare figure 6.3) was used, which despite having less than 10000
parameters works reliably at classifying the command words. It has been derived from the Ten-
sorFlow Example Code, but simplified in layers and complexity in order to be able to run on the
given MCU. A model with more parameters and different architecture (compare figure 6.3) has

been tried out, however the execution time on the MCU was way too long, at about 5s.

Trying to find an optimal architecture has been difficult, due to the large differences in execution
speed on the MCU; where certain layer types increase the execution time tenfold, likely due to
a slow implementation on the MCU. Furthermore when converting the model to tflite, the layer
architecture and types can get shuffled around, so it’s hard to predict if a change in the architecture
will translate well to the MCU. The conversion is also somewhat of an experimental feature within

TF, with little useful documentation.
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Figure 6.4.: CNN Model Architecture Heavy

The training pipeline is shown in figure 6.5. Firstly the audio samples get read to memory and zero-
padded if necessary, such that all samples will have the same length. Then the feature extraction
is done as described in chapter 2.3.1, with the help of the librosalibrary. The features, in the shape
of (157,39), are then used to train the model. A chosen epoch of 200 with a batch size of 8 proved
to deliver good results. These parameters, along with the learning rate were tuned over a couple of

iterations to arrive at a good result.

Once the model achieves acceptable result the model simplified and quantized from float32 pa-
rameters to int8, to save memory and complexity on the MCU, with the #flite.converter function
provided by TensorFlow. The simplified and quantized model is then converted to a C-Array, to be
used on the MCU.
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Figure 6.5.: Training Pipeline

6.4.1. Security/Safety concerns

The chosen approach is speaker agnostic, such that the system can be picked up and used by
anyone, without adjustments or development necessary. The variety of speakers that recorded the
training data also made the model a lot more robust against changes. However this comes at the
price of anyone being able to control the hand, even if a command has been issued by accident,
which causes involuntary movement of the hand. Beyond accidental actuation, malicious actors
could abuse the system. A solution would be speaker recognition, this would require changes

within the inference model and require each new user to record a number of voice samples.

6.4.2. Multilingual Training

The initial training of the model was done with only Spanish samples, since it was the main lan-
guage as per the requirements. After achieving reliable results with the Spanish only model, the
number of classes was increased to also include the command words in English and Spanish, and
the model was trained with all three languages, however due to the competitively low number of
samples in both English and German, the results were not satisfactory, and the number of false
positives increased substantially. For these reasons the multilingual model was put on hold within

the scope of this work, and should be revisited later, after collecting more samples.

6.5. DSP and feature extraction on the MCU

To achieve parity with the python training script a custom MFCC feature extractor on the ESP-32
was implemented, using the accelerated build in DSP functions for the Discrete Fourier Transform
(DFT), Discrete Cosine Transform (DCT) and various vector and matrix operations. The whole
processing pipeline from raw audio samples to MFCCs runs in about 80 ms for a 3 s long audio

sample (compare table 8.3).

Parity has been checked by providing both pipelines the same sample, in case of the MCU in the
form of a C-Array, and running it through the processing steps. Due to differences in floating
point processing the resulting feature matrix differed slightly, but all values were within 1% of

each other.
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The 12S interface is configured to signal when new data is ready, which is then read into a Ring-

buffer, block by block.
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Figure 6.6.: Ringbuffer

When the feature extraction and classification function requests data the data from the ring buffer
is linearized and copied into a secondary buffer, both to avoid concurrency issues and such that

DSP Functions can efficiently work on a continuous block of memory.

The copying of the buffer takes 76 us and was verified not to consume stale or corrupted data.

6.6. Testing

To ensure that sane data is input into the classifier on the esp, first parity between the training
script and DSP Pipeline had to be ensured. For this a sample file was put through both the training

script and DSP Pipeline, and after a few simple bugfixes both produced the same result, besides

slightly different floating point rounding.

Testing everything in situ revealed that the command words are reliably recognized, with no er-
rors. However once the background noise reaches a certain threshold the detection becomes less

reliable, and commands have to be repeated twice for reliable results.

Another quirk of the system is when handling the microphone directly or general noise directly

near the microphone will cause the classifier to detect "esfera" most of the time.

After initial testing it became clear that a majority vote system had to be implemented to combat

false positives. A positive classification only is confirmed when 2 out of the last 3 classifications
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agree.

6.6.1. Inference

After training the model and evaluating it with the Testdataset it became clear the accuracy was
lacking with the current architecture. So in addition to the MFCCs, their deltas were also calculated

and added as features, which improved the accuracy greatly.

