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Abstract: Additive manufacturing (AM) has grown considerably in recent years in
many fields: aeronautics, automotive, aerospace, food and also an important part in
the medical sector [1]. Indeed, producing parts with excellent dimensional control, low
weight and multi materials, while having few limits regarding its level of complexity
(geometry), is a major advantage compared to traditional processes (drilling, milling,
turning, etc.). Therefore, 3D printing is today one of the most suitable technologies to
meet the needs of health professionals, thanks to the possibility of customisation and
reproducibility of the manufactured parts. In this context, this article develops and
analyses the multi-material manufacturing via additive manufacturing of a component
of a lower limb robotic exoskeleton incorporating a force sensor. In details, it contains
the approaches used, the proposed solutions and their validation and, finally, a life
cycle assessment of the product.
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Introduction: Additive Manufacturing (AM), or 3D printing process produces parts by
adding materials layer by layer according to CAD model data, whereas conventional
machining techniques traditionally work by material removal (drilling, milling, turning,
etc.). There are many 3D printing processes used in the biomedical sector, all of which
have advantages and disadvantages, but the one chosen for the part in this study is
the Fused Deposition Modelling (FDM) method. This printing method is based on
heating a thermoplastic polymer filament above its melting temperature to form the
layers of the part and is perfectly suited to our application. Indeed, one of its main
advantages is that it offers the possibility of multi-material printing by using several
print heads in parallel, while having a reduced production cost. [2]
The advantage of multi material 3D printing lies in the fact that it allows you to print
objects by depositing several materials, rigid, flexible, transparent, conductive, ...
simultaneously, thanks to a machine with several extrusion heads for example, or by
changing the material being printed, but not all processes allow for this type of printing,
hence the choice of Fused Deposition Modelling (FDM) method. In our case the part
incorporates three different materials, including a conductive material for the load cell
(ABS, TPU and PE+Cu).
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I. Context of the study
1. Initial shank support
The case study presented in this paper is a robotic shank support for the lower limbs,
which is used in the ABLE Exoskeleton (ABLE Human Motion, Barcelona, Spain). The
role of this shank support is to join the exoskeleton to the human body below the user's
knee. [3]
This support is made of a single piece and is obviously used on both legs, it is fixed to
the exoskeleton with 3 bolts, and to the leg with a strap connecting the 2 ends of the
support.
This design is operational, it satisfies the primary functions required at the outset: join
the exoskeleton to the human body below the user's knee. But it could be greatly
improved to increase the comfort of the user. This initial design had been thought with
the idea of manufacturing it by MultiJet Fusion method by HP. MultiJet Fusion
technology by HP combines inkjet technology with the use of photosensitive resins
that polymerise under the action of ultraviolet light. The main advantage of this method
is the ability to print multi-material parts (different colours and properties) with a very
high quality, but with the limitation of producing large and hollow parts. [20-22]

Figure 1: Lower-limb ABLE Exoskeleton
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Deemed "too rigid" because it was designed as a single part and had no particular
functionality, the part had to be redesigned. Therefore, a previous study consisted in
adding features to improve the use of the shank support: for example, a specific
padding for the user's comfort, to design it in several parts that can be moved in
relation to each other so that the shank support adapts perfectly to the user's leg and
to incorporate sensors to have access to real time force data.

Figure 2: Initial Shank Support

2. Previous study
The old study aimed to take the initial support shank and improve it under 3 different
designs, all manufacture with the Fused Deposition Modelling (FDM) method. For
each iteration, the number of parts, the materials used, the functionalities present
(Sensor) changed. Each time the design was validated by means of a finite element
analysis and the main manufacturing parameters compared in order to have access
to the different lead times and costs of the products.
•

Design 1:

Figure 3: Design 1 of the shank support
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Composed of 4 sections in Acrylonitrile Butadiene Styrene (ABS, BCN3D, Barcelona,
Spain), the improvement of this design compared to the initial support shank was for
the comfort of the user improving the level of adaptation its leg by adding moving parts
relative to each other (4 instead of 1 parts).
•

Design 2:

Figure 4: Design 2 of the shank support

On this second design too, the improvement of this design compared to the initial
support shank was focus on the comfort of the user by adding moving parts relative to
each other (7 instead of 1 parts) and a padding zones to soften contact with the user's
leg. It composed of 7 sections in Acrylonitrile Butadiene Styrene (ABS, BCN3D,
Barcelona, Spain), and 7 padding zones in Thermoplastic Polyurethane with a 98
Shore-A (TPU, BCN3D, Barcelona, Spain).
•

Design 3:

