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A bstract: The prosthesis technology has had a renaissance in recent years, although the improved and natural
control coupled with fast and fluid movements have led to devices which are very expensive and not attainable by the
majority of people who need them. In this paper we present a mechanical design of a low-cost of 3D printed forearm
prosthesis which has the ability for individual finger control using a sophisticated software solution by incorporating
artificial intelligence. By using two actuators for each finger instead of one we allow for more precise and robust
movements of the prosthetic, and by using affordable yet high-torque servomotors we can keep the price low while
offering performance similar to much more expensive devices available on the market. The use of 3D printing is also
used in order to drive down the cost of the prosthesis, by implementing materials which are inexpensive yet light, strong
and durable.
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MEXAHHNYKHU TU3AJH HA HUCKOBYIIETHA 3D IIEYATEHA ITPOTE3A
HA HOAJAKTHHUIIA CO CIOCOBHOCT 3A HHAUBUAYAJIHO YIIPABYBAIBE HA ITPCTUTE

AmncTpaxkT: HaykaTa 3a BEMTauKH J€IOBH Ha TEIOTO (IIPOTE3M) HMa I0XKUBEAHO MPepo/10a BO MOCIEAHUTE HEKOJIKY
TOAVHH, HO TTOJJOOPEHOTO U NPHUPOJHO YIPABYBAKE 3a€IHO CO OP3WUTE M TTIATKH JIBIDKEHa JJOBE/E 10 YPEIH KOUIITO
ce MHOTY CKaIlM ¥ He Ce JIOCTAIlHM 32 MHO3MHCTBOTO Ha JIMIIAa HA KOM IPOTE3HUTE MM ce notpedHu. Bo oBoj Tpyn e
NpeUIoKEeH MEXaHWYKU JT3ajH Ha HUucKoOyyetHa 3D medaTeHa mpore3a Ha MOAJIAKTHHIA KOja MMa CIOCOOHOCT 3a
WH/IMBUIYaJIHO YIIPaByBabe Ha IIPCTUTE CO MPUMEHa Ha copucTunpano coTBepcKo pelieHre 6a3upaHo Ha BEIITaYKa
unTenureHnrja. Co KOpUCTehe Ha 1Ba aKTyaTopa 3a CeKOj IIPCT HaAMECTO €/IeH Ce OBO3MOKYBaaT MOIMPEIU3HH H TI0PO-
OyCHH JIBIDKEHa Ha IPOTE3aTa, a Co IPUMEHATa Ha €BTHHU CEPBOMOTOPH, KOH C€ KapaKTepH3UPaaT Co PeIaTHBHO BH-
COK BPTEXEH MOMEHT, ce 3apKyBa HHCKaTa IIeHa Ha ypeloT, a ce o0e30emyBaaT meppopMaHCH CIMIHM HA MHOTY
TIOCKAINM ypeau JOCTAIlHU Ha Ia3apoT. YmorpebaTta Ha 3D mewateme MCTO Taka ce KOPHCTH CO IIEN Ja Ce HaMalll
KpajHaTa I[[eHa Ha IpoTe3ara, OMIejKH ce KOPUCTaT MaTepHjall KOH CE €BTHHH, a CEIaK JeCHH, jaKH U H3IP>KINBH.

Kayunn 36opoBu: enextpudnu npotesn; 3D neuareme; MeXaHHUIKH AU3ajH; eIEKTpOMHUOrpaduja;
BELITauKa HHTEIUTCHIH]a

1. INTRODUCTION place lost natural ones. There are numerous pros-

thetic devices that are shown to be from ancient civ-

The difficult task of replacing a missing limb ilizations all around the world, exhibiting the devel-

can make one properly understand the complexities opment of artificial limb technology. The techno-
of the human body. Throughout the ages, innovators logical development of prosthetic limb design has

have been attempting to use artificial limbs to re- been relatively gradual up until recently.
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Prostheses have largely remained passive tools
that provide limited control and mobility, although
as time went on and technology improved, designs
began to incorporate hinges and pulley systems as
well as better materials. This resulted in the devel-
opment of basic mechanical body-powered gadgets,
for example, metal hooks that can open and close
when a person bends their elbow. Recently how-
ever, there has been a significant improvement in
prosthetic devices and the demand for completely
functional prostheses is at an all-time high as the
number of amputees worldwide continuously rises
each year [1]. Although today there are more op-
tions readily available for amputees in the market,
acquiring a fully functional prosthetic is still an ex-
pensive process. A recent technological advance in
this field has been the introduction of 3D printers.
3D printers allow for a multitude of new possibili-
ties as this device is capable of creating different ob-
jects using recycled plastics and biodegradable ma-
terials, which is not only cost-effective but also bet-
ter for the environment [2].

