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Abstract

Voluntarily closing body-powered (BP) prosthesis is generally accepted as a low-cost solution for upper limb
amputation and is more suitable for the amputation problem in the developing countries. Utilization of a locking
mechanism is beneficial to lessen patient’s fatigue which is usually presents in the operation of a voluntarily
closing body-powered prosthesis.

Unfortunately, commercial prosthesis locking mechanism are still susceptible to force-drop in its pinching up to
90% of original force. Moreover, exporting commercial prosthesis locking mechanism into a wide range of area
in developing countries can be a challenge due to various factors (e.g., the low accessibility of an appropriate
medical center, lack of specialized personnel, and general logistical problems of the devices).

To solve this problem, we propose to utilize a 3D printed the locking mechanism of a hand prosthesis. Thus, the
goal of this project is to design, fabricate, and evaluate a 3D printable locking mechanism for 3D printed
transradial BP prostheses for developing countries.

We examine the state of the art of 3D printing to select appropriate process and material and the patents
regarding locking mechanism and prosthesis to select the appropriate proof of concepts for locking mechanism.
We select the best proof of concepts using Harris’s profile with the design criteria adopted from prosthesis’s
user basic requirement extracted from the scientific literature. In the end, we choose self-energizing brake
concept for the locking mechanism, PLA for the material, and FDM for the 3D printing process.

We fabricated the locking mechanism in 1 assembly direct after printing using a non-assembly mechanism. After
using spring as the mean of evaluation, this mechanism can hold up to around 75 N force from the hand using
polypropylene wire. Using TRS Hook, the locking mechanism experienced less than 1 N force drop if we use the
hook to give 15 N pinching force and around 12 N force drop if we give 45 N pinching force. This value varies
with the wire material utilized
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1. Introduction

1.1 Background problem

Amputation occurs more in the developing countries in comparison to the developed countries. Staats argued
that there are several major factors that cause an amputation that is more prevalent in developing countries[*]:

e Landmines due to a time /post-war condition.

e Traffic incidence due to poor vehicle and safety

e Biological incidence (snakebites, infections, etc.) in conjunction with poor medical infrastructure that
hardly compensates emergency situations.

Staats also provided an example of a comparison of amputation due to trauma between developed and
developing countries in this matter, which can be seen in Table i. Other studies that were held locally reported a
similar conclusion about amputation due to trauma in developing countries such as India, Nigeria, South Korea,
and Iran[*™].

Table i. Per capita incidence of traumatic amputation in several countries [1]

Cambodia 1 per 256 people
Angola 1 per 470 people
Somalia 1 per 1000 people
Vietnam 1 per 2500 people
USA 1 per 22,000 people

In the literature review, Carey and her team found that voluntarily closing body-powered (BP) prosthesis is
generally accepted as a low-cost solution for upper limb amputation compared to myoelectric prosthesis[®]. This
low-cost solution, thus, is considered as an ideal solution amputation problem in developing countries[”#].
However , prosthesis user reported that they often experienced fatigue on a daily basis when using their
prosthesis [?]. One solution to address this problem is to utilize a locking mechanism to lock the operating cable
tension. Although utilizing a locking mechanism can reduce the functionality score of the subjects, it is proven to
lessen the energy required from them to perform the test[7].

However, a major problem still remains regarding locking mechanism as Smit and Plettenburg reported that a
prosthesis fitted with locking mechanism still susceptible to a force-drop up to 90% of its initial force after
activation [*!]. Nevertheless, even if we assume current locking mechanism devices are sufficient, exporting
them into a wide range of area in developing countries can be a challenge due to various factors (e.g., the low



accessibility of an appropriate medical center ['?], lack of specialized personnel[*?], and general logistical
problems of the devices [**]). Keep in mind that the logistical challenge can expand beyond the locking
mechanism, as prosthesis usually come in several different parts (e.g., hand, wrist unit, terminal)