Figure 5: Design 3 of the shank support

Design 3 incorporates the functionalities (user comfort) of Design 2 but with 2 less
sections, so 5. But this time a detection capability (Force sensor) is added.
The conclusion of this study led to different quantified results concerning the cost and
printing time of each design, that we will see later in this report. But the goal was to
design the force sensor of design 3 on a CAD software, to print it and to test it, which
had not been made of, hence the goal of this study.
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3. Current shank support
The design of this study is the Design 3 of the previous study, in detail the shank
support is composed of:
● 5 sections (structure) in Acrylonitrile Butadiene Styrene (ABS, BCN3D,
Barcelona, Spain) allowing the shank support to be attached to the exoskeleton
using three holes on the Part 1 (See Figure 2) and a strap is attached along the
lower limb to secure the part to the body from Part 1 to Part 5.
● 4 padding zones in Thermoplastic Polyurethane with a 98 Shore-A (TPU,
BCN3D, Barcelona, Spain) on the parts 1, 3, 4 and 5 (See Figure 2).
● A conductive 3D printing filament composed of biodegradable polyester and
copper (PE+Cu, Electrifi, Multi3D, Cary, NC, US) for the force sensor on Part 3
and the internal power circuits running through Part 1 and 2 until the three holes
to do a connection with the exoskeleton.

Figure 6: Shank Support SolidWorks Model

Like said before, in the previous study the design of the sections and padding zones
had been completed, only the load cell and its power supply circuit remained to be
designed.
Note: All dimensions as well as more detailed information on the component parts of
the shank support are available in the Annexes (Annex 1 to 7)
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II. Force sensors
1. Operation and calculations
Force sensors mainly use the so-called strain gauge technology. These strain gauges
consist of closely spiral "wires" and are made from a conductive material. When the
strain gauge deforms, for example due to the application of force, its resistance (Ω)
increases (tension) or decreases (compression) [5]:

Figure 7: Strain gauge technology

The relation between the applied strain (𝜺) and the relative change of resistance (
of the strain gauge is

𝜟𝑹
𝑹

𝜟𝑹
𝑹

)

= 𝜺. 𝒌 (No unit equation) with:

•

k represents the sensitivity of a piezoresistive device depending mainly on the
material, indeed: 𝒌 = 𝟏 + 𝟐. 𝛎 with:

•

𝛎 represents the Poisson's ratio of the material, always calculated as follows:
𝑻𝒓𝒂𝒏𝒔𝒗𝒆𝒓𝒔𝒆 𝒄𝒐𝒏𝒕𝒓𝒂𝒄𝒕𝒊𝒐𝒏
𝛎 =
𝑨𝒙𝒊𝒂𝒍 𝒆𝒍𝒐𝒏𝒈𝒂𝒕𝒊𝒐𝒏

Although the variations in k are relatively small for different materials, it is still important
to take this into account in the calculations of 𝜺.
And then, in the case of a part in extension or compression, in the elastic domain, we
have Hooke's law: 𝝈 = 𝜺. 𝑬 with:
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•
•

σ: in N/m2 or Pa
E: Young modulus of the material in N/m2 or Pa

And finally, to calculate the force 𝑭 = 𝝈. 𝑺 applied on the material with:
•
•

F: Force in Newton
S: Applied area of the sensor in m2

For more complex cases (shear, torsion), strain and stress tensors should be used.
[5]

Figure 8: Strain and stress tensors

The two tensors are also linked, in the elastic domain, by Hooke's law, the calculation
of the stresses for subsequent access to the forces in the x,y,z direction is a tensor

̿ . 𝜺̿ with :
̿=𝑪
calculation: 𝝈
•

̿ the tensor of elastic coefficients, containing 36 coefficients.
𝑪

In this case of force applications, numerous and complex calculations are made,
especially if they are done manually. In this kind of configuration, the sensors (or strain
gauges) collecting the strain values on the parts are of course linked to a system
allowing to calculate the final force values automatically [14].

2. Wheatstone bridge
This type of technology is often placed/glued on the surface where the measurement
is to be made, it is easy to set up, that is why these sensors (strain gauges) to be used
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in a wide range of applications. In addition, it can be used alone or in combination, for
example with the Wheatstone bridge with 4 strain gauges for a more accurate result:

Figure 9: Wheatstone bridge

In this case, when the bridge is at equilibrium Vs = 0 but when the value of a gauge
𝑉

changes Vs ≠ 0, it is then equal 𝑉𝑠 = 4 . 𝑘. (𝜺𝟏 − 𝜺𝟐 + 𝜺𝟒 − 𝜺𝟑 ) with V: Supply voltage
at terminals A and C. [4]

3. Condition of use
Although convenient to use, strain gauges are delicate to handle and must be used
under specific conditions:
•

