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Abstract

Multi-material compliant mechanisms have shown the potential to be utilized in the upper-limb
prosthesis. The mechanisms consist of flexural and rigid parts, where the flexural components
can serve as flexible joints between rigid bodies in the device (e.g., finger and finger segments).
This configuration is feasible to be fabricated using a type of additive manufacturing called
Fused Deposition Modelling (FDM) process, without the need of further assembly and
extensive post-processing. Knowledge of the mechanical characteristics of such mechanisms,
however, is still limited. Therefore, this study presents the strength and fatigue characteristics
of bi-material compliant mechanisms to determine the feasibility of applying the mechanisms
in the upper-limb prosthesis for long-term use. The basis of the mechanisms was a
configuration of two rigid clamps and a flexible beam that were automatically assembled
during manufacturing. Two materials selections (PLA-TPU and Tough PLA-TPU) and three
geometries (rectangular, cylindrical, and tapered-shaped interface) were used to create Six
groups of samples. These groups were subjected to tensile testing and fatigue testing to assess
their strength and fatigue behavior. The results of mechanical testing were also verified with
the results of finite element simulation. It was found that four groups fulfilled the strength
requirement, which were mechanisms in both material configurations with cylindrical and
tapered-shaped interface. These groups, however, failed to demonstrate their durability during
fatigue testing. Finally, the proposed method of fabrication and mechanical testing as well as
the obtained mechanical characteristics of the mechanisms were analyzed to give insights for
future development.



l. Introduction

1.1 Non-assembly multi-material compliant mechanisms

Multi-material compliant mechanisms with the configuration of flexible and rigid parts show
the promising application in the upper-limb prosthesis. The flexural components fabricated
from a material with relatively low elastic moduli have the potential to serve as joints between
rigid bodies in the device (e.g. finger segments) made from a material with higher elastic
moduli [1]. The mechanisms offer several advantages. The rigid parts with high yield strength
are beneficial to prevent mechanical failure such as breaking, thus enhancing the life-span of
the upper-limb prosthesis. The flexible components, on the other hand, have high compliance
which is useful to transfer motion by using deflection. In comparison with conventional rigid
links and joints, compliant mechanisms usually have hinge-less designs with fewer movable
joints. These designs of compliant mechanisms can reduce wear and backlash; problems that
often occur in the conventional rigid links and joints [2, 3]. In addition, compliant mechanisms
offer ease of assembly with simple steps, if at all, or no further assembly needed when using
suitable designs and fabrication methods [2, 4].

Multi-material molding and additive manufacturing are two common methods to fabricate
multi-material compliant mechanisms [5]. In multi-material molding, several types of polymers
form compliant mechanisms after changing the state from liquid to solid through physical or
chemical reactions inside the mold. This method is suitable for producing similar compliant
mechanisms in large quantity [5, 6]. For low-volume manufacturing that also needs
customization, the second method, additive manufacturing, is more practical [5, 6]. By
accumulating materials layer by layer, additive manufacturing (AM) process can construct a
3D object with optimized geometries with desired material distributions [7]. Using the correct
settings in AM enables various customization that is beneficial to achieve the desired end-
product without further assembly or extensive post-processing [7, 8]. Therefore, this process is
convenient for fabricating multi-material compliant mechanisms in the upper-limb prosthesis
with specific characteristics that meet the user needs.

The development of an AM process called Fused Deposition Modelling (FDM) contributes to
the ease of fabrication of non-assembly multi-material compliant mechanisms. In this process,
the machine has at least one nozzle to extrude semi-solid material by applying specific pressure
to deposit a layer [7]. In case of having only one nozzle, there are various bonding methods
such as welding or adhesive joining to form multi-material mechanisms from several fabricated
parts. However, the process is time-consuming, and the strength of the bonded parts is lower
than each of the original part [9]. Using FDM machine that has at least two nozzles can
eliminate the need for additional bonding and assembly methods after fabrication. With two
nozzles, the machine can extrude two different materials. The extruded filament from one
material attaches with the adjacent, previously deposited filaments from similar or different
materials. The strength of the end part depends on the bond strength of each filament [10, 11].
Hence, not only the geometry of the mechanisms but also the combination of materials used
need to be considered to produce compliant mechanisms with high strength.



1.2 Problem definition

The mechanical characteristics of certain mechanisms need to be taken into account to validate
the functionality and durability in a specific application. Several studies have been conducted
to understand the mechanical properties of additively manufactured part fabricated with a
particular material. The strength of multi-material mechanisms from components that are
attached using various bonding methods after fabrication has also been addressed. However,
currently, there is limited knowledge of the mechanical properties of additively manufactured
multi-material mechanisms which consist of flexible and rigid components that are fabricated
in a single step. Such information is essential to determine the feasibility of applying the
mechanisms in the upper-limb prosthesis.

1.3 Objective

The objective of this study was to analyze the mechanical characteristics of non-assembly bi-
material compliant mechanisms, fabricated with FDM method. Evaluation of the experimental
testing results was made to determine the feasibility of applying the mechanisms with specific
materials, geometries, and fabrication method in the upper-limb prosthesis that can be used for
long term.



Il. Methods

2.1 Design considerations

The design considerations of the non-assembly multi-material compliant mechanisms are
presented in this section. In this study, the considerations were derived from the objective that
the mechanisms need to be suitable for the upper-limb prosthesis and fabricated using an
additive manufacturing process.

2.1.1 Strength and fatigue characteristics

The strength and fatigue of the non-assembly compliant mechanisms hold critical importance
as they determine the functionality and durability of the mechanisms. The mechanisms can
mechanically fail under different circumstances. The mechanisms can break if they are
subjected to a higher load than the ultimate tensile strength, also known as the tensile failure
[12]. However, even load that is smaller than the yield stress can also be responsible for fracture
after several amounts of loading and unloading. This fatigue failure happens when the
repetitive loads initiate microdamage in the mechanisms [13]. The small cracks within the
mechanisms can build up and lead to mechanical failure [12, 13].

The strength and fatigue requirements of the mechanisms were based on several assumptions.
First, the mechanisms are used as flexural joints in each hand digit of the upper-limb prosthesis.
Second, the mechanisms can imitate the strength of the human hand. Lastly, the mechanisms
can last for a year of regular use.

In terms of strength, the human hand can exert up to 400 N when performing grasp with all
hand digits. The functional grasping force of the average human hand, however, falls in the
range between 0 to 67 N [14]. Therefore, the mechanisms need to withstand the load of at least
67 N.