With the initial testing it became clear that an additional neutral, or silent class, was required,

otherwise the classifier would always output a wrong class.
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6.6.2. Limitations

The model and its implementation works quite reliably in its current state, however if more com-
mand words should be added or the hand is deployed in a more noisy and challenging environ-
ment, it would likely need a heavier model and a lot more training data to achieve an acceptable

level of robustness and accuracy.

6.6.3. ESP32 Limitations

Initially the inference was supposed to run on a standard ESP32, however testing showed it lacked
sufficient memory to allocate both the necessary audio buffer and the model parameters. The al-
ternative is an ESP32-S3, which has both more memory by itself and also has optional PSRAM [17],

which is slower but alone can provide 8 MB of extended memory.



7. Control and Firmware

7.1. Control

In order to more easily integrate and test the inference model independently it runs on it's own
Microcontroller, and due requiring more powerful hardware, as described in chapter 6.6.3, it runs
on its own ESP32-S3, while the rest of the firmware for controlling everything else runs on a stan-
dard ESP32. Figure7.1 shows all individual hardware modules and how they communicate with
the MCUs.

PCASGES MLX90614
Servo Driver - Temperature Sensor d:‘éﬂpﬁige
Addr- 0x61 Addr: 0x5A P
* *
INA3Z21
Current Sensor  [% 12¢ 1 125
Addr: 040
¥ ¥
Cu:g‘:ﬁéi; cor e 12c o Control M UART N Inference
Addr 0x41 ESP32 ESP32-53
INA3221
Current Sensor |« PWM
Addr: 0x42
¥
INA3Z221 RGE LED
Current Sensor |+
Addr: 0243

Figure 7.1.: Control Scheme

Of note here is that the modules controlling the servos communicate on their own I2C bus, while
the Thermometer on a secondary bus. This is for one isolating the real time dependent part of the
code controlling the servo, running at 100 Hz and the less time critical temperature measurement,
which runs at 5 Hz. Furthermore both the INA3221 and the PCA9685 support a higher bus clock
of up to 400kHz and 1 MHz respectively, which enables quicker I2C communication and thus a

faster control loop.
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7.2. Voice Inference

After successfully initializing all the necessary components and buffers, two RTOS Tasks are spawned,
one responsible for reading out the Audio buffer, and the other for extracting the MFCC Features
and running the inference, compare Figure 7.2. The audio is read out on an event based interrupt
every 64 ms and 2048 B are written into the ringbuffer. When the interpreter tasks requires new
data, the ring buffer is copied and linearized, i.e. such that the audio sample lies continuously in
memory, which makes subsequent signal processing a lot easier, and also solves the concurrency

issue of data corruption.
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Figure 7.2.: Voice Inference Control Flow
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7.3. Handcontrol

The movement and grasp of the hand is controlled via setting the appropriate PWM Duty Cycle
of the PCA9685 Servo driver, with the INA3221 Current Sensors being used to limit and control
the force exerted by the individual motors. As Figure 7.3 shows, after initializing the system, three

RTOS Tasks are spawned.

The main loop is the heart of the control, reading out the current of each INA3221 Sensor and then
incrementing the servo angles by 1° each, either until they reach their set point or their current
limit. This enables the hand to grab a variety of different size objects securely, each digit automat-
ically adjusting. Of note within the scope of this Project, no closed loop force control has been

implemented, however all the necessary components are there.
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Figure 7.3.: Hand Control Flow
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8.1. Teststand

In order to test all required grasp tasks in a repeatable manner a test stand was designed and
3D Printer. It contains two wrist degrees of freedom in order to accurately test every possible

arm/wrist position.

Figure 8.1.: Teststand
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The system is powered via two sources, the control supply is provided by a USB Powersupply, or
connection to a host PC, while the actuator power is provided by a lab power supply. The sepa-
ration of power is important to deny any interference, since the servos in total can draw a lot of

current and may cause voltage spikes or back EME

8.2. Size and weight

The final prototype, without the teststand, comes in at a weight of 930 g. The biggest contributor
are the High Torque servo, weighing 70 g each, for a total of 420 g, almost half the total. The Mi-
croservos weigh only 9 g each, for a total 45 g. The majority of the rest of the weight is taken up by
the base mechanical 3D Printed structure.

This of course exceeds the required weight by a factor of two, and is likely difficult to use by an

amputee.

Figure 8.2 shows a size comparison between the authors hand and the prototype; both images

have been carefully scaled to match.

Figure 8.2.: Size comparison

The thumb position and size matches well, as well as the palm size, however the thumb mecha-
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nism extends further down the wrist than that of a human, and the size of the PIP of the fingers
is longer than the human reference. Table ref shows the exact measurement, in reference to the

values of the average human male, as shown in table 3.1.