One solution to address both of the logistic problems and the force-drop problem is to manufacture the entire
hand prosthesis system via 3d printing locally, including a new 3D printable locking mechanism. Several
publications reported that incorporating 3D printing into various framework can result in several benefits for
developing countries such as; increasing living standards and providing a higher quality of healthcare [**], and
providing equipment to deprived schools and universities [*¢]. This project aims, thus, aims to design a locking
mechanism that solves both the force drop and the logistical problem exist in a developing country by taking an
advantage of a 3D printing processes

Figure 1. Voluntarily Closing Body Powered Prosthesis]
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1.2 Problem definition

Based on the previous explanation, we propose our problem definition as follow:

e Using a voluntarily closing body powered prosthesis with locking mechanism still yeilds in a relatively
large force drop on its pinching force
e logistical challenge for distributing commercial locking mechanism to developing countries

1.3 Goal

This project’s goal is to design, fabricate, and evaluate a 3D printable locking mechanism for 3D printed
transradial BP prostheses that is suitable for developing countries. With this project, we are aiming to design
and fabricate a 3D printable locking mechanism that is not suspected to a large amount of force drop and
complies to limitations that might be presents in developing countries.

11



2. Outline

This report is divided into 8 chapters. We will explain the purpose of each chapter in this chapter:

In Chapter 3, we will examine the state of the art of 3D printing and patient’s requirement for a hand prosthesis.
After examination, we will present design criteria that correspond to the patient’s requirement, and design
constraint that corresponds with the available 3D printing technology. We will also examine various relevant
patents.

In Chapter 4, we will start the design process of the locking mechanism. We will categorize the result of the
patent search and try to come up with conceptual solutions that correspond them. Lastly, we will test each
conceptual solution using the design criteria that we propose in Chapter 3.

In Chapter 5, we will try to optimize the locking mechanism, so they have a better performance.
In Chapter 6, we will design the prototype using the best design we came up from chapter 5.

Lastly, in Chapter 7, we will evaluate the prototype and compare them with the performance of various existing
locking mechanism.

Figure 2 summarized the project in the form of a flowchart.

12
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3. State of the art

3.1 3D printers’ specifications

Additive manufacturing, or widely known as 3D printing, is a relatively new manufacturing technique performed
by additively make the product in a layer-by-layer fashion. It's a fundamentally different technique compared to
the traditional manufacturing processes (e.g., mill, lathe, etc.) which are subtractive in nature. In a simplified
nature, the process of 3D printing a part starts from designing it in CAD, transferring the design to
stereolithography format (.stl), and having the printer translate the .stl into a real part with a physical body.

In his book, Gibson et al. categorized 3D printing into 4 different variations[*’]:
1. Photopolymer-based system

In this system, the solid part is created from a hardened photopolymer resin. The resin is hardened at a
certain position via a compatible light source. The print can be in a normal sequence or in a bottomed-up
sequence, as can be seen in Figure 2. The resolution of the object depends on the wavelength of the light
used to harden the resin (usually is UV). As a result, generally photopolymer-based 3D printing results in
objects with excellent precision

2. Powder-based system

In this system, the solid part is created from solidifying material powder using a specific heat source. The
heat source solidifies the material via either sintering or melting the powders. The precisions of the object
depend on the precision of the heating system.

3. Molten material system

In this system, the solid part is created from a solidified molten material. Firstly, the printer

heats up the material into its molten state. Afterward, the printer will deposit the material into a specific
location, which then will solidify at the room temperature. As such, the part’s precision depends on the
precision of the printer itself to deposit the material. One common 3D printer utilizing this system is FDM
printers (fused deposition modeling). FDM is the most common printer out of all 3D printing system.

4. Solid sheets system

In this system, the solid part is created from several solid sheets which are stacked and shaped accordingly.
The stacking sheets are then bonded together using a heat-activated resin.

14



To determine the suitable 3D printing processes for this project, we will compare each variation in Table ii. The

data we provide in this table was initially created by 3dhubs.com and has been reviewed by more than 10.000

verified owners (https://www.3dhubs.com/best-3d-printer-guide). From this info, we acquired the design

constraint in term of resolution and volume.