Fatigue failure of the mechanisms needs to be avoided to prolong the life of the device. It is
estimated that an upper-limb prosthesis can reach 100,000 cycles of opening-closing annually
to support the user for performing daily activities [15]. Therefore, using the same number of
cycles, the mechanisms need to endure fatigue testing with repetitive loads that are alternating
below the yield strength.

2.1.2 Geometry of the mechanisms

After determining the strength and fatigue limit, the next consideration is the geometry of the
mechanisms. The selected geometry can affect not only the mechanical behavior of the
mechanisms but also the ease of fabrication and the ease to conduct the mechanical evaluation
of the mechanisms.

As compliant mechanisms are characterized by the ability of the mechanisms to use elastic
deformation for transferring motion and force [2, 3], having at least one flexural component in
the mechanisms is essential. The suitable geometry is needed to produce a compliant part with
high-strength. Nevertheless, it is important to recognize that the geometry itself is not the only
factor which affects the strength and compliance in the mechanisms. Other parameters, such as
the mechanical properties of the material, also contribute to the mechanical behavior of the
mechanisms [2].



There was a necessity to restrict the shape and size of the mechanisms in this study as there is
a limitation in the size of upper-limb prosthesis. This replacement limb device usually designed
using dimensions that match with the normal hand to meet the user requirement to use a device
with a high resemblance to the appearance of the actual hand [16]. Table 1 shows the reference
values of the size of the human index finger [17]. Calculation of the length of each finger
segment was done using the ratio of the length of the finger segment and the length of the entire
finger [18]. The results of the calculation can be seen in Table 2 [17, 18]. The size constraints
were decided based on these values. The width of the compliant mechanisms must not exceed
the fingerbreadth while the length of the mechanisms must not higher than the length of the
shortest finger segment (i.e., fingertip to distal phalanx). Fabricating the mechanisms with these
geometry restrictions is also feasible using the available additive manufacturing process.
Lastly, the mechanisms also need to have the appropriate size and shape which fit the testing
machine for mechanical evaluation.

2.1.3 Manufacturing process and materials

Regarding the manufacturing process, the designs shall be suitable to be produced using
available additive manufacturing technique with no further assembly required. Relatively short
printing time and minimum post-processing are also desirable. The range of materials that can
be chosen also depends on the selected manufacturing process. Therefore, it is necessary to
evaluate whether the designed mechanisms can achieve the expected strength and fatigue
characteristics using the available materials that are compatible with current additive
manufacturing technology.

2.2 Design of non-assembly multi-material compliant mechanisms

As can be seen in Figure 2, the mechanisms consisted of two rigid clamps and a flexible beam
with the interface section between the beam and the clamps. There were three different
configurations of the mechanisms, which were based on the shape of the interface: rectangular
(Figure 3.A), cylindrical (Figure 3.B), and tapered-shaped interface (Figure 3.C).
Rectangular shape was used to evaluate whether the simplest configuration could work for
upper-limb prosthesis. Cylindrical shape, with the higher surface area than the rectangular
interface, was chosen to investigate the effect of increasing surface area of the interface
between rigid bodies and a compliant beam to the strength of the mechanisms. Tapered-shape
interface was selected to reduce the stress concentration, as a straight beam in the mechanisms
had discontinuities which increased the stress concentration [19]. The technical drawings of
the mechanisms can be found in Appendix A.

Table 1. Index finger size [17]

Parameter Female Male Mixed
Length (mm) 70+ 4 785 74+ 6
Fingerbreadth (mm) 15+1 19+1 17+2

Despite having differences in the shape of the interface, the rest of the mechanisms had the
same shape and size. In every configuration, the flexible beam was 10 mm long, and the total
length of the mechanisms was 90 mm. The total length value was selected to fit the fixtures in



the testing machine. Each clamp had a hole that also matched the diameter of fixtures in a
testing machine. The flexible beam, as well as the interface, had a thickness of 0.4 mm in all
configurations. This value was selected since the smallest thickness of compliant mechanisms
for additively manufactured upper-limb prosthesis found in literature was 0.4 mm [20].
However, the thickness was changed to 5 mm since the results from tensile testing showed that
the yield strength of the 0.4 mm beam produced the value of minimum stress for fatigue testing
in the range of measurement error of the test system.

Table 2. Length of index finger segments [17, 18]

Finger segment*

Percentage of the finger
segment length to the entire

Length of index finger
segment in mm (mixed

index finger [18] population) [17, 18]
Fingertip to distal phalanx 27.80 20.57
Medial phalanx 30.97 22.92
Proximal phalanx, including the 41.23 30.51

web of proximal phalanx

*(see Figure 1 for the illustration of finger segments)

Figure 1. Segments of index finger. 1. Fingertip to distal phalanx. 2. Medial phalanx. 3. Proximal phalanx,
including the web of proximal phalanx. 4. The whole length of index finger. Adapted from [18] using the stock
image.

2.3 Fabrication method

Additive manufacturing covers various fabrication methods that deposit materials in a
relatively thin layer by using certain machine architecture and physical transformation of
material. Selection of fabrication method affects the choice of material and other process
parameters, as well as the accuracy of the final part [7].



Fused Deposition Modeling (FDM), a process belongs to the material extrusion method in AM
classification, offers a wide range of machines from low-cost to more expensive device that
varied in parameter settings. Some of the machines support multi-material fabrication which is
due to having more than one nozzle. Polymers that are compatible for FDM are commercially
available with competitive cost. However, despite these advantages, FDM also presents several
disadvantages such as the anisotropic nature of the final part, the complexity of removing the
support structure, and limitations in the size of the fabricated part [7, 21].

The advantages of FDM process increase the accessibility of FDM to individuals. This process
becomes a popular method to fabricate open-source upper-limb prosthesis that can be
customized to fit the users. Therefore, in this study, FDM was also used as a fabrication method.
The aforementioned designs of multi-material compliant mechanisms were imported into the
machine code by using Ultimaker Cura software (ultimaker.com) and printed using Ultimaker
3 (ultimaker.com) with dual extrusion.

2.4 Materials

Choosing the materials is a non-trivial matter, especially for flexural part since it provides
compliance in the mechanisms. This component can be produced with high elastic moduli
material such as aluminum, titanium, and stainless steel [22]. However, not all additive
manufacturing technique can process these metals [7]. Furthermore, using these materials leads
to the need of manipulating geometry of the mechanisms to produce mechanisms with high-
compliance [22]. Therefore, in this study, the selection of materials was constricted to polymers
that are widely available for additive manufacturing. Using two different polymers also
contributes to constructing compliant mechanisms without extensive geometry manipulation.
Polymers with relatively low elastic moduli can be used to fabricate a simple, flexible beam
that connects rigid bodies made from polymers with higher elastic moduli.