Dimension Measurement
Width 10cm

Height 23,8cm

Palm height 13,35cm
Finger Length | 10,5cm
Finger Width | 2,2cm

Table 8.1.: Dimensions of the prototype

8.3. Firmware Timing

8.3.1. Handcontrol

The microcontroller dubbed Handcontrol is split into 3 RTOS Tasks, as per Figure 7.3. The RTOS
scheduler will run them based on their priority, each task yields execution with either a delay,
event call back or waiting on a semaphore, such that the other tasks may also get CPU Time. The
recorded timing information was gathered via the ESP32 build in millis () and micros () re-
spectively, which upon calling provide the time passed since powerup. In the table the mean and
standard deviation is provided

Task Priority | Timing Taskstate | Time

Main Loop 10 10 ms (Timer ISR) | Idle 2655.9 £59.6 us
Working | 3501.4+172.67 ps

Serial Receive | 6 100 ms Idle 8.78£0.63 us
Working | 51.78 £24.03 ps

Thermometer | 2 30ms Always 681.39+1.19 us

Table 8.2.: Timing handcontrol

8.3.2. Voice inference

Task Priority | Timing Taskstate Time

[2SRead | 10 64 ms (I12S Data available Event) | Always 125+ 1.45ps

Inference | 6 540 ms Feature Extraction | 82.876 +0.02 ms
Interpreter 357.29£0.007 ms

Table 8.3.: Timing Inference
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8.4. Powerdraw

In order to estimate a battery lifetime the powerdraw of the system was measured. Since all ac-
tuators have a build in current sensor, they were used to measure the actuator power, the rest of
the components were measured with a multimeter, which is good for static and settled states, but

don'’t reproduce the dynamic behaviour well.

8.4.1. Control System Powerdraw

Table 8.4 shows the power draw of non actuator components, and figures 8.3, 8.4 and 8.5 the draw
by the actuators. The actuators are on their own power rail, in order to isolate the control electron-

ics from interference and voltage spikes.

Component | State | VoltageinV | Current draw in mA
ESP32-S3 Idle |5V 87

ESP32 Idle |5V 53

MLX90614 Idle | 3,3V 1,3

INA3221 Idle 3,3V 2,4

PCA9685 Idle | 3,3V 7

INMP441 Idle | 3,3V 2,4

RGB LED Idle | 3,3V 5

Table 8.4.: Power draw electronics

In total the just the control system draws 165,3 mA, the majority of that is made up by the micro-

controllers.
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8.4.2. Actuator Powerdraw

The current of the actuators is also limited on the firmware side, by use of the current sensors.
As per chapter 7.3, the current limit for each joint type is set to a threshold value, with no active
feedback.

The current of each motor is sampled at 100 Hz for the control loop, where the values are written
to a Queue and then send out via WiFI, which are then saved on a PC and plotted via a python
script:
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Figure 8.3.: Current Measurement of a cylindrical grasp
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Figure 8.4.: Current Measurement of a spherical grasp

The results are somewhat surprising because based on the research shown in chapter 2.1 it was
expected that the MCP joints of the fingers would need to provide the most torque, however the
PIP joint motors consistently draw more current. This is probably due to the fact that those motors
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Figure 8.5.: Current Measurement of a lateral pinch

also provide torque to the DIP joint, which are implemented via the flexible Fin Ray fingers, which
also need force to deform to the task at hand.

The oscillating current draw of the Thumb IP joint is due to reaching the force limit of the actuator,

while the internal controller tries to reach the angle set point.

The current spike at the MCP joints when the hand opens again is due to the initial acceleration.
The total current lies around 4 A.

8.5. Grasp Test

To test the base functionality of the hand, grasping and holding objects, a wide array of objects
have grasped by the hand, in the three available grasp types. The following figures illustrate the
results:
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8.5.1. Cylindrical Grasp

Based on the tests carried out, the cylindrical grasp takes between 1s and 2 s to close, depending

on the size of the object.

(a) Glass Bottle

(c) Small Plastic Bottle (d) Scraper

Figure 8.6.: Example of cylindrical grasps
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8.5.2. Lateral pinch

The lateral pinch takes 1,5 s on average to grasp an object.

(b) Tweezers

(c) Scraper (d) Screwdriver

Figure 8.7.: Example of lateral pinch grasps
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8.5.3. Spherical Grasp

The spherical grasp takes between 0,75 s and 2 s to grasp an object.

