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DESIGN FOR MANUFACTURING AND ASSEMBLY OF A
FINGER SUBASSEMBLY FOR A PROSTHETIC DEVICE

Florin - Felix RADUICA', Ionel SIMION?

Over the years, prosthetic design has evolved with the technology
development. In recent years an emergence of additive manufacturing technologies
has led to a wide variety of prosthetic designs. Our study uses Design for
Manufacturing and Assembly (DFMA) to develop a methodology for the design of
low-cost 3D printed upper-limb prosthetic devices. The aim was to adapt an existing
DFMA methodology to be used for prosthetic design. The initial design was modelled
in open-source software and improved with DFMA software with the proposed
methodology. The resulting design led to a better performing prosthetic at a lower
price. This research can be used to further develop existing devices using the proposed
methodology.

Keywords: upper-limb prosthetic device, low-cost, 3D printing, DFMA,
concurrent engineering.

1. Introduction

The human hand has a large number of degrees of freedom, but trauma may
lead to function loss. Hand motor function loss initially puts patients in social-
economic distress, then it forces adaptive attitudes and finally make them turn to a
prosthetic device. Prosthetics are bespoke and patients need to visit the clinic
several times before getting fitted with a device. While this type of devices belongs
to the traditional way, new prosthetic devices have seen a lot of improvements and
during the past 20 years, the development of 3D printed prosthetics, that require
less handling, has experienced an exponential growth. This growth coupled with
the part customization capabilities has led to an insertion of 3D printing technology
into many fields. In the field of bioprinting, the 3D printing technology meets
medicine. Bioprinting progress has been made to the point that small, unexpensive
and bespoke medical assistive devices are highly available to patients. Patients
benefit from a design process that considers the manufacturing and assembly of
these assistive devices. A device design is optimized to consider the material
properties of which the prosthetic is made, and the performance characteristics are
enhanced by design intent. Design evolution is aided by the presence of online
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databases filled with prosthetic design files that are available to be used, redesigned,
and customized.

2. Literature review

There have been few studies regarding Design for Manufacturing and
Assembly (DFMA) [1] integrated into the prosthetic field. However, there seems to
be an established theoretical and fundamental basis for the general approach for
DFMA [2]. While in prosthetics there is a lack of literature, in the industrial
engineering field, welding is done using Design for Welding DFW strategies [3],
in the construction field, Design for Deconstruction/Disassembly DFD is used [4],
[5] and in the product design field, Design for Reliability DFR is used [6]. A
classical approach to prosthetic design is described in [7] where the performance of
several composite materials are compared for a proposed design. The design is
undertaken using the following stages: (i) a modeler software is used to define the
geometry, (ii) FEA software is used to analyse stress distribution, (iii) the parts are
manufactured using injection moulding and (iv) the parts are tested using physical
testing apparatus to validate the design. A more modern approach is described in
this study [8] the authors use DFMA and FEM to design a 6-bar mechanism knee
prosthetic. Initially they use DFMA software to increase the DFA index by 5%,
then they use DFM to further refine the injection moulding manufacturing process
and finally they use FEA to develop a new design. Additionally, this study [9]
describes an in-depth Design for X (DFX) optimization using DFMA, FEA and
DFE in biomedical products such as orthotic knee joints. The authors used a
methodology based on (a) iterative designs, (b) CAD model enhancement, (c) FEA
analysis, (d) DFM with CNC milling optimization and (e) Design for Environment
(DFE) to enhance Cycle time reduction and manufacturing time reduction using
robust design tools.

Although customization may be expensive this is not the case for 3D printed
prosthetics. There are several types of prosthetic devices available for hand function
recovery. Usually we think of these as (1) passive devices, where the prosthetic has
just a cosmetic function and (2) active devices where the device has multiple motor
functions. Furthermore, the active devices are subdivided into (a) body powered,
where the motion is done through the movement of the residual limb or other body
part, (b) external powered devices, where the movement is done through sensors
that trigger motors on muscle tensioning and (3) mixed actuation devices where one
segment of the arm is body powered and the hand is externally powered.