The combination of Polylactic Acid (PLA) and Thermoplastic Polyurethane (TPU) is
frequently used to fabricate upper-limb prosthesis with FDM process. These devices usually
consist of rigid finger segments made from PLA that are connected with flexural joints
manufactured with TPU that has higher compliance [1, 23-26]. In this study, PLA and TPU
95A filaments from Ultimaker (ultimaker.com) were selected as materials for bi-material
compliant mechanisms to identify whether this frequently used combination is actually suitable
to create the upper-limb prosthesis for long-term use.

Other than PLA-TPU 95A combination, this study also evaluated the strength and fatigue
behavior of Tough PLA-TPU 95A combination. Tough PLA from Ultimaker (ultimaker.com)
was selected because the filaments have the similar default printing settings with PLA. The
same settings can eliminate the effect that might come from using different printing parameters
such as printing speed and temperature. Therefore, only differences in mechanical properties
that need to be taken into account. Table 3 shows the mechanical properties of each material
used in this study [27-29]. These data, however, are based on the results of mechanical testing
of the specimen that was printed using specific printing settings which had differences with the
printing parameters used in this study.



B C D

3 N s B

\s > \ J
E

Figure 2. Design of bi-material compliant mechanisms. A. Isometric view of the whole part. B. First clamp. C.
A flexible beam with the interface section. D. Second clamp. E. Front view of the mechanism. The dash
indicates the interface section inside the clamp. Pictures are not in scale.
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Figure 3. A compliant beam with the rectangular (A), cylindrical (B), and tapered-shaped interface (C)

Table 3. Mechanical properties of Ultimaker polymers [27-29]

Material Young’s Yield Strength Breaking Yield Strain Breaking
Modulus (MPa) Strength (%) strain (%)
(MPa) (MPa)
TPU 95A 26 8.6 39 55 580
PLA 2,346.5 49.5 45.6 3.3 5.2
Tough PLA 1,820 37 37 3.1 3.1

The values of load and deformation of the compliant beam at yield point and breaking point
were calculated using the normal stress and strain formula with the following equations:

F = o0.A
6= €L

where F is the maximum load acting over the cross section of the beam at yield or breaking
point, o is the yield stress, A is the cross-sectional area of the beam, § is the deformation of the
beam at yield point, e is the yield strain, and L is the initial length of the beam. In this method,
several assumptions were made. The mechanisms were assumed to be homogeneous, isotropic,
and linear elastic, which lead to uniform deformation in a cross-section [12]. The effect of
differences in printing parameters such as printing speed, nozzle temperature, build plate
temperature, and infill density was ignored, as it was impossible to isolate each variable in this
study. As PLA and Tough PLA have higher values of elastic modulus and yield strength than
TPU 95A, [27-29] it was expected that failure of the compliant beam would occur first. Table
4 shows the estimated values of load and deformation at yield point of the compliant beam.



Table 4. Estimated values of load and deformation of the compliant beam

Type of Length Cross- Yield point
compliant (mm) section
beam area (mm?) | Load (N) | Deformation
(mm)
0.4 mm 10 2 17.2 5.5
thickness
5mm 10 25 215 5.5
thickness

2.5 FDM printing parameters

The bi-material compliant mechanisms were printed using dual extrusion system with the
following settings. The diameter of both nozzles was 0.4 mm. The first nozzle extruded PLA
or Tough PLA while another nozzle extruded TPU 95A. Default values of printing parameters
were used for printing the mechanisms, except for several parameters such as support and build
plate adhesion. The printing settings that are listed in Appendix B were optimized to fabricate
the mechanisms effectively. The mechanisms can be manufactured in a single step using these
settings. Each sample required less than two hours of printing time. Manufacturing several
samples in one batch, as illustrated in Figure 4, can reduce the total printing time in comparison
with fabricating one by one. In addition, the process does not need extensive post-processing.
The post-processing only consists of separating support material from the flexible beam, which
does not require much time.

Figure 4. An example of manufacturing four samples in one printing batch

10



2.6 Mechanical evaluation

Tensile testing and fatigue testing were performed to investigate the strength of the bi-material
compliant mechanisms and their behavior under cyclic loading. These mechanisms are
classified into six groups according to the materials and the interface shape, as described in
Table 5.

In tensile testing, Instron ElectroPuls™ E10000 Test System was used to apply axial loading
to each sample. The test system applied a force to the clamped specimen by separating the
crossheads of the machine. Data from the tests were used to determine yield strength and
stiffness value of each sample. The configuration of the test system can be seen in Figure 5.

Figure 5. Experimental setups for mechanical testing. A sample of bi-material compliant mechanisms was
clamped to the fixtures of the test system. This sample was subjected to the axial loading as the crosshead
moving away from the base. The load cell (cylinder with red mark) above the top fixture measured the
magnitude of this uniaxial force.

Fatigue testing was also conducted using the same machine and fixtures as tensile testing.
Several parameters that need to be set before starting the fatigue test are stress components,
stiffness, number of cycles, and frequency.

Stress components in fatigue testing consist of maximum stress (o,,,45), MiNIMuUM stress (o),
mean stress (o,), and the alternating stress or the amplitude (o,) [12, 19]. These stress
components are illustrated in Figure 6. Determining these values are essential to ensure that
the mechanisms fail only because of repetitive loading. Therefore, the maximum stress value
shall not exceed the value of yield stress (o) to avoid tensile failure [12]. The maximum and
minimum stress values were determined using the measured o, which were 80 % and 8% of o,
respectively. These values were used to calculate the values of the mean stress (o,) and the
alternating stress (o,). Both values were obtained using the following equations.

0, = (0.80 + 0.080)/2
o, = (0.80 — 0.080)/2

11
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Figure 6. Stress components in cyclic loading. In this example, 6,4, €quals to 80% of yield stress (o), and
Omin €quals to 8% of yield stress

The stiffness values from tensile testing were used to tune the test system before starting the
test. These parameters were calculated by dividing the measured yield stress and yield
elongation from tensile testing. After tuning the machine, the test system was set to fluctuate
the loads for 100,000 cycles. Each cycle was done every 0.5 seconds, as increasing the
frequency might also increase the heat within the mechanisms.