(a) Apple (b) Plastic Bottle

(c) Clay Figurine

Figure 8.8.: Example of lateral pinch grasps
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8.5.4. FinRay Fingers

The intent of the FinRay geometry is that it will passively adjust to the object at hand, and provide
better grip through deformation. Furthermore replacing the a dedicated DIP Joint through the

available deformation. The following figure displays this adjustment:

Figure 8.9.: FinRay passive adjustment

8.5.5. Load testing without power

In order to test the backdrive resistance of the servos, and the ability of the hand to hold it’s shape

without power, the test setup as shown in appendix B was derived.

Carrying a grocery bag is a common day to day task, and it would be advantageous for it not to
require constant power. After setting up the grocery bag in a cylindrical grasp, compare 22, it was
progressively loaded with full water bottles as simulation weight. At a load of around 1,5kg the
fingers were overloaded and dropped the bag. The weight achieved is lower than an average gro-
cery bag (assuming 3 kg to 7kg), however it demonstrates the principle, that the hand can hold

one grasp without any power applied.
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8.6. Voice commands

The voice command recognition and reliability has been tested in a variety of circumstances. The
testers have been chosen to be a mixture between people who provided trainingdata and people

who did not, making sure the system is generalized and not just speaker dependent.

First in a quiet environment the distance to the microphone where it still reliably detects com-
mands has been determined. A selection of 3 Testers have been instructed to speak at a constant
volume and incrementally increase the distance to the microphone. All testers have reliably trig-
gered the recognition from a distance to up to 2 m from a variety of different angles. Beyond 2m

recognition was still possible, although the volume of speaking had to be increased.

The hand used by an amputee will, at most, be 0,5 m away from their mouths, so the system works

reliable for the given application.

Repeating the tests in a very noisy environment yields different results. This test has been con-
ducted with a lot of people having moderately loud conversations in the same room. The testers
had to be quite close = 0,5m for reliable detection. The background noise also triggered a small

numbers of false positive detections, all of which have been the "esfera” class.

During testing the whole system it became apparent that the sound of the motors moving does
cause some interference to speech recognition system, especially under load. In earlier tests the
microphone was further away from the motors, and more loosely coupled to the mechanical parts
of the hand, i.e. just hanging of its connecting wires. But mounted in its final position the micro-
phone picks up more noise and vibrations from the hand moving. This manifests as non recogni-

tion of commands and false recognitions.

8.7. Thermometer

Of note, all the experiments have been conducted at an ambient temperature of about 25 °C, and
while the MLX90614 also measures ambient temperature, and compensates the sensor, as speci-
fied in the datasheet, however this behaviour hasn't been testes and could lead to different results

in a colder environment.

Without an object in front of the sensor, it measurements are about on par with the ambient tem-
perature, so in a 25 °C environment the LED will emit a light purple colour, at the lower end of the

chosen colour scale.

The thermometer has been tested with a number of common items, in the range of temperatures

usually encountered in day to day life. The following figures show the results:
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(a) Ambient temper- (b) Cup of Coffee at (¢c) Human hand at (d) Bottle of water at
ature of 25°C about 50°C about 36°C about 7°C

Figure 8.10.: Thermometer test cases

The camera used had issues resolving the given dynamic range and colours, so the figures above

are not representative, the displayed colours are in actuality:

(a) Ambient H
(b) Coffee
(c) Hand
(d) Water Bottle [ |

In person the colour changes are more significant, and smaller changes are a lot easier to per-

ceive.

8.7.1. Issues

The thermometer has the occasional issue of reporting a nonsensical measurement (on the order
of —80 °C). This can be fixed by power cycling. The first assumption was faulty hardware, however
after exchanging it for a newly ordered one the issue persisted. Some time has been spent tracking
and debugging the issue, however no reliable result has been reached, since it still occurs seem-
ingly at random. The physical connection has been checked, along with the bus communication

on the software side, which all checked out fine.
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8.8. Usability

Usability and the user experience is a subjective metric, and may vary from person to person.
Therefore a study was prepared in order to gauge those metrics, independently of the author. The
5 people who volunteered to test the system consisted of my colleagues, non of which have any
relevant disability. It would be extremely useful to test people with amputation who would actu-
ally use the hand, and may have experience with other prosthetics systems, this however was not

possible. The participants had a mix of backgrounds, both technical and non technical.

The participants were given verbal instructions on how to operate the system and it’s features,
consisting of the 4 voice commands, the force limiting sensors and the thermometer. Then they
were given time to explore and use the system on their own, it was open ended, but the participants

took between 5 min and 10 min.