The most important parameter to control is temperature, as temperature
variations have a major consequence: material expansion. In the case of a
strain gauge, the expansion of a part causes a variation in the resistance of the
gauges. This adverse effect is called thermal zero drift, even if the signal is
awfully close to zero, is not zero, resulting in false output force data [15].
To minimise the influence of temperature, several gauges can be used, so a
Wheastone bridge configuration is an effective solution to temperature-related
problems. Complex configurations can even be set up (sensor coding): an
active gauge, subject to the deformation of the part, and a passive gauge
subject only to temperature variations. [16]

In our case, the use of strain gauges is a little different from the usual one, as the
Wheatstone bridge and its feeder circuits will be printed with the FDM method with a
conductive 3D printing filament made of biodegradable polyester and copper (PE+Cu,
Electrifi, Multi3D, Cary, NC, US) directly into the stem support. But this kind of
information about the effect of temperature is still good to know and to consider even
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if it is difficult to predict in our "special case". Hence the product testing phase which
is essential each time a new product is created in order to have access to data when
the product is used.
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III. Integration of the Wheatstone bridge in the
shank support
As said just before, the Wheatstone bridge and its power supply circuits will be printed
with a conductive 3D printing directly in the shank support (Part 3), like this anti-theft
device that can be found on products in shops:

Figure 10: Anti-theft device

In the previous study a schematic of the Wheatstone bridge was made, where we can
see the design of the sensor on Part 3 and the power supply circuits from the sensor
to the 3 holes of Part 1 to link it then to the exoskeleton:

Figure 11: Wheatstone bridge & Power supply circuits Schema
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1. Design of the Wheatstone bridge
Note: All designs in the rest of this report were made with Solidworks software.
This path has been made in the middle of the thickness of the Part 3 over a height of
0.2 mm and its width is 0.75 mm. These values may be subject to change in the future
depending on the final force sensor solution and tests carried out on it.

Figure 12: Wheatstone bridge Design

The first step was to "dig" the path in Part 3, Wheatstone bridge in the middle of the
part and 4 branches starting from each terminal of the resistors to have access to the
values:

Figure 13: Part 3 Design
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And then create another part representing the conductive material, having of course
the shape drawn earlier in Part 3 in order to make one and the same assembly
afterwards:

Figure 14: Conductive Part 3 Design

The fact of creating 2 different parts was important for the continuation in particular,
in order to generate different files in stl format for the software simulating the
impression.

2. Design of the power supply circuits
After the design of the Wheastone bridge in Part 3, the next step was to create its
power supply circuit always split 4 ways in Part 2 and 1 of the shank support because
the power supply came from the exoskeleton, which is directly linked to Part 1, hence
the design in these 2 parts.
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•

Part 2

In part 2, the difficulty lay in the fact in the design of the path of the electric circuit.
Indeed, due to the shape of the part, the design should not be done in the same plane
and in the same direction, as we can see in the photos.

Figure 15: Power supply circuits design Part 2
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•

Part 1

In Part 1, the design of the power supply circuit consisted simply of connecting Part 2
to the 3 holes to then make the electrical connection necessary for the operation of
the sensor with the exoskeleton:

Figure 16: Power supply circuits design Part 1
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3. Design of the hinges
Particular attention was paid to the design of the feeder circuits at the point of
connection between 2 sections, the aim being to reduce interference across the
connectors of each section by increasing the contact area of the conductive material
between the two sides of the hinges (At the end and on the sides). To avoid interruption
of the electrical signal in the event of a break in contact, for example, with the axial

Figure 17: Hinges Design

displacement of a hinge when the pieces move relative to each other.
Therefore, a design has been made so that the connection is made at the end and
on the sides of the hinge between the 2 parts. This type of hinge design was made
between Parts 2-3 and Parts 1-2.
The conical rather than straight shape of the hinge is there to limit the gap necessary
for the rotation of the parts between the 2 parts "outside" and "inside" of the hinge.
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•

On the "outer" part of the hinge the conductive material has been designed on
360°, over 5 mm along the hinge to guarantee the lateral electrical connection
with the other "inner" part of the hinge:

Figure 18: "Outer" part of the hinge

•

On the “inner” part of the hinge, the conductive material has been designed to
extend 360° and 5 mm like the 'outer' part of the hinge. And the conductive
material has been designed to go all the way to the end of the 'inner' part of
the hinge to ensure the 'end' connection with the other part.