2.7 Finite element simulation

Another approach was needed to validate the strength of the mechanisms, as the results of the
mechanical evaluation were not enough to significantly distinguish materials that could be
more suitable for upper-limb prosthesis application. Therefore, the finite element simulation
was conducted to understand the stress concentration and to check whether the model
experienced plastic deformation or fracture under certain loading case. The simulation was
performed by using Abaqus (Abaqus 6.14; Simulia, RI, USA). In this simulation, a finite
element model was generated for each geometry in both materials by importing parts from
Solidworks to Abaqus. Each model was assumed to be homogenous. The simulation used
elastic (i.e., Young’s modulus) and plastic (i.e., yield stress and strain) properties from the
Ultimaker datasheet in Table 3. However, the information of the poisson’s ratio was not
available in the datasheet. Therefore, it was assumed that PLA and Tough PLA had the
poisson’s ratio of 0.36 [30] while TPU 95A had the poisson’s ratio of 0.48 [31]. After
combining the parts into one assembly and attaching the beam surfaces to both clamps, one of
the clamps was set to the encastre boundary condition which made this part could not move
rotationally or translationally. Then, using a kinetic coupling, another clamp was connected
with a reference point where the load would be applied. In this section, a boundary condition
was applied to only allow the translational motion in x-axis. The load was applied at the
reference point (RP) in x-direction, as can be seen in Figure 7. The model was meshed with
tetrahedral elements. After completing all the steps, the model was simulated.

12
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Figure 7. A schematic of constraint, boundary conditions, and loading direction for finite element simulation

Table 5. Classification of mechanisms used in tests

Group Interface shape Materials
A Rectangular PLA, TPU
B Tough PLA, TPU
C Cylindrical PLA, TPU
D Tough PLA, TPU
E Tapered PLA, TPU
F Tough PLA, TPU

13



lll. Results

3.1 Fabrication results

FDM process, along with the selected printing settings, was able to produce non-assembly bi-
material compliant mechanisms with no significant defects in relatively short printing time. In
this study, four samples were fabricated in each printing batch to optimize the manufacturing
time. With this arrangement, the total manufacturing time for each batch was less than six
hours. Each printing batch was able to produce final products with similar shape and size. The
mechanisms had no visible defects, except few stringing that occurred across the clamp hole.
This defect, however, was non-significant since the strings could be easily cleared in post-
processing, along with the removal of support material. Figure 8 shows the appearance of the
final part at the end of post-processing.

Figure 8. Bi-material compliant mechanisms with 5 mm thickness. The compliant beams were made from TPU
95A, while the clamps were fabricated with Tough PLA (left) and PLA (right). It should be noted that in the
final part, it was not possible to see the geometry of the interface since the clamps were not made from the
transparent material.

3.2 Tensile testing

3.2.1 Mechanisms with 0.4 mm thickness

Two samples of bi-material compliant mechanisms with 0.4 mm thickness were subjected to
tensile testing. These samples consisted of one sample of the rectangular-shaped interface and
one sample of the cylindrical-shaped interface, fabricated from PLA and TPU 95A filaments.
Both configurations yielded after 5 N load. Using this value of yield strength, it was not ideal
to conduct fatigue testing with the maximum stress of 4 N (80% of yield strength) and the
minimum stress of 0.4 N (8% of yield strength). This value of minimum stress falls into the
range of measurement error of the test system (0-0.5 N). In addition, the test system can give
reliable measurement if the alternating loads in fatigue testing fall between 10 to 10,000 N.
Therefore, it was decided that no further evaluation would be conducted regarding the behavior
of the mechanisms under cyclic loading.

Despite not achieving the expected results, the tensile testing of the mechanisms with 0.4 mm
thickness provided insight regarding the types of failure that might occur. Each configuration
showed different kinds of failure, as shown in Figure 9. In the cylindrical-shaped

14



configuration, the fracture occurred in the middle of the compliant beam at 15 N load.
However, the mechanism with rectangular-shaped interface experienced failure in the interface
at 12 N load before the compliant beam reaching its breaking point. In this condition, the TPU
95A fibers of the rectangular interface were separated from the PLA fibers and slid away from
one of the clamps. These two types of failures, along with the final condition of the mechanisms
after tensile testing, can lead to the evaluation of contributing factors that account for the

strength of the bi-material compliant mechanisms, especially at the interface between two
materials.

Figure 9. Comparison between mechanisms before tensile testing and after the mechanical failure. From left to
right: an untested sample, a tested sample from group A (rectangular-shaped interface), and a tested sample
from group C (cylindrical-shaped interface). The whole interface of a sample from group A completely slipped
away from the clamp, while the interface of a sample from group C stayed inside the clamp and the mechanical
failure occurred at the compliant beam.

RAITIRA T

Figure 10. Sample number according to the position on the printing bed
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3.2.2 Mechanisms with 5 mm thickness

For each group of the mechanisms, four samples that were fabricated in the same printing batch
were subjected to the tensile testing. These samples were numbered according to their position
on the printing bed, as can be seen in Figure 10. The example of the stress-strain curve of the
mechanisms with PLA and Tough PLA can be seen in Figure 11. Based on these figures,
mechanisms with the rectangular-shaped interface had the lowest strength while the
mechanisms with the tapered-shaped interface produced the highest strength. These figures
also showed that the mechanisms with the rectangular-shaped interface initially had an
identical stress-strain response with the cylindrical-shaped interface before experiencing the
sudden fracture.

12 12
10 10
81 8
o w
o o
E m——— Sample A-rectangular = s Sample B-rectangular
@ 6 r = Sample C-cylindrical ;’ 6 F s Sample D-cylindrical
@ Sample E-tapered g Sample F-tapered
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4 4
20 2
{
0 . | . . I | . | . ) . . . . . . . . .
0 0.5 1 1.5 2 25 3 3.5 4 4.5 £ 0 0.5 1 1.5 2 25 3 3.5 4 4.5 £
Strain (mm/mm) Strain (mm/mm)
A B

Figure 11. Stress-strain curves of bi-material compliant mechanisms fabricated with TPU 95A-PLA (A) and
TPU 95A-Tough PLA (B)

A B

Figure 12.A. Left to right: an untested sample, a tested sample from group A (rectangular-shaped interface), and
a tested sample from group C (cylindrical-shaped interface). Each sample had a different mechanism of failure
that can be seen in Figure 12.B. Similar to the mechanisms with 0.4 mm thickness, in group A, the failure
occurred as the result of separation between TPU 95A and PLA layers at the interface section. In group C, the
compliant beam experienced fracture.
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Two types of failure mechanism were observed in this test, as can be seen in Figure 12. The
compliant beam in each sample from all groups, except group A and B (rectangular-shaped
interface), was failed before the layers at the interface showed any sign of separation. This
failure mechanism was identical to the failure of the cylindrical-shaped mechanisms with 0.4
mm thickness. Samples from group A and B, however, experienced the mechanical failure at
the interface, which was similar to the rectangular-shaped mechanisms with 0.4 mm thickness.
The compliant beam in each sample from these groups showed no visible rupture.
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Figure 13. The average tensile stress at break of the mechanisms from group A-D
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Figure 14. The average tensile stress at break of the mechanisms from all groups after excluding the outlier
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In all groups except group E and F (tapered-shaped interface), it was found that there was one
sample which had an inferior breaking strength value compared to the other three samples. As
a consequence, the standard deviation of breaking strength in these groups are above 10%.
Therefore, there was a necessity to test more samples to evaluate whether the measurement
results were consistent where each sample always give similar results. After performing the
additional test, it was clear that there was one sample in group A-D which always produced the
deviated strength. Figure 13 shows the average tensile stress at break for these groups with a
dataset from all four samples and with a dataset that excluded one sample which gave the outlier
value. In Figure 14, the average tensile stress at break for all groups are shown.