After they were given the following questionnaire (The questions were translated to their native

language if applicable), rating their interactions and experience:

Command recognition felt accurate (1-5)

Response time felt natural (1-5)

Voice control was easy to learn (1-5)

I trusted the hand to do what I said (1-5)

The temperature sensor and its indicator LED feels natural and usable (1-5)

2R o e

Frustrations/Further Feedback? (Open)

Which yielded the following results:

Question | Participant1 | Participant2 | Participant3 | Participant4 | Participant5 | Average
1 4 3 4 5 4 4
2 4 3 2 4 5 3,6
3 5 5 5 3 4 4,4
4 5 3 4 5 4 4,2
5 5 5 5 4 5 4,8

Table 8.5.: Usability Study Responses

Responses to Question 5 (Participants who chose not to respond are marked as N/A [No An-

swer]):

N/A

N/A
N/A

ok e

The sudden movement of the hand can feel surprising

There is no indication if a spoken command has been received
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Non of the participants had any issues grasping the operation of the hand, and were confidently
issuing commands to the hand, experimenting with grasping different objects. However there
were some concerns about the delay between speaking a command and it getting executed, due
to the speech processing time. Participants also commented on the lack of feedback when parsing

a command.

8.9. Correlating Motor Current with Torque

The servo motors used throughout the hand do not come with a complete datasheet, so the back
EMEF constant had to be determined experimentally. For this a simple test stand was created where
a 1 cm lever pushes on a force sensor, compare 8.11b. An ESP32 collects the data, the force sensor
is read out via a voltage divider and 12bit ADC of the ESP32, while the INA219 current sensor via

I2C. The measured relationship for the High Torque Servo is quite linear and can be expressed as

such:
Nm
TNem = 0.0013 * Ima +0.063 Nm 8.1)
mA
and the same for the microservo:
Nm
TNem = 0.000088 * Ima +0.0012 Nm (8.2)

v. ~em lever
) e

.

Forcesensor

(a) Force Measuring Setup (b) Force measuring High Torque Servo

The fit being:
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Figure 8.12.: Torque proportionality to motorcurrent for the High Torque Servo

Similar for the small servos used to move the PIP and DIP Joints:

(a) Force Measuring Setup Microservo (b) Force measuring Microservo

The fit being:
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Figure 8.14.: Torque proportionality to motorcurrent for the microservo

8.10. Mechanical Holding Torque with no Voltage applied

The servo motors used throughout the system contain an internal gearbox, which can be used to
the advantage of holding the joints into position with any power. This both saves on battery ca-
pacity and keeps the motors from overheating under continuous load. In order to measure the
backdrive resistance of the motors, a simple teststand has been designed and printed, as shown in
figure 8.15. In the figures 8.15 and 8.16 the centre of mass and test lever lengths are indicated. The
levers weigh 3 g and 1,4 g respectively, so their mass can be disregarded for the following calcula-

tions.

50

33

f

Figure 8.15.: Holding Torque Teststand, High Torque Servo
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X

| 25 |

Figure 8.16.: Holding Torque Teststand, Microservo

In order to calculate the holding torque T}, the maximum testmass my that could be held is used

for each motor, with the leverlength /.

Th=mrxg=l (8.3)

For the High Torque Servo:

m
Ty =0,27kg % 9,81 — % 0,05m
s

(8.4)
T,=0,132Nm
And the Microservo
m
T, =0,118kg * 9,81 — *0,025m
s (8.5)
T, =0,03Nm
Servo | Maximum Testmass m7 (g)
HTS 1 270
HTS 2 265
HTS 3 273
MS1 118
MS 2 110
MS 3 126

Table 8.6.: Maximum testmass for holding torque
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The average of each being mr_p;g =269,3gand mr_gman = 118g. Of note, the results for the small

servo are incrementing in 8 g steps due to the nuts used weighing 8 g each.

So the maximum holding Torque for the High Torque Servos is:

THTS M. =0,269k -2-0,056m
_Max 888 8.6)

THTS Max =0,31Nm

And for the MS:

Tyms max =0,118kgg- g-0,025m

8.7)

TMS_Max =0,03 Nm

(a) Setup HTS (b) Setup MS

Figure 8.17.: Holding torque
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9.1. Components of the hand

The list of components is split in three parts, first the 3D printed parts, with their filament require-

ment; the parts that had to be bought, and finally the electronic and control components.

9.1.1. 3D printed parts

The table 9.1 shows all parts that need to be 3D printed in order to build the whole hand, the
columns of required filament and print time have been acquired from the slicer and printer used

with this project, and will definitely vary with another setup.