Table ii. Comparison for each 3D printing processes [20]

rocess Machines support resolution Build Volume rice range
P PP Approximation P &
Photolymer support 6-32
based SLA +DLP ? less microns | 6.4X13.4X 4cmto 2.8k 5 - 200k 5
150 X 55 X 75 cm
powder as 60-100
SLS 6 support microns 10X 13X 10cmto 70 17k 5 - 250k 5
Powder X 58 X38cm
based
'Mett‘all 1 powder as n/a n/a
sintering support
14 X 10 X 14 cm
100-300
FDM 108 allowed microns | 10 X 10 X 10 cm to 210$-15k S
100 X 120 X 100 cm
CFF 3 allowed 59_100 3.5k $S-70kS
Molten microns | around 33 x 25 x 20
Material cm
Based 16-100 | around 25.4 X 20.3
Jetting 3 allowed ) ' ' 60k S - 70k S
microns X 38.1cm
. 16-100
Polyjet 2 allowed microns | 25.5 X 20 X 25.2 em 20k S - 25k S
and 30 X 15 X 20cm
Sheet
Based n/a n/a n/a n/a n/a n/a
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3.2 Mechanical properties of common 3D Printing material

3.2.1 Material from photopolymer 3D printers

Due to the variating factor affecting mechanical properties from curing a photopolymers [*7], it is challenging to
have a precise mechanical properties consideration from just the material itself. To help us, 3dhubs.com had
compiled a summary of the mechanical properties of several common resins. We prefer this reference over
those from the academic literature due to: (a) the limitation of available academic literature regarding this issue
and (b) the data is sourced from various commercially available resin. The literature showed that SLA 3D printing
processes would result in a broadly isotropic product [*¥72°]. Table iii shows the summary of materials used in

SLA 3D printing

Table iii. Summary of the mechanical properties from common resins [21]

Resin type
gzgslard & Tough Durable Heat resistant r%?;?(;?g; d

strlezr%?hl?;m;: t 25 38 109 14 | N/A

brEzl;lin(%/(’:)tlon “ 6.2 24 49 2 5.6
str-le-z(relgfrilliMPa) 65 5.7 31.8 51.1 75.2
M()Tdeur}jie(GPa) 2.8 2.8 1.26 3.6 4.1
M(l):clli)l(LTsra(lGPa) 2.2 1.6 0.82 3.3 3.7
MII:aD (T c@; 045 73 48 43 289 88

3.2.2. Material from powder-based 3D printers

Like photopolymer, the mechanical properties of powder-based 3D printing materials depend greatly on the

local processes condition [?2].0n the other hand, unlike photopolymers, powder-based 3D printing processes

result in anisotropic products. As can be seen from Figure 3, there are non-homogeneity in the microstructure
of an SLS printed parts, which leads to its anisotropic nature. For the sake of comparison, we will use the
mechanical properties provided by the material supplier in Table iv and Table v. In the case of the mechanical
properties of metal 3D printing materials, we use a property provided by a supplier due to insufficient
information from the academic literature
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Figure 3. Microstructure of a SLS 3D-printed product [28]

Table iv. Mechanical properties of nylon-based SLS 3D printing materials [25]

Nylon-based material

General Bi iol glass bead Aluminum Pol letherk
purpose nylon "I’Compa“ € filed nylon | filled olyaryletnerketone,
PA 22100 nylon PA 2221 | bA 3200GE | nylon PEEK HP3
" /[C);r,‘\sé;y 0.93 0.93 1.22 1.36 1.32
Elongation
at break (%) 6 24 10 9 4
Tensile
strength 48 44 51 48 90
(MPa)
Tensile
Modulus 1.7 1.6 3.2 3.8 4.2
(GPa)
o stJp@a ) 163 157 166 169 165

Table v. Mechanical properties of metal-based SLS 3D printing materials [26]

Metal-based material

Aluminum . . Stainless Steel
(AISi10Mg) Titanium (TIAIBVA) | 3161 or 1.4404)
« /Erirlsé,';y 2.68 4.41 7.9
Elongation at Sep-13 13-15 25.55

break (%)
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(M\;‘i')d strength 215.245 min. 860 380-560
StrTe‘f]g;i]'e(MP ) 335-355 min. 930 485-595
Mc-)rdeur:j!e(G Pa) 50-70 104-124 180
(H';g)d”ess 114-124 308-332 89

For the fatigue properties, in general, the material will higher fatigue is directly proportional to the smaller size
of the powder used and the higher energy-density from the heat source [?3].