While in the past the most advanced prosthet-
ics which used hinges and pulley systems were able
to achieve some level of control, they were still
basic mechanical devices. The prosthetics that are
available today have become electrical devices
which focus not only on the physical aspects of the
device, but also on the level and ease of control
through complex biofeedback systems. Perhaps
sometime in the future prosthetic devices will be
even faster, stronger, and overall better than biolog-
ical limbs. To be able to achieve this, the prosthesis
should not only be able to perform the desired
movement of the user, but also be durable, light-
weight and easy to put on.

The goal of this paper is to present an easy to
build artificial forearm prosthetic through the use of
3D printing, made from an adequate material which
is strong and robust yet not too expensive. By using
readily available low-cost materials we can design a
prosthetic device which is not only easily controlla-
ble by the user but also costs less than the prosthet-
ics that are already available on the market.

The paper is structured as follows: in Section
2 we discuss different types of prosthetic device
which already exist but have flaws which we aim to
improve upon thorough the research in this paper.
Then, in Section 3 we present the mechanical design
of the proposed prosthetic device and explain the
design process of the model as well as the drive sys-
tem which is used to actuate the fingers. In Section
4 we make a comparison between different types of

materials for the 3D printing of the prosthesis in or-
der to find the one which offers the best strength and
durability. Finally, in Section 5, we close the paper
by discussing the pros and cons of the presented so-
lution and propose further possible ideas and im-
provements which can be implemented in the future.

2. RELATED WORK

A prosthetic device should ideally be as simple
and effortless to use as possible. The prosthesis
would not be helpful in any practical sense if the
user has to struggle to perform even the most basic
elementary movements, such as gripping and object
or pointing. While there are multiple options for
electrical prosthesis on the market, a fully functional
prosthetic is either hard to find or unaffordable.

A functional prosthetic arm must be able to
overcome various design and manufacturing obsta-
cles. The degree to which the mechanical device
replicates the human arm and the degree of mobility
that it can provide are determined by the complexity
of the mechanical and electrical systems which are
implemented, which is also the reason they are usu-
ally highly priced. Many prosthesis on the market
use electromyography (EMG) for the detection and
measuring of electrical impulses in the residual limb
of the user while particular flexions are performed
[3]. By analyzing these measurements through sig-
nal processing or machine learning methods, one
can extract the type of movement the user was try-
ing to perform. An example of a myoelectric fore-
arm prosthesis is shown on Figure 1.

control unit and
electrodes battery pack friction wrist

socket electric hand

Fig. 1. Visual representation of a myoelectric forearm
prosthesis [10]

There have been many successful attempts at
classifying the movements carried out by users
through the use of electromyography, although most
fall short due to the use of multiple expensive EMG
sensors [4], complex solutions that cannot be easily
implemented in an embedded system [5, 6] , or a
limited array of possible movements [7]. We have
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already addressed some of these issues in previous
publications where we successfully achieved the
classification of individual finger flexions using
only two-channel electromyography with an F1
score of 91.3% [8], as well as individual and com-
bined finger flexions with an F1 score of 96.6% [9].

In the early days of prosthetic arm develop-
ment, the heavy weight of the device used to be a
major problem which made most of the functions
difficult to perform and even caused the user to feel
uncomfortable due to having to carry the prosthetic
for long periods of time [11]. The materials that
were used were also inadequate as they absorbed
sweat, which made the maintenance of such devices
difficult. With the introduction of 3D printing, the
whole outlook of the market eventually changed.
Lighter materials were being used to create pros-
thetics and the cost was also able to be significantly
reduced.