) Required Filament for one unit L. )
Part Name Quantity . Print time for one unit
(Including Support)

Base Hand 1 PLA 163g 7,5h

Proximal Phalanx 4 PLA 8g 0,5h

Finger Support 4 PLA 2g 0,2h

Thumb Bracket 1 PLA 25g 1,8h

Thumb Distal Phalanx | 1 PLA 25g 1,5h

Finger 4 TPU 5,6¢g 0,5h

Proximal Phalanx Pad | 4 TPU 0/4g 0,1h

Palm Pad 1 TPU 20g 1,75h

Table 9.1.: Listing of 3D Printed Parts

Estimated off the Printers at hand, all required parts will take about 17 h, using 250 g of PLA and
44 g of TPU respectively. The machine and electricity cost for 1 h of printing is between 0,15€ and
0,75€, depending on a lot of factors like, local electricity price, machine price and deprecation and
machine maintenance and replacement parts [25]. Using the upper limit, this adds 12,75€ to the
manufacturing costs. Assuming an average price of 20€ per kilogram for PLA and 25€ per kilogram
for TPU, comes out to a total 3D Printing material cost of 18,75 €.
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9.1.2. External mechanical Components

Part Name Quantity | Price per unit
High Torque Servo 6 6,25 €
Microservo 5 2,30 €
Copper Bushing 5x5x3 | 10 1€
Copper Bushing 5x3x3 | 12 0,3 €
Pin 3x16 6 0,38 €
Pin 3x22 6 0,3€
M2x8 Bolt 10 0,03 €
M3x12 Bolt 12 0,03 €
M3 Brass Insert 4 0,07 €
PTFE Tube 2m 40 cm 7,80 €
Torsion Spring 0.5x8 4 0,25 €
Tension Spring 0.5x20 | 4 0,2€

Total: 70,98 €

Table 9.2.: Listing of external components

9.1.3. External Electronic components

The components listed in table 9.3 a prototyping perfboard has been used, as well as sections
of wire, a handful of pin headers and a few passive components. The amount of wire used was

estimated based on the number of connections.

Part Name Quantity | Price per unit
ESP32 1 7€
ESP32-S3 N16R8 1 9€
INA3221 4 5€
PCA9685 1 7,5€
INMP441 1 3,3€
MLX90614 1 19€
Resistor (680 0,25W) | 3 0,1€
Prototype PCB 1 26€
Wire 0,75 mm? 20m 0,6 €/m

Total: 80,7 €

Table 9.3.: Listing of electronic components

9.1.4. Total Material Budget

3D Printed Parts 18,75 €
External mechanical components | 70,98 €
External electronic components 80,70 €
Total 170,43 €

Table 9.4.: Total Material Budget



72 9. Budget

9.1.5. Assembly Time

This is an estimation based on building the prototype, and iterating through the designs, and has

not been systematically studied.

1. Assembly Time: 6h
2. PCB Assembly and Soldering: 8 h

Should this project or an iteration based upon it ever be produced in larger numbers the above

timespans will of course be shorter.

9.2. Engineering Budget

9.2.1. Human resources

The project lasted for a total of five months, assuming an hourly rate of 30 €, with an average 40 h

work week results in a cost of ~ = 24.000 €.

9.2.2. 3D Printing Engineering Budget

There was an estimated use of 2 kg of 3D Printing filament, for printing prototypes, failed prints
and testing things out. This estimation is based on the weight of the parts shown in figure 9.1,
which weigh 1,7 kg. These are only a selection of the parts produced over the course of the thesis,

failed prints and such have been thrown away earlier.

Based on the examples of in table 9.1, it can be estimated that printing 2 kg of filament takes
roughly 96 h. So the total 3D Printing engineering cost will be the price of the used filament, plus

the cost of printtime, results in a total budget of

€
Z:]E?ng_?)D_Print = Mfilament -25 k_g + prine -0.75 H 9.1

Resulting in:

Eng 3D_Print ' ] " 1

ZEng_.’iD_Print =122¢€
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Figure 9.1.: 3D Printing Waste

9.2.3. Final Budget

Category Cost Percentage of total
Human Resources | 24.000 € 99,494%
3D Printing 122 € 0,506%
Subtotal 24,122 €

Table 9.5.: Engineering Costs

General Costs (13%) 3.135,86 €
Profit margin (6%) 1.447,32 €
Budget excluding VAT | 28.705,18 €
VAT (21%) 6.028,09 €

Total 34.733,27 €

Table 9.6.: Total Engineering Budget




10. Timeline

The timeline as indicated in the proposal:

State-of-the-art review [ ]

Mechanical design & electronics o

Prototype & software dev. _

Integration & testing _

Final validation & report _

The actual timeline throughout the project:

State-of-the-art review [ ]

Mechanical design & electronics _

Prototype & software dev. e

Integration & testing ———

Final validation & report —




11. Evaluation and discussion

The final prototype and the project has been evaluated based on the Requirements (compare ta-
ble 3.3). The prototype is functional and fulfils most requirements. The evaluation is presented

with the use of Harvey Balls', using the following keys:

@ Requirement has been totally fulfilled
(D Requirement has been partly fulfilled
O Requirement has not been fulfilled

@ Requirement cannot be assessed

Requirement | Evaluation

F-1 The prototype is of anatomical design, compare figure 8.2, however larger |
than an average hand in a few dimensions (see table 8.1)

F-2 Based on results of the small study described in chapter 8.8, the usage of | @
the hand is simple to learn and the participants had no issues operating it

F-3 The hand implements the necessary grasps; the results are shown in | @
chapter 8.5.