3.3 Fatigue testing

3.3.1 Determining maximum and minimum stress

The maximum and minimum stress of the mechanisms, which are based on the yield point,
need to be determined for fatigue testing. Identifying the yield point in each mechanism in this
study, however, was challenging since there was no sharp transition between elastic and plastic
region. Therefore, in this study, the following methods were used to identify the yield point.

The yield point of each mechanism with the cylindrical and the tapered-shaped interface was
identified according to the yield strain percentage from TPU 95A datasheet. In this estimation,
the mechanisms were assumed to reach yield point at 55% strain, along with the respective
stress. This value of yield strain provided sufficient estimation of the yield strength since it was
observed during the test that the mechanisms with cylindrical and tapered-shaped interface
experienced visible plastic deformation in form of necking around 100% of strain, suggesting
that the yield point occurred beforehand.
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Figure 15. Stress-strain curve at the elastic region of one sample of group A (A) and group B (B)

Another approach needed to be used for mechanisms with rectangular-shaped as the
mechanisms failed before reaching 55% strain. Since the compliant beam of the mechanisms
did not exhibit any visible necking or fracture, it was assumed that the mechanisms failed
before reaching the yield point of the compliant beam. The following approach was used for
group A and B. Linear regression was made between 2-25% of strain at break (i.e. 0.08-
1 mm/mm of strain for group A and 0.1-1.25 mm/mm of strain for group B) and the respective
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stress. It was found that the stress-strain curves in this region had a linear behavior, as can be
seen in Figure 15. Therefore, in this elastic region, the mechanisms would not yield, and it
would be safe to use values between this region as the yield point. In this study, the yield point
of these groups for fatigue testing was arbitrarily decided at 20% of strain at break in each
group, which equals to 0.08 and 0.1 strain (mm/mm) for group A and B respectively, knowing
that the point also fell at the elastic region.

Table 6. Stress, load, and stiffness values for fatigue testing

Group Stress (MPa) Corresponding load (N) Stiffness
(N/mm)
Maximum Minimum Maximum Minimum

A 1.28 0.128 32 3.2 49

B 1.56 0.156 39 3.9 46

C 2.92 0.292 73 7.3 17

D 3.24 0.324 81 8.1 19

E 3.52 0.352 88 8.8 20

F 3.52 0.352 88 8.8 20

Figure 16 shows the average yield stress for the mechanisms for group A-D using datasets
from all samples and excluding the outlier. The average yield stress for each mechanism can
be found in Figure 17. Based on these values, the maximum and minimum stress of the
mechanisms was calculated. The stiffness value for each group was also calculated by dividing
load and deformation at yield point. Table 6 shows the values of maximum and minimum
stress, the corresponding values of maximum and minimum load, and the stiffness of each
group, that were used for fatigue testing.

3.3.2 Fatigue testing results

In this study, three series of fatigue testing were conducted. The tests consisted of the main
experiment and other two additional measurements to validate the method of determining the
yield point and the exclusion of the sample. The results from these tests are explained in this
section.

A pilot experiment was performed to confirm the validity of the selected method for yield point
determination. In this experiment, one sample each from group A-D were tested under cyclic
loading with the corresponding values of maximum and minimum stress. All samples could
finish 100,000 cycles. Therefore, it was decided to keep using the obtained yield point for the
subsequent fatigue testing.

Another experiment was also conducted to investigate whether the specific sample which
produced outlier value of strength could withstand the cyclic loading with the selected
maximum value. This experiment was performed using the inferior sample from group C and
D. The sample from group C failed after 1,496 cycles while the one from group D experienced
a fracture at the 604th cycle. Based on this result, it was decided to exclude the inferior sample
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from each group for the fatigue experiment. Even though this pilot experiment did not use any
sample from group A and B, it was also decided to remove the outlier sample from both groups
to have better confidence in fatigue testing.
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Figure 17. The average yield stress of the mechanisms from all groups after excluding the outlier

The main experiment consisted of testing three samples from each group. All samples in group
A and B completed 100,000 cycles without any visible rupture. However, samples from other
groups which were subjected to the higher load experienced mechanical failure before finishing
100,000 cycles. Despite the sample from the pilot experiment of group C was able to complete
100,000 cycles, the maximum cycle that could be reached in this main experiment was 50,683
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cycles while another sample could only achieve 46,792 cycles. Group D, which had the same
geometry but fabricated with Tough PLA instead of PLA, showed inferior results compared to
group C. In this group, the range of the completed cycle fell between 7,079-8,667. In the
mechanisms with a tapered-shaped interface, the results were more scattered. The minimum
cycle that could be achieved before the failure occurred in group E and F was 28,993 and
16,460, respectively. However, the maximum cycle could reach 52,965 for a sample in group
E and 100,000 for another sample in group F. These results produced the high standard
deviation in both groups, especially group F. Table 7 provides the detail results of cycles
completed by each sample in all groups. The average values of the number of cycles completed
in each group are shown in Figure 18.