3.2.3 Material from molten-based 3D printers

Similar to powder-based, Anisotropic also happens in the molten-based 3D printing. One explanation for the
phenomenon is due to raster angle of the print. We provide a visualization of this angle in Figure 4In general; the
material will be stronger when loaded in the direction following its raster angle, compared to the other direction

[23].

@ (b) ©

Figure 4. Anisotropy due to the raster angle of the specimens [32]

Another factor that can affect the mechanical properties of molten-based 3D printing materials is the air-gap
between rasters. As can be seen in Figure 5, air gaps can form based on the raster of the printing. A positive gap
(meaning the roads do not touch) can lead to stress concentration which then can lead to failure [?*]. On the
other hand, from the same publication, a negative gap (meaning the roads overlap, creating a denser part in that
area) can results in higher tensile strength compared to zero gaps (meaning the roads is in contact with each
other).
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Figure 5. Air gap from a test specimen [30]

For the sake of comparison, we provide the summary of the mechanical properties of every common molten-
based materials in Table vi Table vi. Summary of the mechanical properties of every common molten-based
materials [31]. The data we use come from a compilation provided by one of a widely-used 3D printing slicer
software [*°]. We used this data due to the several additional information that is important for practical
purposes they provide, most of which is usually missing from the academic literature

Table vi. Summary of the mechanical properties of every common molten-based materials [31]

Molten-based material
ABS . PETG
(Acrylonitrile FIeX|bI_e (Polyethylene PC PP PL.A
. (Thermoplastic (Polylactic
Butadiene Terephthalate | (Polycarbonate) | (Polypropylene) .
polyurethane) Acid
Styrene) Glycol)
Density (g/cm”3) 1.04 1.19-1.23 1.23 1.2 0.9 1.24
Ultimate strength
(MPa) 40 26-43 53 72 32 65
. 7.5 out of
Stiffness* 5 out of 10 1 outof 10 5 out of 10 6 out of 10 4 out of 10 10
Extruder
Temperature 220-250 225-245 230-250 260-310 220-250 190-220
(Celsius)
Maximum
temperature before 98 60-42 73 121 100 52
thermal deformation
(Celsius)
Heated bed required optional required required required optional

*the Stiffness comparison is defined as “the difficulty to bend the material” in the source, as opposed to using the elastic modulus

For the fatigue data, generally, the literature has shown that a raster angle of 45° has a higher fatigue life [2%]
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3.3 Non-assembly mechanism

One of the key advantages of additive manufacturing is the possibility to design and realize a non-assembly
mechanism. The non-assembly mechanism allows an engineer to fabricate a complex and functional structure
regardless of any specialized manufacturing resources [*]. This feature, along with the high customizability of
additive manufacturing process can result in a personalized “print and use” product for end customer. To
achieve this means, an engineer can utilize either traditional-manufacturing-inspired rigid joint or compliance
joint.

In a rigid joint, it usually consists of multiple bodies as a link and is restraining to only move in a specific Degree
of Freedom (DoF). Figure 6 shows a range of example of rigid joints of various DoF. The clearance between parts
plays a crucial role in ensuring the operationability of the joint. A clearance too big can cause joint vibration and
instability while a clearance too small can cause an immovable joint [*]. As for now, this clearance value varies
greatly to the additive manufacturing processes itself, and are highly experimental in nature to find the suitable
setting for each process [%]. Additionally, support utilization (for additive manufacturing process from the
molten-based processes) can also create issues as. Usually support removal can cause damage to the surface
quality of the corresponding part. Moreover, apart from affecting surface quality, support generation can also
hinder the mobility of the joint itself, as can be seen from Figure 7, while the removal of this support might be
hard due to the small clearance from the parts.