There is a large variety of prosthetic devices
which can be categorized according to their method
of operation. Simple, immobile devices known as
passive prostheses are mainly used for aesthetic ap-
peal and while they help amputees regain their con-
fidence and normality in everyday life, these types
of devices offer basic functionality and control, if
any. A separate kind of passive prosthesis is a cus-
tomized silicone restoration device that serves pri-
marily as a cosmetic item. The transparent silicone
glove can be painted to precisely match the user’s
skin tone, body hair, and other natural traits. This
particular and thorough style of painting and design
allow the prosthetic to have the look of a real arm,
without any of the functionality. The simplicity of
these devices usually means they are very afforda-
ble and inexpensive, which is the reason they are the
most common option for amputees when choosing
a prosthetic device [12].

Another type of prosthesis that is available is a
body powered prosthetic device where the control is
carried out through a harness fastened to the user.
These prosthesis typically consist of a straightfor-
ward tool, like a mechanical hook, that is connected
to the shoulder and elbow and moves along with
them. Although these gadgets are very simple and
offer very limited control, they continue to be a
common type of prosthesis due to their lower cost
[13].

In this paper we present an electric forearm
prosthesis which is affordable yet offers high func-
tionality through fast, easy and natural control by
the user. The control of the devices is accomplished
using electromyography with just two EMG sensors
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placed on the residual limb. The electrodes of the
sensors are used to measure to electrical impulses
when flexing the muscles which flex and extend the
fingers of the hand. After being amplified, these sig-
nals are then transmitted to a microcontroller, which
uses the data to analyze them in order to detect the
desired movement, i.e. which finger (or fingers) the
user wanted to flex or extend. When the movement
is detected, the microcontroller sends a signal to the
necessary internal actuators and carries out the
movement on the prosthesis. Due to this complex
system of measurement-classification-actuation,
mechanical prostheses cannot be controlled to the
same extent as myoelectric ones.

The main focus of the paper is the mechanical
design of this proposed prosthesis and the different
aspects considered while designing the device to be
cost effective yet efficient and robust in terms of
weight, usability and durability. The signal pro-
cessing and control aspects have already been cov-
ered in [8] and [9], and the discussion on the me-
chanical considerations presented here represents
the next step in the overall design of a low-cost fully
functioning forearm prosthesis.

3. MECHANICAL DESIGN

Some of the current limitations of prosthetic
arms available on the market today include:

e Price —not everyone who has the need for a pros-
thetic arm can afford it due to their high cost.

e Robustness — prosthesis are susceptible to dam-
age and require frequent repairs and/or replace-
ments.

e Functionality — currently existing prosthetic
arms may not be as functional as minimally nec-
essary for users to decide to use them in everyday
life; in order to replicate a real human arm the
functionality of the prosthesis must be fast and
fluid and the implementation of sensory feed-
back, such as a feeling of touch, is also a needed
but difficult task.

e Comfort — prosthetic arms are usually not com-
fortable to wear for extended periods of time and
this can make the user reluctant to use them.

e Weight — depending on the material the prosthe-
sis is made out of, the weight of the device also
plays a major factor in the decision of the user to
continue using the prosthetic.

The first and main focus of the mechanical de-
sign of the proposed prosthesis was to make it inex-
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pensive to produce thus making it affordable for the
majority of people who need it. Seeing as the ma-
jority of the cost of the prosthesis is driven by the
material which is used to produce it, the first ap-
proach to making it affordable is the use of basic yet
durable plastics and 3D printing. Although this can
be achieved, there are a lot of aspects to consider
while designing and building the device, such as the
shape and geometry of the palm and fingers, the ma-
terial of the mechanical joints, the actuators which
will be used to carry out the flexions etc. Keeping
these aspects in mind, as well as the previously men-
tioned flaws of current prosthesis, multiple itera-
tions and designs for the prosthetic arm were cre-
ated.

a) Early ideas

Before the process of designing the prosthetic
arm, certain key decisions had to be made for the
basis of the design, such as the actuation mecha-
nism, the number of servo motors to be used and the
placement of the motors in the prosthesis. It was de-
cided initially that for the actuation, ten servo mo-
tors (two per finger) would be housed in the body of
the prosthesis in order to increase the strength and
efficiency of the flexions. Figuring out a way to
house the actuators while also finding a way to im-
plement the correct actuation technique proved to be
a challenge during the initial steps of the design pro-
cess. The locking of the coil was another important
aspect to consider in prior to creating the model as,
if not locked properly, the flexions would not be car-
ried out smoothly and this would affect the function-
ality of the prosthesis.