The multidisciplinary approach to the field of low-cost upper-limb
prosthetics, permits case studies on implementing new techniques from other areas
of research. In the case presented in the paper, not much had been done yet to
improve this type of product in the DFMA approach. The novelty of the present
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work introduces DFMA to the field of low-cost upper-limb prosthetic device
design. Although some multidisciplinary approaches are discussed in the literature
on additive manufacturing, thermoforming, casting [10] and on integrating
artificial intelligence and virtual reality [11], not a lot has been said about
incorporating DFMA into the process. The improvements are usually either for
optimizing biomimicry [12] or being functional like in the extreme case of energy
return-based sports prosthetics [13].

During initial design of the prototype finger the dimensions were added to
have a base point for the design. The product is part of a bigger assembly, but for
the study only the finger was considered. The 3 segments are destined to be used as
bars in a mechanism meant to move as to grasp objects.

Although much work has been done to date, more studies must be done to
establish a design methodology in the field of prosthetic devices. The lack of such
information represents a gap in our knowledge of design methodology for upper-
limb prosthetic devices.

The purpose of this study was to develop a design methodology for
prosthetic devices based on the DFMA principles. Specifically, the work focused
on the redesign of a low-cost 3D printed upper-limb prosthetic device.

This topic was identified as being of importance to patients with upper limb
loss and researchers looking to expand the field of prosthetic design. It is hoped that
information from this study may be useful in identifying areas of lack of knowledge
to those who are responsible for designing prosthetic devices.

Fig.1. Design A (right) and Design B (left)

Although a method for Design for Additive Manufacturing (DfAM)
described in [ 14] the concept is applied with a finite element analysis in the context
of metal parts manufacturing. However, the basic elements may be considered for
inclusion in prosthetic design. Thus, further research may include the DfAM in the
context of concurrent engineering for fused filament fabrication (FFF) of
prosthetics.
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The aim of the study is to improve 3D printed upper-limb prosthetic designs
using the DFMA methodology. A case study is presented of a finger prosthetic
design. The design is analysed and improved using the DFMA approach.
Consequently, the purpose of the present work is to propose a novel design
methodology.

2. Materials used for virtual prototyping

The DFMA software (Boothroyd Dewhurst, Inc, Rhode Island, USA)
licensed by University POLITEHNICA of Bucharest, was used to perform analysis
on an existing design of a finger prosthetic. The computed results are presented in
subsequent sections of the present work.

The redesign of the prosthetic finger was done using FreeCAD (Freecad
Project Association, Brussels, Belgium). The software allows free license use as it
1S on open-source project.

The computer used to run DFMA and FreeCAD has an Intel Core i7
processor with 16 GB of RAM system memory. The graphics card is a NVIDIA
GeForce GTX 1660 with 6 FB of video RAM.

3. DFMA Methodology for design improvement

The finger subassembly of an upper-limb prosthetic device with both body
powered and external actuation for patients with partial hand loss was redesigned.
The 2 prosthetic device variants were considered for comparison with the following
naming convention: (A) is a generic design and (B) is the redesigned variant. The
redesigned device had to be low-cost and 3D printable with little complexity
regarding assembly. Design (A) was altered regarding improving performance.
Initial performance was tested and the performance of what become device (B) was
also tested. In the end a comparison of the 2 variants gives the performance increase
of Design (B) over Design (A). The investigation was performed virtually, on the
lab computer with Computer Aided Engineering software as seen in Figure 1. Using
the DFMA software the analysis for assembly and design for manufacturing were
conducted on the initial design and the design variation.

Both designs are wire/cable driven. In the case of prosthetic devices, there
are 2 ways of actuation either through wire/cable or through bar mechanisms. The
system of cable/wire was chosen because of its lightweight design and the elastic
capabilities. Although the bar mechanisms are much more robust and are highly
studied in the literature, the increased complexity and larger volume displaced led
us to choose the cable/wire system.