Figure 19: “Inner” part of the hinge
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4. Connection with the exoskeleton
Finally, to guarantee the electrical connection between the shank support and the
exoskeleton, copper pins had been positioned in the holes of Part 1:

Characteristics
•
•
•

Outside diameter: 10 mm
Length: 20 mm
Inside diameter: 9 mm

Figure 20: Copper Pins

These pins have been designed and integrated into the final design of the shank
support:

Figure 21: Copper Pins Connection

After the design of the shank support finished with all these parts, it was easy to
generate from SolidWorks the .stl files of these parts necessary for all simulation
software for 3D printing.
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IV. Finite Element Analysis (FEA)
In order to validate the design of the shank support a finite element analysis had to be
set up always with the software Solidworks. The finite element analysis is carried out
only on the 5 ABS sections with a density of 60 %, because it is these parts which take
the most effort when using the shank support unlike the padding zone, hence their
elimination of the finite element analysis. The FEA is done to ensure that the values
obtained are admissible by the parts, respecting the following real conditions:
● Embedding in the holes of P1: To simulate the 3 bolted connections with the
exoskeleton.
● Force of 50 N over P1: To simulate the force managed by the bolted
connection with the exoskeleton.
● Force of 15 N over P3: To simulate the force managed by the user.
● Link connector between P1 & P5: To simulate the strap connecting the 2 ends
of the support (Part 1 & 5).
● The shank support has been put in its "use position".

Figure 22: Initial configuration of the FEA
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Results:

Figure 23: Finite Element Analysis

The results are acceptable with 18,75 N/mm 2 for situated on the hinges between the
Parts 2 & 3 and 1,013 mm of maximum displacement for the maximum load expected.
Compared to the maximum tensile strength and maximum elongation to break of 3D
printed ABS that are considered 27 N/mm2 and 23,25 % by the manufacturer.
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V. 3D Printing simulation
Note: The 3D printing simulation of this study were made with Cura software.
The 3D printing method used is the Fused Deposition Modelling (FDM) method. As
the 3D printer used has only two print heads, it is necessary to stop the printing
process to change the material supply when necessary. All the layer thicknesses of
printed parts were set at a relatively low value of 0.2 mm. The thickness of the layer is
inversely proportional to the duration of the print, but one of the objectives was to
obtain a quality print rather than a fast one. In addition, as the thickness of the layer
should not be greater than half the value of the nozzle diameter, the value chosen is
0.4 mm.
Using Cura software, the printing of the shank support was simulated in order to
evaluate the production time, the amount of material used and therefore the total cost
of the shank support.

Figure 24: 3D Printing Platform

Material cost [€/g]

ABS

TPU

PE+Cu

0.044

0.080

1.599

Page | 23

Romain CIBOT

Filament used [g]

97

41

2

Cost [€]

4.268

3.28

3.198

Table 1: Materials cost

Total cost: 10.746 €
Printing time: 20h36min
To make a comparison with the previous study concerning the costs and printing time,
these 2 new parameters of the new study are superior in the 2 cases compared to all
previous designs, but here are the reasons [3]:

Table 2: Manufacturing and 3D printing time values for each material and for each design

If we base more precisely our comparison with the old one so called Design 3:
•

The price has increased slightly: 9.46€ to 10.746€. Because of the exact
quantity of necessary conductive materials (The previous study had given an
approximation of the quantity because the design of the force sensor had not
been realized).

•

The time greatly increased due to the printing parameters: 8h16min to
20h36min. In fact, the previous studies privileged the printing speed with for
example a layer thicknesses of printed parts of 0.35 mm and 0.8 mm for the
nozzle diameter. While this study favours quality with the parameters
mentioned above adapted to the situation, hence the longer printing time.

Regarding printing, adjustments can be made to certain parameters, such as printing
speeds, to save a few minutes.
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VI. Life Cycle Assessment
A life cycle assessment (LCA) analyses the life cycles of one or more products in terms
of their ecological impacts on the environment. The impact of a product on the
environment is not limited to the consumption of natural resources (materials
necessary for its manufacture). At each stage of its life cycle, the product damages
the environment. Indeed, the fact of extracting, transporting with vehicles, using
electricity with a machine to manufacture or shape the final product is at the origin of
releases of dangerous substances into the environment (CO2, wastewater, exhaust
gases, etc.) that can pollute water, air, and soil, reinforce global warming, and
influence the health of humans and animals, and can sometimes even destroy natural
ecosystems and thus cause loss of biodiversity [17]. To facilitate the calculations,
many researchers talk about the calculation of the embodied energy of the product [6].
Indeed, embodied energy is the amount of energy consumed during the life cycle of a
material or product:
● Production, extraction, and transformation of the raw material
● Manufacturing, transport: The phase from the birth of the product during which
is designed, developed, manufactured, until its distribution to the user.
● Use, maintenance of the final product: The “active” phase of the product's life,
after its acquisition, during which the product is consumed and serves its user.
● Recycling: The end-of-life phase after use, when the product (or only certain
parts of the product) is no longer used or has become obsolete, it must therefore
be eliminated or upgraded depending on the materials of the part.
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Figure 25: Life Cycle of a product