Figure 6. A range of examples of rigid joints with various DoF [44]

In compliance joint, usually, the two to-be-connected parts are joined using a small structure(s) that can
undergo a large deflection. As opposed to the rigid joint, non-assembly mechanism of compliance joint relies on
the geometrical arrangement and the mechanical properties of involving material, on the contrary of relying on
the geometrical accuracy of the part. Due to the involvement of large deflection, characterization of these kind
of joint usually relies on a modeling approach due to the non-linear nature of large deflection, which is heavily
affected by the geometrical design parameter of each type of joint [3*°].We provide examples of several
compliance joints in Figure 8
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3.4 Body-powered prosthesis basic user requirements

In this section, we will examine the general requirement of the design approach regarding a hand prosthesis. We
will follow the requirement that Plettenburg has provided : control, cosmetics, and comfort [31].

3.3.1 Control

To control a transradial BP prosthesis, we can use a shoulder harness or elbow harness to generate the force for
the cable. Shoulder harness has a higher movement variation compared to elbow harness but is harder to d-on
and d-off [*]

Furthermore, the force from the cable is used to either close or open the prosthesis’ grasp, depends on whether
the prosthesis is voluntary-open (VO) or voluntary-closing (VC). In his publication, Sensinger reported that in
general, VC’'s index of functionality is higher while also requires less force to operate (to close hand in VC or to
open hand in VO) in comparison to VO [3?]. Although he also stated that VO is preferred because it takes more
effort to maintain the grasp in VC, locking mechanism directly addresses this particular problem.

Another thing to note is the hand opening width of the prosthesis, in which a certain value is desired to be able
to grasp various objects. The Bowden cable’s displacement will affect the value of the maximum hand opening
value. While the exact relationship between the two depends greatly on the hand design, the locking
mechanism should allow that displacement to take place. Smit and Plettenburg reported that the maximum
value of cable displacement exhibited from several BP prosthesis is around 60mm [*!]

While it is preferable to have a lower activation force because there is an influence of a high cable activation
force on patient’s ability to manipulate object [*®], we will use the maximum amount of cable activation force
from several BP (which is 131 N ['}]) as the basis for the design of the locking mechanism.

3.3.2 Cosmesis

While the cosmetic value of a prosthesis arguably is a subjective matter that depends on each individual user,
there are several design guidelines we can use. Firstly, a design featuring sharp edges should be avoided [*]
because it can cause a tear to the cloth and can be painful if it touches the user’s skin. Secondly, specific in
developing countries, prosthesis users may want to look as normal as possible because people there might
consider disabilities as some kind of bad stigma [**]

2.3.3 Comfort

Prosthesis’s weight is considered to be the focal point of for user’s comfortability on using a prosthesis [31].
Ideally, an addition of a locking mechanism should not alter the whole prosthesis system’s weight. All of the
aforementioned locking mechanism available in commercially are either installed in the socket (TRS, Inc. Sure-
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Lock cable system) or in hand itself (APRL VC hand). In the latter case, the locking mechanism is included in the
hand prosthesis itself. Thus we argue that the socket lock is better because it can be used as a generic locking
mechanism for various other prosthetic hands.

Smit reported that a weight of 347 g is already considered as too heavy for an amputee with weak residual hand
[3*]. We will use this as a reference Cyborg beast hand’s weight [’] for the weight of the socket in which the
locking mechanism is installed.

3.3.4 Durability

A Prosthetist usually will perform a mall maintenance for a prosthesis every 3-6 months [3*]. Luchetti et al.
reported that the minimum number of prosthesis’s opening and closing cycle in one year is 75.000, with a
median of 130.000 and a maximum of 790.000 [*]. We will use this data as a basis of the fatigue limit for the 3D
printing material

3.5 Cable-Related Locking Mechanism from patent search

In this section, we review the variations of existing cable-related locking mechanism. We performed a patent
review from Espacenet.net as the basis of the design of the locking mechanism. The search was conducted in
the WW publication with these following terms: (1) Lock* AND prosthe* AND mechanism OR device, and (2)
Lock* AND cable AND mechanism. The first search yields in 26 patents in English and the second search yields in
18 patents in English. After examining the resulting publications, we divided the locking mechanisms based on
their locking principle and their locking interface. We show the complete findings in Table xi.