Although the sample is small, this provides an opportunity to better
characterize the performance of the two devices. Furthermore, this also gives the
chance to include more criteria. However, this does not mean that the restrictions
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do not apply. Additionally, our study applies to low-cost prosthetics but does not
apply to commercial prosthetics. In each case there were two broad categories of
analysis (1) Design for Assembly (DFA) and (2) Design for Manufacturing (DFM)
as described in [15]. In Equation 1 the DFA index is defined by the relationship
between N, - theoretical minimum number of parts, t,,, - minimum assembly time
per part and finally t, - estimated total assembly time.

ta

The initial design, Design (A), was selected from recently published
literature and was developed in a previous study by the authors, to introduce a new
method of actuation. The study considered only low-cost prosthetic devices. This
criterion was employed to assure understanding of design intent for both devices.
The list of parts is described in Table 1.

Table 1
Parts of the finger subassembly
Part name Print time Weight Filament length

[min] [g] [m]

Index distal 105 11 4.26

Index middle 98 11 3.88

. Index proximal 195 22 8.14
Design A 2 x M3 screw - - -
2 x M3 washer - - -
2 x M3 nut - - -

Index distal 2 42 4 1.43

Index distal 2/2 40 4 1.33

Index middle %5 45 4 1.45

Design B Index middle 2/2 41 3 1.25

Index proximal %5 56 5 1.97

Index proximal 2/2 65 6 2.23
2 X bearings - - -

The virtual testing instrumentation in this study employed the DFMA
software (Boothroyd Dewhurst, Inc, East Greenwich, Rhode Island, USA), which
permits the assessment of cost of assembly, duration of assembly, manufacturing
costs and a custom cost spreadsheet for estimating production cost of 3D printing
described by equations from 2 to 5 and in Figure 2.

Both designs were tested in the environments described previously. The
designs were brought individually into the testing software environment where they
were analysed for DFA and DFM. For design (B) the performance characteristics
were derived after the redesign of Design (A). For each design we compared the
output of the DFA and DFM software components of DFMA and the results derived
from our spreadsheet calculator.
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The parts designed in each case were inserted into the DFA component of
the DFMA software. Table 2 shows the parts with their respective operations that
are considered in the DFA study.

In general, prosthetic devices are bespoke. At least the interface between the
amputee and the device is personal to everyone. In the case of the presented work,
the methodology considered a reference model, and no other variations were
considered to avoid high complexity.

A tabular analysis was used to test performance differences. Furthermore,
charts were drawn to better establish the differences between the two variants of the

prosthetic device.
_ Cp +u+m

Uc—a—l+7‘p'€p (2)
Mpc =Mm; " Pw (3)
Py =d; " d, 4)
Tc:Mpc+pt'Uc+Pdc (5)

Where U, — usage cost, c,- cost of printer, u- upgrades, m- maintenance,
a;- average lifetime, 7, - rated power, e,,- energy price, M- material part cost, m,-
material cost, p,,- part weight, P;.- part design cost, d;- design time, d.- design
cost, T,- total cost and p;- printing time.

Table 2
DFA considerations included in the study.
Design A Design B
Part Count Part Count
01_index_distal 1 01_index_distal_01 1
02_index_middle 1 01_index_distal_02 1
Threaded fastening 1 Snap/push fitting 1
03_index_proximal 1 02_index_median_01 1
Threaded fastening 1 02_index_median_02 1
29 bolt 2 Snap/push fitting 1
30_washer 2 03_index_proximal_01 1
31_nut 2 03_index_proximal_02 1
Feed wire/cable 6 Snap/push fitting 1
through aperture
Lace harness 1 Bearing 2
Feed wire/cable 3 Snap/push fitting 2
through aperture
Lace harness 1 Feed wire/cable 6
through aperture
_ _ Lace harness
Feed wire/cable 3
- - through aperture
} } Lace harness 1
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Fig.2. Diagram for 3D printing cost estimation

The prosthetic was developed to regain lost motor function of the human hand. It
was intended for adults of all ages and could be provided on request. It was designed
for use in undertaking activities of daily living. The prosthetic operated in two
positions, either open or closed. Its operation permitted the user to grab objects. The
prosthetic consisted of five fingers, with three segments each except for the thumb,
that were attached to the palm with screws. The palm was linked to a socket with a
hinge and on the socket 3 motors that pulled on cables from the fingers were
attached. Tensioning of the cables by motor actuation of wrist contraction provided
the motion of the prosthetic. We considered the index finger and its redesign here.