Table 7. Fatigue testing results

Group Cycles completed Average Standard
cycles deviation
completed (%)
A 100,000 100,000 100,000 100,000 0
B 100,000 100,000 100,000 100,000 0
C 50,683 46,792 49,048 48,841 4
D 8,322 8,667 7,079 8,023 10
E 28,993 47,130 52,965 43,029 29
F 28,428 100,000 16,460 45,175 93
4
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Figure 18. The average completed cycles in each group
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3.4 Finite element analysis

The results of tensile and fatigue testing have limitations in several areas. First, both tests could
not provide further insight regarding the stress concentration within the mechanisms under
certain loading case. Furthermore, the results of tensile stress indicate that with similar
geometry, both material configurations presented comparable values of tensile stress at break
as well as at yield. Hence, it was not feasible to observe which material configurations could
offer better strength. In addition, the observation of large deviation on cycles completed in
fatigue testing emerged another concern to provide more validation whether the early failure
was due to repetitive loading or the applied stress was not on the elastic region which caused
the sudden fracture before reaching the expected number of cycles completed.
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Figure 19. Von Mises stress distribution of the PLA-TPU95A mechanisms with (A) rectangular,
(B) cylindrical, and (C) tapered-shaped interface under axial loading of 50 N
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of 50 N. The model was simulated using different materials: A. PLA-TPU95A, and B. Tough PLA-TPU95A
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The results of finite element simulation addressed the aforementioned problems. All
mechanisms in 5 mm thickness were simulated using axial loading of 50 N. The comparison
of stress distribution of geometries fabricated with PLA-TPU 95A can be seen in Figure 19.
Based on this figure, it was found that the force is more evenly distributed in the tapered-shaped
geometry. The stress distribution results of mechanisms simulated with Tough PLA-TPU 95A
are shown in Appendix C. In similar geometry, the stress distribution on the finite element
model simulated with PLA-TPU 95A is comparable with another model made with
Tough PLA-TPU 95A. As an example, Figure 20 shows the comparison of the stress
distribution between both material configurations in tapered-shaped interface. The comparison
of both material configurations in other geometries can be found in Appendix D.

—#— Tough PLA " 18 |t Tough PLA T
——PLA —+—PLA S
r Tough PLA 0.80 1 Tough PLA 0.80 S
O PLAOSo 16k © PLAOSs o e
§ 6 g e
= = 14
o /
§ il g /"/
® ® 12F 4
: / & ¥
84 r g ©
2 3 @ 10t -
x x
©
§ 3 * S 2
8 B
w* r
2 e 5
i SQ/
30 40 50 60 70 80 90 100 50 60 70 8 9 100 110 120 130 140 150
Load (N) Load (N)
A B
70 . . ,
—#— Tough PLA 3
65 [ | —+—PLA S
Tough PLA 0.8 T ¥
60 O PLAO0S8o L i
g p ==
o
E 55 A
B g
S50 P
o r-
z P
® 45}
n
w
Sap ;
€ S
x
@ 35 ¥
=
30 F
25+
20

50 60 70 80 9 100 110 120 130 140 150
Load (N)

C

Figure 22. Stress-load curve of each model from finite element simulation.
A. Rectangular. B. Cylindrical. C. Tapered-shaped interface

Further evaluations of fracture and the elastic region of each model were performed in this
simulation. First, the model was subjected to several loading cases to find the breaking point.
The comparison between the breaking strength of the mechanisms according to tensile test and
simulation can be found in Figure 21. Appendix E shows the fracture condition of each model
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according to the simulation. Then, the assessment of the elastic region was conducted. At least
four different loading cases were simulated. The resulted maximum stresses were plotted
against the loads. As the stress is proportional to load, the linear region in this graph also
represents the elastic region with no plastic deformation that can affect the linearity of the
graph. To investigate whether the selected load for fatigue testing was within the elastic region,
this load was also simulated and plotted on the previous stress-load curve. Figure 22 shows
the plot of stress-load in this simulation, which also shows that all the selected loads for fatigue
testing are within the elastic region. The list of selected loads, as well as the results of Von
Mises stress and strain from each simulation can be found in Appendix F.
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4. Discussion

This study analyzed the mechanical characteristics of different geometries of non-assembly bi-
material compliant mechanisms. The mechanisms consist of parts made from two different
materials which served as flexible and rigid components. FDM was used to fabricate the
mechanisms in a single step. The mechanisms were subjected to static and dynamic tests to
understand the strength and fatigue behaviors of the mechanisms further. Finite element
simulation was used to investigate the stress concentration and to validate the results of
mechanical testing. In this chapter, evaluation of printing parameters, strength and fatigue
behavior of the mechanisms, as well as challenges and future work are presented.

4.1 Evaluation of printing parameters

During the fabrication step, TPU 95A filaments and PLA or Tough PLA were extruded using
two different nozzles. At first, default printing parameters were used to fabricate the bi-material
compliant mechanisms. However, several problems occurred while printing, such as separation
of the part from the building plate while printing, cracks, layer misalignment, and stringing, to
name a few. Therefore, key parameters were adjusted one at a time to obtain the optimum
settings.

Few modifications were made to the PLA and Tough PLA settings to have a better attachment
of part to the printing bed and to increase the ease of post-processing step. The extruder was
set to print extra layers in the form of brim with relatively large width. This build plate adhesion
helped the fabricated component to stick to the printing bed without damaging the bottom area.
In addition, the PLA and Tough PLA was also set as the support material for the whole
mechanisms instead of using TPU 95A. While experimenting with TPU 95A as the support
material, the compliant beam completely fused to the support structure, which increased the
difficulty of removing support material. By using PLA or Tough PLA, the support structure
could be peeled off easily from the compliant beam.

As most printing problems happened while printing the compliant beam, major adjustments of
printing parameters were made to TPU 95A printing settings. Reducing the printing speed and
travel speed from the recommended values could help each layer to bond more precise to the
adjacent layers, which prevent cracks and layer misalignment. These settings were also
supported with increasing the minimum layer time to ensure each layer could sufficiently cool
down and set. Modification of the infill density parameter was also made. The initial setting of
printing TPU 95A according to Ultimaker Cura is by using a high value of infill density with
gradual infill steps, which means the top layer will have the highest density while the density
of the lower layers will gradually decrease. In this study, it was decided to change this variable
to the constant infill density for all sections to produce a homogenous part.

Despite successfully fabricating the mechanisms in one step without further assemble and
extensive post-processing, the selected combination of printing parameters could not result in
mechanisms with the expected yield and breaking strength. Table 8 shows the comparison
between the yield strength according to the technical data sheet and the results of tensile testing.
Increasing the infill density has the potential to improve the strength of the mechanisms.
However, this parameter should also be carefully assessed since it would also increase the
printing time and the total amount of material use.
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Table 8. Comparison of yield strength values

Technical Group A Group B Group C Group D Group E Group F

Data Sheet
[29]
Yield 8.6 1.61+£0.10 1.93+0.13 3.63+0.03 4.08+0.15 4.43+0.09 4.43+0.17
Strength
(MPa)

4.2 Geometry comparison

4.2.1 Strength evaluation

According to the results of tensile testing and finite element simulation, the mechanisms with
tapered-shaped interface achieved the highest value of yield and breaking strength while the
mechanisms with rectangular-shaped interface had the weakest strength among all groups.
Several geometry factors affected these results, including the dimension of the interface, the
relation between the size of the cross-sectional area of the interface and the clamp slot, and the
stress concentration around discontinuities.