Differentiating by its principle, we distinguished the locking mechanism using shape lock and friction lock. In
friction lock, the mechanism utilizes the contact friction between the cable and the brake pad from the
mechanism. If the cable force exceeds the static friction generated by the mechanism, the cable will just “break
free” from the lock. In shape lock, the locking mechanism will obstruct the cable’s movement using an object
that can be engaged or disengage to block cable movement’s path. Should the cable force generate a strong
enough stress, the obstructing object will break, and the mechanism will fail.

Differentiating by its interface, we distinguished the locking mechanism using 3 principles. The first principle is
to lock the cable through an interface, exemplified by Figure 9. The locking mechanism afterward locks the
interface in place, resulting in the locking of the cable itself. The second principle is to lock the cable directly, like
in the left picture of Figure 10. In a force lock, the static friction happens between the brake and the cable itself
directly, and in a shape lock, the obstruction is blocking the cable’s path directly. The third principle is to lock the
cable via mounting the cable in a winch, as can be seen in the right picture of Figure 10. If this which is
restrained from a rotational movement, the cable can also be held in place via capstan equation. We summarize
the classification of all locking mechanism found in the patent database in Table vii
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Figure 9. Example of cable locked through an interface. Here the cable (17) is locked in its place via a pawl (28) and a ratchet (22) [©].

27 LocK

Figure 10 left: Locking the cable (120) directly with a cam 608 [**] ; right: Locking the cable (72) via a winch (59) [*3]
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Table vii. Classifying our findings from the patent search

Cable Interface
c . . .
A (locked through an | B (force acting (cylindrica prosthesis locking mechanism (no cable)
interface) directly on the cable) | |
interface)
US2011140462,
engages | US6808407 (pin); US20062 .
US5507837,W09916391(thread);
lock US2004180568,US2 | US2002184824 19144 US6626951,US2010094393,US4085506,US2010094393(pi
manuall- | 009275246 (screw) (electric motor) (electric n)
y ; US6447170 (snap- motor)
x fit)
[5]
o
(0]
Q.
&
Pl gages US4795468,W02006063363 (snapfit) ;
IOC?( 9 US2002166351 (pin) US40743 | US4074367,US2004030410,US200410285US2016317327,
automati ; US5800571 67 US2005216096,US2005038522 (ratchet);
cal (ratchet) (ratchet) | US2012245707,US4659312,US2003195636,(spring
y +obstruction)
US2014048638
(electric motor); . .
Force lock US2010132166,US2 Bgégég%gﬁgeﬂi%a)' US2015202060(vacuumy;
003046852 (hand);
W02006138388
permanent US2018119725 (Al); US2017192190 (Al);
lock US2018135780 (A1); US6354336 (B1) US2009245554,US5935175,US7097663,US5468149
Modified US2018135780,US6354336
cable
Unclear US9876312,US6368141,US2001004851 US4650491

In several of the resulting patents containing shape lock, A rachet was used. By adding ratchet, the locking
device can engage independently from an input movement. This device, however, does not accommodate for an
automatic disengagement, so an external input is still needed to release the lock.
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3.6 Discussion

3.6.1 Process and material selection

As can be seen in Table Il, FDM 3D printing machines certainly are the cheapest machine available in comparison
from the machines from another process. In addition, FDM also has the highest number of machine variation
compared to another type of 3D printing processes. We argue that the variation will increase FDM machines’
accessibility to various developing countries in the world. Moreover, the filament cost for an FDM printer can be
as low as 20S per Kg [*®]. This price is much lower in comparison to the material cost from another process (e.g.,
SLA the cheapest of which is around 54 $ per Kg [*’] and SLS the cheapest of which is around 150 per Kg [3%])

Among the material for FDM print, we chose PLA due to several reasons:

e PLA has the lowest melting temperature; thus, the 3D printing machine’s extruder doesn’t have to reach
a high temperature, which might make the machine runs without relatively high power consumption.

e PLA doesn’t require the machine to have a heated bed, making bed adhesion easier

e PLA has a relatively high strength compared to other common FDM material

e PLAs biodegradable

Jerez-Mesa et al. published a study regarding the fatigue lifespan of additively manufactured PLA parts [*°]. In his
study, he identified that the fatigue limit for bending stress of PLA is valued at approximately 45 MPa at 10k
cycle within these conditions: (1) honeycomb infill with 75% density, (2) 0.5 mm nozzle diameter, (3) 0.3 mm
layer height, and (4) printed perpendicularly of the shaft length, as can be seen in Figure 11.