The CAD software FreeCAD (Freecad Project Association, Brussels,
Belgium) was made for mechanical engineering design. It was intended to replace
drafting and generate mechanical parts and assemblies with easier implementation
and management. It was designed for use in typical engineering design offices. It
operated on the lab computer. The design engineer provided input data and the
software would return the output design model. The export operation permitted
further analysis and improvement by other software packages. The software relied
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on computers with powerful graphics cards that can render complex geometries on
screen.

The DFMA software package was developed to improve engineering design
by considering multiple methodologies at once. It was intended for design
optimization and cost reduction. It was designed for industrial applications that used
production machinery to make parts. The DFMA software is divided into two
smaller packages. The DFA package is used for assembly process optimization
while the DFM package for manufacturing optimization. The software takes the
CAD model, assembly processes and manufacturing processes as inputs and outputs
optimization proposals based on assembly and manufacturing methodology
improvements. Although the DFM software can analyse many technologies, 3D
printing is not considered. To solve this issue, we compiled a spreadsheet calculator
to determine the performance characteristics necessary to compare the two designs.

Implemented through case studies like presented in [16] the DFMA
methodology is developed in this work alongside the redesign of a prosthetic finger
device. We have improved a 3D printed upper-limb prosthetic design using the
DFMA methodology with novel particularities presented in section 3 on DFMA
Methodology for design improvement.

4. Results

Figure 3 displays the cost per part comparison between Design A and
Design B using additive manufacturing for an upper limb prosthetic device
subassembly. The cost per part for Design B is significantly lower than Design A’s
part costs. Manufacturing costs for the 3D printed parts of Design B outperform the
Design A parts by a factor of 2, making the redesign an obvious improvement in
this case. For example, in the case of the distal segment of the finger, the Design A
part would cost $1.14 while in the Design B variant this would cost $0.72 less.
Clearly, the findings indicate that Design B is the better choice for manufacturing
of the prosthetic parts. It appears that the high customization aspect of the device
makes it hard to be manufactured in technologies other than 3D printing.
Conversely, the same situation appears for the middle and proximal segments of the
finger subassembly. Ultimately, shape drives costs down and leads to
improvements based on the DFM methodology.

Design A had several screws, nuts and bolts which had potential for removal
as the analysis concluded. DFA indices were derived from the analysis study and
are given in Figure 4. The DFA index was computed, and the results can be seen in
Figure 4.

The DFA index difference shows that the proposed design, Design B, has
an improved performance in the assembly process as compared to Design A. The
difference is cause by for example, the removal of fasteners. The fasteners were
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replaced with snap joints. Similarly, to the DFM, we can say, that the design has
been improved in the DFA methodology as well.
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Fig.3. DFM cost comparison between 3D printing of Design A and Design B
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Fig.4. DFA index comparison between Design A and Design B
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Fig.5. DFA total cost comparison between Design A and Design B

The total cost and total time comparison between Design A and Design B
are displayed in Figure 5 and Figure 6. While the printing parameters are compared
in Figure 7 and Figure 8.
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Fig.6. DFA total time comparison between Design A and Design B
Although the DFA index of our methodology results in a 6.24% efficiency
gain, in this case study on knee prosthetics [17] the efficiency increases with 13.6%.
In the case of this study [8] 16.48% was possible. Nevertheless, our methodology
achieved an improvement.
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Fig.7. Printing time estimation comparison between Design A and Design B
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Fig.8. Weight of 3D printed parts estimation comparison of Design A and Design B
5. Discussion

The DFMA methodology implies that a positive engross improvement can
be made upon the product if assembly and manufacturing factors are considered
during the design stage. Consequently, the methodology is used in design strategy.
Moreover, to improve the design efficiency, software like the DFMA considered in
this work are used. Finally, both the methodology and software are introduced in
the field of low-cost upper-limb prosthetic design by the present work.