"The Life Cycle Assessment (LCA) of a product aims to systematically assess the
environmental effects of the life of the product from its 'cradle to its grave', that is to
say to assess the flows (of materials or energy) entering and leaving at each stage of
a product's life, from the extraction of raw materials to ultimate waste. "[18]. Life Cycle
Assessments have been standardized by ISO 14000 standards since 1994, as much
to say that it is an important phase and not to forget when designing a product. The
fact of choosing these materials, its means of production, of delivery to users has
become something of paramount importance in today's companies. This method of
“savings” is called eco-design, or even sustainable design.
Nowadays each savings on a quantity of materials, a consumption of energy can bring
great benefits as much financially for a company, as ethically in relation to the planet.
Indeed, today's world must change, everyone's ways of thinking and acting must be
modified or adjusted in some cases, indeed certain practices endanger
environmentally speaking the planet. We are forced to react.
Being a future engineer, I feel even more concerned by all this, because I am directly
at the heart of the subject and therefore one of the main actors of future changes.
Whether I like it or not, the engineer contributes to building the future of humanity,
because of his knowledge, his know-how, his ability to project himself, he constantly
designs objects, systems which modify the lifestyles of each and this in all fields
(aeronautics, automotive, food, medical, etc). Engineers are not only guided by their
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personal preferences, but they also make judicious, relevant choices and are able to
justify them by giving reasons, whether it is for the choice of a material or a specific
design of a part by making a Life Cycle Assessment for example. The engineers must
work in the right direction for the Earth.
Here is why, this particularly important part, a Life Cycle Assessments was made in
this study on this shank support:
SolidWorks' SustainabilityXpress tool allows users to use previously designed parts to
access data on embodied energy and calculate all. This tool helps create more
sustainable designs based on material, manufacturing process, material usage and
environmental impact.
On the shank support the difference will not be on the material chosen, or the
manufacturing process (because it is the same) but on the end-of-life phase. Indeed,
3 types of ends of life are possible for a part [7]:
● Recycled: Separate from other materials, decontaminate, crush and rework
● Incinerated: To recover the energy, it contains.
● Disposal by landfill
Recycling is of course the best possible end of life for a part, being able to reuse a
material for another part is very economical both in monetary terms and from an
energy perspective. The second option, incineration, is a so-called "neutral" method,
depending on the material, but in most cases the energy consumed in burning the
material is approximately equal to the energy recovered when it is consumed. [19]
And the last option, if the 2 previous ones are not possible, is to put it in a landfill,
which is awfully bad for the environment because often the waste is stored outside or
buried in nature, which releases harmful substances in the water, for example, which
is not good for the planet at all. One of the solutions is that the material is
biodegradable and in this case the effect on nature is reduced in time.
This is why it is important to choose the right materials before designing a product and
to think about the end of life of the product, a phase that is often forgotten but very
important to take into account.
Input data Part 4 & 5:
●
●
●
●
●
●
●

Material: ABS
Manufacturing region: Europe
Manufacturing process: FDM (Electricity used)
Transportation: ≈ 100 km
Region of use: Europe
Duration of use: 3 years
End of life: Recycled: 20 % - Incinerated: 80 % - Landfill: 0 %
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Note: No material is 100% recyclable, the recycled fraction is the fraction of a material
that can be recycled cost effectively. The best materials are metals and reach 60%:
lead, steel, or aluminium. In other words, these materials have been used at least once
before. For plastics, the best ones hardly reach a recycled fraction of about 20% but
for the others, including ABS and TPU.
Results:
The results in the form of a diagram showing the effects of the product during its life in
different parameters:
● Carbon footprint: A measure of the emissions (CO2 eq), resulting mainly from
the burning of fossil fuels (heating, transport, or electricity) that contribute to the
global warming potential (the "greenhouse" effect) [8].
● Energy consumption: A measure, expressed in megajoules (MJ), of the nonrenewable energy sources associated with the life cycle of the part (Electricity
or fuels used upstream to obtain and then to shape the material during the
process, or in some case the energy consumed by the material if it were
incinerated) [9]
.
● Air acidification: Acids such as sulphur dioxide (SO2) or nitrous oxides emitted
during combustion (heating, electricity generation) into the air causing
acidification of rainwater, then lakes and soil. These acids can make land and
water toxic to plant and aquatic life [10].
● Eutrophication of water: When too many nutrients such as nitrogen and
phosphorus (PO4) from e.g., wastewater used to extract, transformation or
manufacture materials are added to an aquatic ecosystem, eutrophication
occurs (excessive production of algae, leading to the death of fauna and flora)
[11].
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Figure 26: Environmental impact of Part 4 (Previous) & Part 5 (Current)