As the bond strength of dissimilar materials is considered inferior to the bond of similar
materials [10, 11], special attention should be given to the interface between two materials. In
this weak point, the dimension of the interface could affect the strength of the mechanisms. A
larger surface area of the interface indicates more layers of TPU 95A are deposited on the top
of PLA or Tough PLA layer. Increasing the number of layers that are well-bonded to each other
at this interface section contributes to the higher strength of the mechanisms. Therefore, despite
having the similar initial response to static loading, the mechanisms with the cylindrical-shaped
interface could withstand further loading as opposed to the mechanisms with the rectangular-
shaped interface which had a smaller surface area.

The relation between the size of the cross-sectional area of the interface and the clamp slot also
holds an important function in achieving the high-strength bi-material compliant mechanisms.
The cross-section area of the rectangular-shaped interface and the clamp slot are in the same
dimension. It was found that with this similar dimension, when the separation of TPU 95A and
PLA/Tough PLA layers occurred, the whole interface section inside the clamp could easily
escape through the clamp slot. However, in the cylindrical and tapered-shaped interface, the
cross-section area of the clamp slot was smaller than the interface. This smaller dimension of
the clamp slot prevented the larger component from slipping away. Even though the separation
of TPU 95A and rigid materials already started, the mechanisms did not instantly break as the
component of TPU 95A inside the clamp were still well-bonded and could not escape from the
smaller clamp slot. Therefore, the mechanisms could withstand a higher load until the TPU
95A layers yielded, which subsequently led to plastic deformation and mechanical failure at
the compliant beam.

Geometric discontinuity affects the mechanical behavior of the mechanisms. Mechanisms that
are fabricated with ductile materials can easily fracture as if they are made from brittle materials
if the sharp discontinuities present in the mechanisms, which increase the stress concentration
around these sudden changes of geometry. Smooth transition in the geometry, with the
application of tapering or filleting method, could reduce the stress concentration which results
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in a stronger mechanism [19]. In this study, it was observed that the mechanisms with sharp
discontinuities (i.e., the rectangular and cylindrical-shaped interface) had a lower breaking
strength than the mechanisms with the tapered-shaped interface. Further observation on the
stress concentration from finite element simulation of each geometry under similar loading
condition is beneficial to understand the effect of geometric discontinuity. The results of the
simulation show that high localized stress area occurs near the sharp corners of the rectangular
interface as opposed to evenly stress distribution on the tapered-shaped interface. Therefore,
the rectangular design is more prone to early failure as the localized stress area can initiate
early crack that further propagates.

Overall, the mechanisms with tapered-shaped interface present a promising result to be utilized
in upper-limb prosthesis as these mechanisms presented the highest strength and more evenly
stress distribution compared to other designs. Furthermore, each tested sample of the tapered-
shaped design could produce strength value that is relatively close to each other and contributes
to a relatively low standard deviation without the need of excluding any sample from the
measurement. However, there are still many possible geometries that could be adapted into bi-
material compliant mechanisms. For example, instead of using tapered geometry, other types
of smooth transition such as fillet could also produce the mechanism with a high value of yield
and breaking strength. Nevertheless, the assessment of three different geometries in this study
provided the applicable strategies to increase the strength characteristic of the FDM-fabricated
bi-material compliant mechanisms.

4.2.2 Fatigue behavior

Analyzing the fatigue behavior of the bi-material compliant mechanisms is as important as
evaluating the strength of the mechanisms. It would be impractical to use the mechanisms for
the upper-limb prosthesis if the fatigue failure occurred before reaching the expected period of
use. This section presents the analysis of fatigue behavior of the mechanisms with different
geometry.

The results of fatigue testing show that only the mechanisms with the rectangular-shaped
interface could withstand 100,000 cycles. The rectangular-shaped interface was subjected to a
relatively low alternating load compared to other mechanisms. This result indicated that with
this range of load, there was no significant microfracture that could lead to mechanical failure
in the mechanisms. Other mechanisms, however, failed before reaching the expected number
of cycles. It was observed that the mechanisms had plastic deformation before showing any
visible ruptures.

The permanent change of the shape of the compliant beam and the mechanical failure of the
mechanisms with the cylindrical and tapered-shaped interface before reaching 100,000 cycles
could be interpreted as follows. First, the characteristics of TPU needs to be taken into account.
The microstructure of TPU consists of hard segments of thermoplastic polymer bonded with
soft parts which have rubbery behavior [31]. With this two-phase microstructure, TPU has both
thermoplastic and elastomer properties [32]. Interactions between thermoplastic and elastomer
segments, as well as other internal factors in each segment, contribute to the energy dissipation
of the TPU. Having energy dissipation contributes to the viscoelasticity of TPU, where the
stress-strain behavior is time-dependent. Therefore, the mechanisms that are fabricated with
TPU needs stress relaxation time to be back to the initial state after subjected to certain loading
[31, 33]. In this study, the test system alternating the load from maximum to minimum using
corresponding values of stiffness coefficient and displacement in 0.5 seconds, since the
frequency for cyclic loading was set to 2 Hz. In the mechanisms with the rectangular-shaped
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interface, this frequency was suitable to alternate the load and the corresponding displacement
between 3.2-3.2 N and 0.065-0.65 mm for PLA-TPU 95A configuration and 3.9-39 N and
0.083-0.83 mm for Tough PLA-TPU95A configuration without plastic deformation. Other
geometries, however, were subjected to higher alternating load and displacement which lead
to time-dependent deformation. For example, the cyclic load for the mechanisms with tapered-
shaped interface fabricated from PLA and TPU 95A was alternating between 8.8-88 N while
the deformation range was 0.44-4.4 mm. In this case, the mechanisms were continuously
experiencing cyclic loading under selected frequency before completely reaching the initial
state at 0 mm deformation. The deformation gradually becomes permanent which contributes
to mechanical failure. In addition, the chosen frequency might also increase the friction and
heat within the mechanisms, which also affect the crack propagation.

Despite not completing the expected cycles, both cylindrical and tapered-shaped interface are
still preferable than the rectangular-shaped interface. As the stress-strain curve of the
mechanisms shows that the elastic region of the rectangular-shaped interface also falls in the
elastic region of other mechanisms, both cylindrical and tapered-shaped interface could also
achieve 100,000 cycles if they were tested under similar alternating load and displacement that
were used for the rectangular-shaped interface. Furthermore, changing the testing parameter,
especially the frequency, could be beneficial to assess the durability of the mechanisms under
the proposed cyclic load without generating fracture within the mechanisms.