It was decided that the best option for the actu-
ation method of the fingers would be a basic pulley
and string design which mimics the biological actu-
ation of fingers through tendons present in a real hu-
man arm. The CAD model of the prosthesis was
then designed using SolidWorks.

b) Finger design

Each of the four fingers is made up of three
different printed parts that are connected using 3D
printed pins. To produce a tendon locking point, the
artificial tendon coils around the inside of the fin-
gertip. This tendon forms a closed loop by navi-
gating guide pathways inside the finger. All of the
joints experience a rotational stress as the tendon is
tugged by the servo motor, which causes the finger
to curl up. As mentioned previously, in this design

each finger has two tendon coils, one for the distal
interphalangeal joint (DIP) at the fingertip, and an-
other for the proximal interphalangeal joint (PIP) in
the middle of the finger. It is crucial for each tendon
to have a locking point in order to increase the effi-
ciency of the spin or grip hold during flexion. If a
locking mechanism is missing there is a possibility
that the tendon would simply slip under tension,
preventing the finger from moving. The extension
of the fingers is done by applying tension to the
other end of the tendon. It is necessary to use a high-
quality braided string to ensure that it will stretch
very little under tension. The final design of one of
the fingers is shown on Figure 2.

PIP
joint j

DIP
joint

\ 3D printed

pins

Fig. 2. Finger design concept for the artificial prosthesis

¢) Thumb design

Due to the complexity of the movement of the
thumb, its design was different in comparison to the
rest of the fingers. The majority of commercial and
research prostheses strive to offer at least two de-
grees of freedom for the movement of the thumb,
and the same approach has been taken in this paper
as well. Without considering the extension, the
thumb is consists mainly of two parts representing
the interphalangeal (IP) and metacarpophalangeal
(MP) joint. In both parts a tendon lock is used for
carrying out the flexions. As in a real biological
hand, the thumb is the most integral part of almost
every movement carried out by the hand as it is the
locking finger in most gripping techniques. In order
to optimize tendon orientation and avoid tendon
lines becoming snagged on a sharp edge, guide
holes have been integrated into the design of both
the fingers and the thumb. The design of the thumb
is shown on Figure 3.
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Fig. 3. Thumb design concept for the prosthesis

d) Palm design

Each of the fingers connects to the palm by us-
ing 3D printed pins. In this paper, the palm was the
most redesigned part as initially the plan was to
have two parts combining to form the body of the
palm, where the main part was used to connect the
thumb, index and middle finger and the other part
was consisted of separate moving extensions for the
ring and little finger. The two extensions would be
fixed to the main part using screws. This design was
initially considered for better grips, but due to the
complexity in the design as well as the aesthetic ap-
peal, the design was later changed in order to keep
the palm as a single rigid part on to which the fin-
gers would be fixed, as shown on Figure 4.

.

details for
aesthetic purposes

attachment point
of the thumb

Fig. 4. Palm design concept for the prosthesis

e) Forearm design

Even though the forearm section contains no
moving parts it is still a challenge to design as it
needs to house most of the electrical components
and actuators, as well as the power source for the
whole device. After the complete forearm section
was designed it was split into separate components
which could then be assembled using screws. If the
forearm was 3D printed as a single large component
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it would not be possible to place the servo motors
and tendons inside the palm. A robust and durable
material is necessary for the production of the fore-
arm as the screws can easily break and crack weaker
plastics, even though the guide holes for the which
have been incorporated into the design have enough
material to firmly support the screw. The two large
sections of the forearm can be 3D printed as a single
piece without affecting the assembly of the device,
however most basic 3D printers are simply not large
enough to print an object of this size. The final
model of the forearm is shown on Figure 5.

separate components
attached with screws ———p

N

Fig. 5. Forearm design concept for the prosthesis

f) Drive system

As stated previously, the drive system of the
proposed prosthesis is based on a biological actua-
tion mechanism where the string is meant to mimic
the tendons in the palm, while the servo motors,
which are the driving force of the prosthesis, mimic
the muscles. The string is pulled when the servo mo-
tor turns in one direction, flexing the finger. If the
servo motor turns in the opposite direction, the fin-
ger will extend. An individual pulley is used to at-
tach the thumb, index and middle finger. Each of the
fingers has a separate servo motor system attached
to it. The ring and little finger are joined to one pul-
ley system due to the constrained space inside the
palm. In a way this actually mimics the dependence
of neighboring fingers in a real biological hand, so
no meaningful functionality will be lost due to this
simplification.