The emerging additive manufacturing technologies coupled with the DFMA
process led us to derive that existing generic designs of prosthetics have great
potential if adapted to the new processes. The findings show that adapting generic
designs to new technologies and using concepts like DFMA, can lead to improved
prosthetic designs. One possible conclusion is that the design requirements for the
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new technologies are less demanding and have an impact on the performance of the
design.

The DFA index shows an improvement in the design by more then 6%
which results in a faster and cheaper assembly process for the proposed changes to
the generic design. The total cost and total time shown in Figure 2 and Figure 3
gives evidence of improvement in cost and time reduction for the assembly process.

The DFM methodology outlined in Figure 4 reflects through Figure 6 3 cost
reduction with manufacturing per segment. The reduction in printing and weight
time shown in Figure 7 and Figure 8 demonstrate improvements in the DFM
component of the study.

Extracting the cost and time parameters from the DFMA software gives the
opportunity to compare cost and time for the 2 variations. The results in figures 5
and 6 suggest that Design B has a lower total cost and time associated with it.

This study has taken a step in the direction of defining a design methodology
for low-cost, upper-limb prosthetic devices. It is possible of course that the
commercial prosthetics industry may not benefit from this methodology as much as
the low-cost open-source industry.

Low-cost prosthetic devices have seen a breakthrough with the rise of
additive manufacturing. The presented designs are simplified, and the study does
not address complex commercial devices. Usually, functionality in these types of
prosthetics is sacrificed along with mechanical reliability and fit [18]. This is to
provide a low-cost transitional device to aid amputees as they wait for their
commercial variant.

The approach outlined in this study should be developed and applied to
different parts of prosthetic devices to improve upon the proposed methodology and
design process.

Although the results seem to indicate a performance increase of the design,
no actual physical tests have been done to verify the validity of the results. No
practical test has been conducted. Moreover, this might constitute the basis for
further research.

Similar to [19] which presents a DFMA and sustainability approach the
originality of this work is the illustration of the integration of DFMA into upper-
limb prosthetic design for improved product design. Using the DFMA methodology
in addition to rapid prototyping is a useful way to accelerate product development
[20]. In the case of prosthetic device design development, we detailed the process
on how this methodology might be applied to prosthetics.

The matter of conversion of time-to-money is considered and has been
extracted from the DFMA software once every assembly step has been inserted and
corelated with the cost of doing set operation. Despite this, an overall total cost was
not established. Furthermore, an overall total cost of the product may depend
greatly on the local technology and equipment used. Moreover, total cost may
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include non-engineering topics and items not related to the current work going as
far as branding and marketing costs.

Socially, 3D printed upper-limb prosthetic devices improve quality of life
for amputees. The present research is devoted to improving prosthetic design to
empower people with low access to healthcare insurance. There are estimations of
3-4 people out of 100,000 that suffer from limb loss due to amputation [21].
Although these prosthetics are usually used as transitional devices, low-income
households have no choice then to use them as final devices. Furthermore, the 3D
printed prosthetics are also used in underdeveloped countries and war zones.
Although neither sufficient research nor policy is enough, the research effort tries
to improve devices through efforts like the present work.

In the current work the authors outlined a new design methodology
approach for prosthetic devices. The presented case study and its highlighted
experimental results show an encouraging outcome. Although the work of [1]
covers a lot of manufacturing technologies, it does not offer a prosthetic device
DFMA methodology. This leaves room for further research opportunities in the
field.

6. Conclusion

The aim of this study has been to develop a methodology to improve generic
designs of upper limb prosthetic designs. As the figures show, by using 3D printing
and applying DFMA the design performance is increased from the DFM and DFA
point of view. The relationship between using 3D printing and applying DFMA is
quite strong and leads to innovation in high customization industries like the low-
cost prosthetic device industry. These findings support the conclusions of other
studies that DFMA included among other processes may enhance designs in the
industry where it is applied.

We have presented a case study of a finger prosthetic design. The initial
generic design was improved using the proposed DFMA variation for prosthetic
devices proposed in section 3 on DFMA Methodology for design improvement.
The novel design methodology regarding prosthetic design using a variation of the
DFMA methodology and additive manufacturing. This has led to a gain of more
than 6% in efficiency.
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