F-4 The system responds to the voice commands with the appropriate grasps, | @
compare chapter 8.5

F-5 The voice command systems has implemented the four command words |
in Spanish (compare chapter 6), however not in English nor German

F-6 Each motor has a current sensor, and with the measurements done in | @
chapter 8.9 the force applied can be derived from the measured current.

F-7 The firmware implemented a force limit for each motor (compare chap- | D
ter 7), however it is only a threshold and no closed loop control

F-8 Chapter 5.1.2 implements a contactless temperature sensor, displaying its | (D
measurements via a RGB LED. However there are some reliability issues
with the sensor itself.

F-9 The material cost of the prototype lies at 170,43 € (compare chapter 9), | @
and thus is significant cheaper than commercial offerings

Table 11.1.: Evaluation of the project based on the functional Requirements

1https ://en.wikipedia.org/wiki/Harvey_Balls
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Requirement | Evaluation

NF-1 The prototype weighs a little under one kilogram, and thus the require- | O
ment is unfulfilled.

NE-2 The prototype exceeds or matches the human range of motion, compare | @
chapter 4

NF-3 Based on the results in table 4.1, this requirements has been fulfilled, and | @
even exceeding the requirements for most joints.

NF-4 Depending on the grasptype, the hand closes between 1s and 2s. o

Table 11.2.: Evaluation of the project based on the non functional Requirements



12. Summary and conclusion

This project followed the development of a extrinsically powered voice control prosthetic hand.

From state-of-the-art research, to design and development ending with testing the system.

Chapter 2 describes the preparatory research, starting with the human hand in section 2.1, de-
scribing the nomenclature and layout of bones and joints, along with its range of motion and grip
force. Chapter 2.2 covers the different approaches of a prosthetic hand, with its requirements to

users and existing solutions.

Out of the information gathered in chapter 2 and the proposal (see page ) the requirements for the

system have been defined and summarized in table 3.3.

The development of the mechanical design and layout is described in chapter 4, alongside the

selection of actuators and kinematics.

Chapter 5 elaborates on the hardware selection and design.

Chapter 6 describes the process of developing the voice command system, including hardware
selection, training data collection and model architecture as well as the digital signal processing

pipeline used.

Chapter 7 describes the firmware implementation on the MCU, along with the program struc-

ture.

Chapter 8 includes the extensive testing of the whole hand, along with its subsystems.

Finally chapter 11 evaluates the final prototype based on the requirements set down in chapter 3.
In conclusion, the prototype is functional and fulfils most of the requirements, bar some excep-
tions. The hand can be used by anyone with minimal instructions and works reliably with a wide

variety of objects and tasks. However further work is required for the prototype to be used by

amputees as their primary prosthetic.



13. Improvements and future work

This chapter elaborates on the shortfalls that have been noticed during the course of the project

and suggests solutions and improvements for a further iteration of the prosthetic hand.

13.1. Mechanics

13.1.1. Wearing the prothesis

The current mechanical interface has been designed for the
teststand (compare figure 13.1), and needs modification to
be able to be worn. Interfacing with residual limps is a vastly
complicated topic, both in medical and engineering, and was
outside the scope of this work, and may also need to be cus-

tomized on a patient to patient basis.

13.1.2. Thumb

In the current implementation the two primary thumb axis
(TM, MCP) are driven directly by the motors, without any
further transmission in-between. The provided joint torque
is adequate, however without power applied the don't pro-
vide any residual force. Implementing a mechanical trans-
mission in a further iteration would provide both residual grip
strength, increase the overall grip force, as well as lower the

electrical energy requirements.

Furthermore the end effector geometry, along with the thumb
web can be optimized to handle different grasp situations
better, since the current prototype has some issues with

smaller objects.

Figure 13.1.: Mechanical Interface
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13.1.3. Size and weight

The prototype is both heavier and larger than a human hand,

which in it of itself isn't an issue, however improvements on both fronts will impact the user ex-
perience greatly. The final prototype weighs 930 g, which is roughly double that of a human hand.
The majority of the weight comes from the large servos, weighing 70 g each, for a total of 420 g. To

be comfortably usable the hand should be a lot lighter.