The actuators which are used for the move-
ment of the fingers of the prosthesis are standard
servo motors. These motors can be controlled to ro-
tate to angular positions of up to +90° from their in-
itial position which is adequate for the small and
limited range of motion of the joints of the fingers.
Relatively inexpensive servo motors with sufficient
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torque and speed have been used in this system to
maintain the low cost of the prosthesis. The use of
higher quality servo motors would lead to an in-
crease in finger strength and precision, but the ex-
ponential increase in cost is not worth the minimal
improvement they would bring.

g) Power supply

It is of outmost importance that the prosthesis
is fully portable and capable of multiple hours of
constant use without the need for power by external
sources. As such, an internal power supply capable
of providing enough power for the whole device
while lasting an adequate amount of time is required
[14]. The servo motors are the main users of power
in the system due to the significant amount of cur-
rent which is necessary during operation. Disposa-
ble batteries would not be a good solution since the
servo motors would drain power too quickly, mean-
ing they would need to be replaced frequently. Lith-
ium Polymer (LiPo) batteries offer a high energy
density and are rechargeable, meaning they are a de-
cent option for the task at hand, but they would need
to be taken out of the prosthesis, recharged, and put
back in on an almost daily basis, which can be a has-
sle for some users. In order to reprimand this, an al-
ternative source of power was used, i.e. a power
bank device, which can be easily recharged by con-
necting it to a wall plug by a regular USB-C cable.
The power bank is housed on an exterior pouch on
the forearm of the prosthesis, meaning it is easily
accessible to recharge as well as replace when
needed.

4. MATERIAL COMPARISON

When creating a 3D printed product one must
consider the material that will be used, which de-
pends on the type of product that is being created,
the environment in which it will be used, as well as
the price-to-quality ratio of the material. Three of
the most popular 3D printing materials are polylac-
tic acid (PLA), acrylonitrile butadiene styrene
(ABS), and nylon. They can all be extruded using a
basic 3D printer and at their low price of around
$20-$30 per spool, they are among the most afford-
able filaments available on the market today. When
making a simple prototype which will not be used
as a final product, the choice of material is usually
between PLA and ABS, and nylon and its copoly-
mers are often used when there is a need for a higher
quality item. The comparison between these materi-

als will be made using a simplified qualitative ap-
proach in terms of what is necessary for the task of
this paper. A more detailed review of the materials
can be found in [15].

4.1. Polylactic acid

Polylactic acid (PLA) is a user-friendly ther-
moplastic with a higher strength and stiffness than
both ABS and nylon. The low melting temperature
and minimal warping make PLA one of the easiest
materials to 3D print successfully, which is the rea-
son it is the most often used when prototyping new
designs [16]. One of the drawbacks to using PLA is
its low melting point, which causes it to lose almost
all of its stiffness and strength at temperatures above
50° Celsius. In addition to that, PLA is also very
brittle which causes parts to have poor durability
and impact resistance, often virtually falling apart
after a short amount of time. A comparison of the
characteristics of this material is given in Table 1.
Even though PLA is the strongest of the three pro-
posed plastics, the poor chemical and heat resistance
make it unsuitable for anything other than the initial
printing of the prototype in order to tune the toler-
ances between the individual parts, as it is the
cheapest and most widely available material to use.

Table 1
Characteristics of PLA

PLA

Strength

Stiffness
Durability
Printability

Heat resistance

Chemical resistance

4.2. Acrylonitrile butadiene styrene (ABS)

Weaker and less rigid than PLA, ABS is a
tougher and lighter filament which is suitable for ap-
plications that require somewhat higher quality
products. This plastic is characterized with a higher
durability, is about 25% lighter and has around four
times the impact resistance compared to PLA. See-
ing as ABS is more heat resistant and prone to warp-
ing, it is more difficult to 3D print [17]. It is neces-
sary to have a heated bed for the 3D printer as well
as an extruder which is able to get 40°-50° Celsius
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hotter. Even though ABS is not prized for its heat
resistance, it still has superior heat deflection tem-
perature in comparison to PLA and nylon. These
characteristics, as shown in Table 2, make ABS the
perfect option for printing the initial full prototypes
of the proposed prosthesis which can be used to test
the device, while still remaining a relatively low-
cost option.