Part 4
Part 5

Carbon (CO2 eq)
0.084 1 0.041 2
0.079
0.041

Energy (MJ)
2
0.78
2
0.78

Air (kg SO2)
1.8.10-4 2.7.10-4
1.8.10-4 2.7.10-4

Water (kg PO4)
10.10-6 3.2.10-6
10.10-6 3.2.10-6

Table 3 : Environmental impact of Part 4 & Part 5 data
1:
2:

Data column on the material extraction phase (blue part on the graphs)
Data column on the manufacturing phase (yellow part on the graphs)

Input data Padding zones 3, 4 & 5:
●
●
●
●
●
●
●

Material: TPU
Manufacturing region: Europe
Manufacturing process: FDM (Electricity used)
Transportation: ≈ 100 km
Region of use: Europe
Duration of use: 3 years
End of life: Recycled: 20 % - Incinerated: 80 % - Landfill: 0 %
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Results:

Figure 27: Environmental impact of Padding zones

PZ 3

Carbon (CO2 eq)
0.025 1 0.012 2

Energy (MJ)
0.78
0.23

Air (kg SO2)
1.5.10-5 7.8.10-5

Water (kg PO4)
9.10-8 8.7.10-8

Table 4: Environmental impact of the Padding zones data
1:
2:

Data column on the material extraction phase (blue part on the graphs)
Data column on the manufacturing phase (yellow part on the graphs)

In the 4 parameters, the production, extraction and transformation of the material and
manufacturing phases are the most impacting in terms of energy and environmental
impact during the life cycle of the product. The end-of-life phase has a small impact as
these parts in ABS and TPU can only be 20% recycled in other ABS and TPU objects
after being separated [12], and the rest incinerated in order to recover the energy
contained in the parts.
Input data Part 1 & 3:
●
●
●
●
●
●
●

Material: ABS
Manufacturing region: Europe
Manufacturing process: FDM (Electricity used)
Transportation: ≈ 100 km
Region of use: Europe
Duration of use: 3 years
End of life: Recycled: 0 % - Incinerated: 0 % - Landfill: 100 %
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Results:

Figure 28: Environmental impact of Part 1 (Current) & Part 3 (Previous)

Carbon (CO2 eq)
Part 1
Part 3

0.13 1 0.044 2 0.013 3
0.07
0.038
0.009

Energy
(MJ)
2.3
0.65
2.3
0.65

Air (kg SO2)
0.8.10-4
0.8.10-4

6.6.10-4
6.6.10-4

Water
(kg PO4.10-6)
8.3 3.5 6.1
5.5 2.7 3.8

Table 5: Environmental impact of Part 1 & Part 3 data
1:

Data column on the material extraction phase (blue part on the graphs)
Data column on the manufacturing phase (yellow part on the graphs)
3: Data column on the end-of-life phase (light blue part on the graphs)
2:

Input data Padding zones 1 & 3:
●
●
●
●
●
●
●

Material: TPU
Manufacturing region: Europe
Manufacturing process: FDM (Electricity used)
Transportation: ≈ 100 km
Region of use: Europe
Duration of use: 3 years
End of life: Recycled: 0 % - Incinerated: 0 % - Landfill: 100 %
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Results:

Figure 29: Environmental impact of Padding zones 1 (Current) & PZ3 (Previous)

Carbon (CO2 eq)
PZ 1
PZ 3

0.059 1 0.025 2 0.015 3
0.055
0.27
0.019

Energy
(MJ)
1.1 0.45
1.1 0.45

Air (kg SO2)
1.6.10-5
1.6.10-5

1.2.10-5
1.2.10-5

Water
(kg PO4.10-6)
3.2 0.8 2.7
2 0.7 1.8

Table 6: Environmental impact of Part 1 & Part 3 data
1:

Data column on the material extraction phase (blue part on the graphs)
Data column on the manufacturing phase (yellow part on the graphs)
3: Data column on the end-of-life phase (light blue part on the graphs)
2:

Like the previous results regarding Part 4 & 5 the production, extraction and
transformation of the material and manufacturing phases are the most impacting in
terms of energy and environmental impact during the life cycle of the product in the 3
different parameters except in the eutrophication of water. The slight difference is in
the end-of-life phase. Indeed, the parts are also made of ABS and TPU, but this time
with a conductive material of PE+Cu. As the materials are exceedingly difficult to
separate due to the electrical circuits path inside the parts for recycling and cannot be
incinerated because of the copper (As it can cause the release of toxic gases and
fumes into the air) [13], the last solution is to landfill the parts, hence the large
percentage in the eutrophication of water parameter.
As seen in this life cycle assessment, the phases concerning materials (extraction,
transformation, etc.) and the manufacturing of parts are often the most impacting on
the environment even if the values remain extremely low. Following these data, it
would be necessary to change the manufacturing process, but in our case, parts with
conductive materials inside will be extremely difficult to manufacture with another
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process (moulding or other) than 3D printing. And consequently, this process is the
most adapted to the situation and therefore the least impacting on the environment.
The second is the choice of materials, knowing that we cannot change the
manufacturing process, the list of materials is also reduced, in addition to the
constraints of the specifications to be respected (constraints, conductivity, etc).
Therefore, as for the process, it would be difficult to choose another material for the
shank support parts than the current ones. Even if another material could be found,
the differences in terms of environmental impact with the current material would be
exceedingly small, due to the small quantities of material used and the number of parts
produced.
Example of a different manufacturing method and materials for part 3:
•
•

Part 31: Part 3 made of Polylactic acid (PLA) with the FDM process.
Part 32: Part 3 made of ABS with the injection process.
Carbon (CO2 eq)

Part 3 0.07 1 0.038 2 0.009 3
Part 31 0.062 0.055
0.002
Part 32 0.07
0.029
0.009

Energy
(MJ)
2.3
0.65
1.8
0.65
2.3
0.74

Air (kg SO2)
0.8.10-4
0.9.10-4
0.8.10-4

6.6.10-4
6.6.10-4
8.4.10-4

Water
(kg PO4.10-6)
5.5 2.7 3.8
5.8 2.8 1.8
5.5 1.9 3.8

Table 7: Environmental impact of Part 3 under different conditions data
1:

Data column on the material extraction phase
Data column on the manufacturing phase
3: Data column on the end-of-life phase
2:

•

One material with similar strength characteristics to ABS that can be used in
3D printing via the FDM method is polylactic acid (PLA), and unlike ABS, it is
biodegradable because it is made from renewable materials (corn starch),
hence the lower figure for the end-of-life phase in the 4 parameters. But the
difference remains very small and not impacting in the short term. But one of
its disadvantages is that PLA is more difficult to handle because of its high
cooling and curing rate. It can also become damaged and discoloured when
exposed to water. [21]

•

The process change is to change the FDM process to the injection moulding
process. This method involves having a mould in the shape of the part in
question, into which the material (in our case ABS) is injected under pressure,
initially in liquid form and then, once the mould is filled, it solidifies over time.
But several problems arise with this process with the fact that the injected
material will be 100% dense when it is not necessarily necessary in our case.
Another problem is the fact that cores (parts with a special shape, in our case
the shape of the Wheastone bridge) would have to be added to the mould in
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order not to fill in the parts that have to be made of conductive materials. These
"holes" can be filled with the right material after the first material has dried to
create the multi-material part. Although the difference is not necessarily seen
in the data provided by SolidWorks during the simulation because it considers
the power consumption of the machines used to manufacture the part and that
this method may be faster to manufacture the part than the FDM process, but
it requires more means: mould, injection machine, etc. and a perfect control:
temperature, injection pressure.[22]
Example of the impact of a car on the environment:
To make the comparison with the environmental impact of our parts and to see that it
is exceptionally good if you compare it with the impact of a car. Indeed, a petrol car
produces for example this 0.200 kgCO2e/km which is remarkably high compared to
the parts in this study (≈ 0.1 kgCO2eq including all phases of the product's life:
extraction of the material, manufacturing, etc), for the car it is just for the use phase
and driving 1 km. Another example is the fact that for example to produce and bring in
the tank of a car 7 litres of fuel, (average quantity that it will consume to drive 100 km),
the energy expenditure is about 11 kWh or about 39.6 MJ including the extraction of
petrol, the transport, its refining, etc. Indeed, this is a huge difference with our product
(3MJ for part 3).
Of course, there is no common point between the two products, but it is to show the
low environmental impact of our product, even if we change the manufacturing process
or the materials.
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VII. Conclusions
Technical: The design for the lower limb support of the ABLE exoskeleton was
developed and analysed in detail. According to the simulations (FEA, 3D Printing
simulation), the assembly meets the structural requirements and can be manufactured
by multi-material FDM. However, the fact that the shank support consists of three
different materials is still complex in its entirety, especially during printing with the
change of materials during printing (three different materials in a 3D printing machine
with only two extrusion heads) and then during use with an electrical path that must
fulfil its task to power the force sensor.
The choice of materials in the context of 3D printing depends on the use of the product
and the customer's needs in order to satisfy the specifications. Concerning the Life
Cycle Analysis, material modifications could be made in order to optimise the impact
on the environment as we see in the end of the LCA part, but these remain secondary
due to the small size of the parts (therefore the volume of materials used) and the
small series production of the shank support compared to the next steps, that will be
to print the shank support and to test it in real conditions of use, notably to see if the
force sensor and its power supply circuits work.
Personal: This project will have enabled me to use a spirit of critical analysis, to be
able to develop and apply my skills acquired during my school career: design of parts,
drafting of specifications, initiating phases of research for solutions, ask the right
questions when faced with a problem. I was able to develop rigor and teamwork, while
appealing to my spirit of inventiveness during the research phases.
And on the other hand, on the technical side, additive manufacturing was a
manufacturing method of which I had only a few basics (Practical classes) before doing
this project and from which I have now learned almost everything: processes,
optimization of parameters. printing, etc.
This project constitutes a significant professional experience and extremely rewarding
for my future, this consolidates me in my future choices, in particular at the level of my
professional pursuits. I would like to orient myself towards professions which call on
all these areas of reflection.
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Annexe 1: Dimensions of the Part 1
•
•
•
•
•
•
•
•