As already mentioned in chapter 4.3, all four non thumb digits have the exact same size and design.
No drawbacks have been noted during the extensive testing, however users may find the design too
far removed from an anatomical hand. Should it become apparent that a emulating the different
finger lengths of a human hand will become useful, a redesign is in order. Also there is an aspect
of how users might be perceived wearing the prosthetic, since its artificialness and regular design

might draw too much attention the users.

13.2. FinRay Geometry

There is potential to further optimize the FinRay geometry used by the fingers, in order to provide
a better grip and passive adjustment. There has to be a balance between being stiff enough to
actually hold loads, and pliable enough to deform in a predictable way. Also a mixed material
approach might be useful, using soft TPU for the bendable parts, and a stiffer material like PLA for
the parts taking load.

13.3. Actuators

The chosen actuators within the system are a compromise of availability, cost and size, but they
are not perfect for the application. A custom designed motor and transmission system would
drastically increase the functionality of the hand, while likely reducing the weight. Proposed are
Brushless DC Motors with a worm drive transmission, with positional feedback. The worm drive
has the advantage of not being able to be backdriven, being fixed in a set position, unless the motor

moves it. Such an actuator with enough torque was not available at the time of the project.

13.4. Return Springs

The return tension springs for the MCP Finger joints should be a little stronger, in order to return

the fingers more reliably to their neutral position.
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13.5. Hardware

13.5.1. PCB

The implemented prototype PCB is quite large and ungainly. However since it uses off-the-shelve
modules and not the chosen ICs by themselves, the whole layout can be drastically shrunken in

size.

13.5.2. Power beyond the teststand

In order for the hand to be usable it obviously needs some mobile power source. Based on the
measurements and calculations in chapter 9.3 which results at a maximum current draw of a little
over 4A at 5V. This amount of current can be handled by almost any type of battery, therefore
the battery should be chosen based on capacity. The average person uses their hands about 8h a

day [67], however amputees rely more on their intact limb for day to day tasks [70].

Assuming that full power is required for the whole time, that would necessitate a 160 Wh battery,
which is definitely on the larger side, however within the realm of reason. LiPo batteries are avail-

able with the necessary rating in capacity and maximum discharge.

The power draw can be reduced by limiting the motor current to an appropriate amount for a

grasp task, and utilizing the power saving modi of the ESP32 to sleep when not in use.

13.6. Software

13.6.1. Closed Loop Force Control

In the current implementation the force applied by each actuator is only limited by a threshold
value, and not an actual closed loop controller. The system can be modelled and then a appropri-
ate technique chosen, simulated and implemented. Since the controlloop on the MCU runs on a

consistent real time100 Hz, adding a closed loop controller should be straightforward.

13.6.2. Voice recognition

The work shows that the command recognition system works quite reliably, however with room
for improvement, compare chapter 8.6. Generally collecting more voice samples will be a good

step forward, since the CNN and DSP Pipeline work reliably. Furthermore the command words
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can be implemented in the other two languages of German and English, which both also require

more voice samples.

13.6.3. Voice recognition feedback

Based on the results of the usability study, compare chapter 8.8, a feedback indicator needs to be
implemented while voice commands are parsed, since the prototype in its current state is not very

transparent of which commands are recognized and which are not.

Noise filtering

Since the voice recognition system is sensitive to noise, it makes sense to implement a filter in
the future, in order to suppress background noise. For example Espressif provides an analog front
end(AFE) for audio processing, which includes a "smart" active noise filtering, there are of course

other options available, or even a from scratch implementation.

Moving everything to a single MCU

During the course of the project it became clear that the voice recognition system requires the
extra memory provided by a ESP32-S3, so to make the Prototype Hand work, two MCUs were used.
Based on the Measurements taken in chapter 8.3 the scheduler can probably enough timeslots to

run both the voice recognition systems and the rest of the control logic on a single ESP32-S3.

Speaker recognition

Currently the system is setup to respond to the command words, irregardless of speaker. This
may be an issue for users, since it robs them of autonomy and also could be a security and safety

concern, either with accidents or malicious actors.

13.6.4. Force control via voice commands

The current command set can be expanded to include commands that change the force limit of
each actuator. Currently it is tuned for general purpose grasping, but it might be too strong or too
weak depending on the situation at hand. Expanding the command set requires voice samples for

the appropriate command and takes time and volunteers to implement.
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A. Final Design
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B. Grocery Bag Experimental Setup




C. Schematic
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