Due to the anisotropic nature of FDM, the value of 45MPa is only valid to loading in any direction except along
the z-axis (along with the build plate). There is no information regarding the fatigue limit on the z-axis direction
from Jerez Meza’s publication. To overcome this shortage, we will consider John Lee’s publication regarding
fatigue analysis of PLA [*°] . In his publication, he performed a tensile test using an ISO 527 dog-bone in 3
different printing configurations (including z-axis direction). The ultimate tensile stress from the z-axis print
valued approximately a third of the x-axis or the y-axis print. Thus, for loading calculation along the z-axis in this
project, we will use a value of 15 MPa.

Figure 11.Print direction and the loading condition for identifying the fatigue limit of PLA [51]
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3.6.2 Design constraint and design criteria

We defined design constraint and design criteria for the locking mechanism in Table VI and Table VIl from the
explanation in chapter 2.

Table VI. Design constraint for the locking mechanism

no constrain unit
stress in x and y-axis* MPa 45 MPa
stress in z-axis* MPa 15 MPa
minimum dimension

3 (smallest fabricatable mm 0.5 mm
dimension)

4 maximum di.mensi.on mm 100x40x40
(boundary dimension)

5 safety factor 1.5

* X and y axis are the direction normal to the build plate of the 3D printer’s bed. Z axis is direction perpendicular to the
build plate of the 3D printer

We propose constrain 1 and 2 based on the aforementioned fatigue limit of the PLA. Minimum allowed
dimension is due to the common nozzle size of the common FDM machines. Maximum dimension is simulated
to be 1 cm less compared to the average size of the thumb breadth and the hand thickness from Dutch 31-60
aged adult [dined 2004]. Lastly, the safety factor is proposed to be 1.5

Table VII. design criteria for the locking mechanism

criterion user's requirement Technical problem Must do (0) Plan (1) Wish (2)
number
1 control Allowable force (N) <410 N 410-600 N >600 N
2 comfort Weight (g) 50-30 30-10 <25g
Number of ‘sticking out’
3 cosmesis 2 1 0
edges
Number of assemblies
4 assembly . 2 1 0
required

In reality, the force of which the locking mechanism needs to overcome in order to lock the cable is the spring
back force generated from the prosthetic hand’s mechanism. This value depends greatly on the design of the
prosthesis arm itself. For the arm used by the main hand prosthesis project governing this locking mechanism
project, a non-linear behavior is expected between the pinch force generated vs. the shoulder’s activation force.
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As such, the maximum value of shoulder force (Trapezius middle) from Charlton’s publication is used as the
criteria [*'].

While the commercially available 3D printed hands still rely on manual assembly, research around non-assembly
hand has already begun since 2001 [*?]. For this project, we aim for the locking mechanism to utilize additive
manufacturing non-assembly mechanism so that the patient can immediately use the locking mechanism
directly after printing.

For the weight, Ideally, the addition of the locking mechanism should alter the overall weight of the prosthesis
system as little as possible. For this criterion, we use TRS Surelok’s weight as the basis (50 g).

For the joints, we decided to use rigid joints, because compliance joints would require an engineer to spend
more time finding the optimal to the geometry, which affects the mechanical properties directly. Another
reason why we disregard compliance joint is because the characterization of PLA compliance joint is not
understood to a degree of safe and reliable applications.
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4. Design of the locking mechanism

4.1 Conceptual solution and winning concept

From the 6 categorizations of locking mechanism explained in chapter 3.5, we make 6 initial conceptual solution
for the locking device which we show in Table viii

Ta