Thickness: 10 mm
Length: 140 mm
Width: 100 mm
Diameter of the exoskeleton connection: 34.8 mm
Height of the exoskeleton connection: 10 mm
Mass: 130.89 g
Volume: 130894.21 mm3
Printing time: 4h10min

140
34.8
10

10

100
Note: We can see on the pictures the notch in the part allowing to pass the strap to
make the connection with the Part 5.
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Annexe 2: Dimensions of the Part 2
•
•
•
•
•
•
•

Thickness: 5 mm
Length: 140 mm
Width: 36.4 mm
Height: 20 mm
Mass: 30.63 g
Volume: 30628.40 mm3
Printing time: 3h09min

140
5

20

36.4
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Annexe 3: Dimensions of the Part 3
•
•
•
•
•
•

Thickness: 5 mm
Length: 140 mm
Width: 45 mm
Mass: 23.74 g
Volume: 23270.37mm3
Printing time: 2h20min

140
5

45
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Annexe 4: Dimensions of the Part 4
•
•
•
•
•
•

Thickness: 5 mm
Length: 140 mm
Width: 40 mm
Mass: 19.97 g
Volume = 19971.94 mm3
Printing time: 1h09min

5

140

40
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Annexe 5: Dimensions of the Part 5
•
•
•
•
•
•

Thickness: 5 mm
Length: 140 mm
Width: 40 mm
Mass: 22.21 g
Volume = 21770.20mm3
Printing time: 1h35min

5

140

40
Note: We can see on the pictures the notch in the part allowing to pass the strap to
make the connection with the Part 1.
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Annexe 6: Dimensions of the Padding zones 3,4 & 5
•
•
•
•
•
•

Thickness: 3 mm
Length: 130 mm
Width: 15 mm
Mass: 19.97 g
Volume = 19971.94 mm3
Printing time: 1h24min

6
130

15
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Annexe 7: Dimensions of the Padding zones 1
•
•
•
•
•
•

Thickness: 6 mm
Length: 140 mm
Width: 82 mm
Mass: 19.97 g
Volume = 19971.94 mm3
Printing time: 3h25min

140
6

82

Note: The padding zones are hollow in the shape of a "honeycomb" to facilitate the
deformation of the material in order to provide maximum comfort to the user
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Annexe 8: Soles (for inside your shoes)

Another element was designed in order to design it through 3D printing integrating
conductive materials during this project: a sole. The control of the quality of the support
of the lower limbs on the ground is an important parameter of the human body, with
technologies like a sole filled with sensors the access to these data is possible. This
type of technology is often used in the field of sport but also in the medical field, indeed
following neurological lesions in post-stroke patients the control of the quality of the
support of the lower limbs is not carried out correctly anymore. The sole allows us to
acquire data and to correct negative points, when necessary, it is an important step in
the rehabilitation program for patients. The process follows this biofeedback loop:

The system allows, via pressure sensors and processing software or app, to see the
preferential zones of support and to quantify the pressure exerted. The need for and
accuracy of the measurements depends on the type of sensors chosen, their
positioning, and their numbers on the sole.
Most pressure sensors used in soles are made of a semiconductor material whose
resistance is changed when a force is applied, it works in a similar way to the strain
gauge described above. Thus, by measuring the resistance of each sensor, the force
and location of each ground contact on the surface can be determined.

P a g e | 48

Romain CIBOT

A design of this sole has been made with Solidworks in order to be printed later:

Annexe 9: Content of the attached files (.zip)

•
•
•

D4-DFAM: All files of the parts and assemblies of this study in Solidworks
format.
D5-GCode: GCode file and Cura simulation file with its parts in. stl format.
D6-FEA: Finite Element Analisys with its Solidworks files.
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