Table 2
Characteristics of ABS

ABS Bad Good Great

Strength

Stiffness
Durability

Printability

Heat resistance

Chemical resistance

4.3. Nylon

In contrast to PLA and ABS, nylon is a flexible
and durable material with less strength and stiffness.
The signature malleability leads to an increase in
toughness and an impact resistance that is ten times
that of ABS. Nylon is also characterized with a sur-
prisingly high chemical resistance which leads to it
being used in more industrial applications. Similarly
to ABS, nylon is more difficult to 3D print than PLA
as it needs to be extruded at very high temperatures.
It must also be kept dry before printing due to its
tendency to soak up moisture from the air. The main
downside to nylon in comparison to PLA and ABS
is its lower strength and rigidity which makes in un-
suitable for most serious applications. As a result,
nylon is usually altered such that it is combined with
other plastics in the form of a copolymer, but the
best quality nylon filaments are usually a form of
nylon-fiber mixtures.

Filled nylon is a type of mixture of nylon with
tiny particles of a stronger material such as fiber-
glass or carbon fiber. The goal of these mixtures is
to preserve the favorable flexibility and chemical re-
sistance of nylon while adding a considerable
amount of strength, stiffness, head resistance as well
as making it easier to print [18]. A comparison be-
tween the characteristics of regular nylon and nylon
filled with carbon fibers is given in Table 3 and Ta-
ble 4. This type of filament is one of the best ones
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available on the market today, and while it is
slightly more expensive than its counterparts, it is a
great option for fully functional prototypes as well
as end use products. The final version of the pros-
thesis is to be constructed using a mixture of Nylon
PA12 and 20% carbon fibers which will result in an
optimally resistant, strong and durable device.

Table 3

Characteristics of nylon

Nylon Bad Good Great

Strength

Stiffness
Durability

Printability

Heat resistance

Chemical resistance

Table 4
Characteristics of filled nylon

Nylon + CF Bad Good Great
Strength

Stiffness

Durability

Printability

Heat resistance

Chemical resistance

5. CONCLUSION

The initial idea of this research was to design
and build a high quality forearm prosthesis from a
strong, resistant and durable material which is inex-
pensive to produce and yet offers high functionality
with natural control by the user. After multiple iter-
ations of the design of the fingers and palm, a design
that was satisfactory in both aesthetics and usability
was created. Finding a design that can host ten servo
motors was a challenging task, but with the extent
of research and the approach of experimenting with
different variables in the design allowed us to create
a prosthesis that has double the power and precision
in comparison to most prosthetic devices which use
only one actuator per finger. Extensive research was
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also done on the material to be used for the 3D print-
ing of the device, and finally it was decided that Ny-
lon PA12 mixed with carbon fiber would be the op-
timal solution for the final product.

To ensure that the proposed prosthesis is able
to be used in real-world situations for extended pe-
riods of time, certain aspects of the system still need
to be tested and analyzed, such as:

Detailed and thorough testing of the strength,
rigidity, heat and chemical resistance and overall
durability of the finished prosthesis.

Design of a comfortable yet stable socket con-
nection in order to better attach the device to the re-
sidual limb of the user.

Further improvements of the control system of
the device and the classification algorithm, as well
as expanding the range of possible movements.

Real-world trial studies using amputees to bet-
ter ascertain the pros and cons of the proposed de-
vice in order to improve upon possible flaws that
may have been overlooked.

In conclusion, the design for a low-cost myoe-
lectric forearm prosthesis with the ability for indi-
vidual finger control that was presented in this paper
is a solid base for the production of an affordable
yet functional device which can improve upon the
lives of many people. After the completion and im-
plementation of the aforementioned improvements,
we can ensure that the device will be a strong con-
tender in the market due to the innovative hardware
and software approaches that were used in its crea-
tion, while also allowing it to be available to a larger
number of people who have a need for it.
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