4.3 Material selection

A wide range of materials that are applicable for FDM technique expands the opportunities to
select the suitable combination for fabricating bi-material compliant mechanisms. The selected
materials need to fulfill the strength and durability requirements. However, choosing a specific
material that can strongly bond with another type of material is relatively complex since there
are a lot of factors that affect the bond strength between dissimilar materials, including the type
of bonding method and the differences in the physical and chemical properties of materials
[11]. In this study, it was not feasible to accurately predict the bonding behavior between the
materials, as limited literature was found regarding physical and chemical properties of
Ultimaker PLA, Tough PLA, and TPU 95A. Therefore, further assessment of the bonding
behavior between the materials could not be conducted. Instead, the evaluation to determine
which selected materials that have potential for the upper-limb prosthesis application is
discussed in this section by comparing the results of mechanical testing and finite element
simulation.

Based on the tensile testing results, Tough PLA produced a slightly stronger mechanism
compared to PLA. The highest difference in the breaking strength was observed in the
cylindrical design where the average breaking stress of Tough PLA samples was 9% higher
than the PLA samples. The average breaking stress value for Tough PLA samples from other
geometries, however, were only 1.3% and 0.9% higher for rectangular and tapered-shaped
group, respectively. In terms of the selected stress values for fatigue testing that was derived
from the tensile testing results, a wider divergence was observed. Despite both Tough PLA and
PLA samples in tapered-shaped group had similar values, Tough PLA samples resulted in 10%
and 22% higher limit for fatigue testing than PLA samples in rectangular and cylindrical group,
respectively.

The finite element simulation showed that both PLA and Tough PLA models with similar
geometry had an identical stress distribution. However, each material generated different value
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of maximum von Mises stress. By plotting the maximum von Mises stress values under various
loads, the elastic characteristic of each model could be compared. According to the plot of
maximum von Mises stresses against loads in the simulation of cylindrical and tapered-shaped
interface, the slope of the PLA curve changed after subjected to 125 N of load while the Tough
PLA curve remained linear. This linearity change indicates that the transition from elastic to
plastic region was occurred in the PLA model, where it also started to deform plastically earlier
than the Tough PLA model. Therefore, with a higher elastic limit, the Tough PLA model could
be subjected to a higher load compared to the PLA model with no plastic deformation.

Despite a stronger mechanism could be fabricated by selecting Tough PLA rather than PLA,
additional review was needed to examine its durability. According to the results of fatigue
testing, it was found that all samples from both PLA and Tough PLA group could complete
100,000 cycles. Although the Tough PLA samples could complete the cycles 5% higher than
the PLA samples in tapered-shaped design, the completed cycles in PLA samples was six times
higher than the Tough PLA samples. Moreover, the standard deviation of cycles completed
were higher for the Tough PLA mechanisms in both cylindrical and tapered-shaped design,
compared to the Tough PLA mechanisms. This result indicates that the melting-solidification
process of PLA and TPU 95A in each fabrication was more consistent than the combination of
Tough PLA and TPU 95A. Hence, the PLA mechanisms gave better certainty for constructing
the mechanisms where each fabricated sample could demonstrate the relatively similar cyclic
loading behavior.

To summarize, the combination of Tough PLA and TPU 95A produced a stronger mechanism
compared to PLA-TPU 95A in similar geometry. Meanwhile, PLA-TPU 95A was able to give
better reliability in terms of producing consistent strength and durability throughout the whole
tested samples. Since both Tough PLA and PLA mechanisms could fulfill the strength
requirement of withstanding at least 67 N of load in cylindrical and tapered-shaped geometry,
the combination of PLA-TPU 95A that produced mechanism with better durability would be
more suitable for the upper-limb prosthesis application.

4.4 Challenges and future work

Several challenges presented while conducting fabrication and mechanical evaluation of the
bi-material compliant mechanisms that were fabricated using the FDM process in a single step.
Therefore, recommendations are proposed for further evaluation, including the optimization of
printing parameters, geometry, material, finite element simulation, and testing setup.

The optimization method of printing parameters faced several limitations. As a relatively new
technology, there are currently no specific guidelines to select the suitable combination of the
FDM printing parameters. Therefore, in this study, the particular values of modified printing
parameters were arbitrarily determined, and the process was also conducted with trial and error.
During optimization, the external factors such as ambient temperature and humidity that also
influenced the printing result were ignored. Another challenge is to understand the impact of
changing one setting on the other. Choosing a specific value for a parameter might influence
other parameters, as printing parameters are interdependent. However, the interdependency
behavior of printing parameters is out of the scope of this study and presents an opportunity to
be investigated in future research.

This experiment was only able to evaluate three different geometry of the interface. After
investigating the current designs, it was found that increasing the dimension of the interface,
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designing a clamp slot with a smaller cross-section area than the interface, and avoiding
geometry discontinuities have potential to be applied in the further design of bi-material
compliant mechanisms. Furthermore, exploring the strength and fatigue behavior of various
configuration of compliant mechanisms such as using a corrugated compliant beam or other
beam-based geometry that have a spring-like characteristic as the flexible part could also
provide more guidelines in designing the mechanisms.

Regarding the selection of material, FDM has an advantage of providing various compatible
polymers which present a prospective modification of the current design. For example, using
the transparent PLA filament for the rigid parts could be more suited than the colored filament
to have a clear observation on the separation of TPU 95A layers from the PLA layers inside
the clamp. Furthermore, it would also be beneficial to assess the behavior of the different
combination of materials other than two combinations that were used in this study to provide
more alternatives in fabricating the mechanisms.

Each finite element model in this study was assumed as an assembly of three isotropic,
homogenous parts (i.e., two clamps and one beam) while the actual parts consisted of many
anisotropic filaments. Therefore, it was not applicable to analyze the viscoelastic behavior and
to predict the bond strength of the filaments, especially at the interface area. These inabilities
are also the shortcomings in this study. Hence, there are several recommendations to improve
the finite element simulation. Using a model that consists of several layers of material is
recommended to understand the behavior of each layer, especially during the separation after
being subjected to a certain load. Although more effort is needed to simulate the actual FDM
part with many filaments, simplification could be made by assuming all filaments in each layer
are well-bonded to each other, creating a homogenous sheet. As the viscoelastic data of the
FDM materials are currently not available, it is also necessary to fill the gaps by conducting
more studies to define the viscoelastic properties that can be beneficial for future simulation.

Another limitation of this study is the optimization of the testing setup. First, it would be
advantageous to set the testing system to investigate not only the effect of axial loading but
also the bending moment, since the kinematic of upper-limb prosthesis also involving bending
behavior. Since the selected fatigue testing frequency might not be suitable for testing
component fabricated from the material that need a certain amount of stress relaxation time, a
lower frequency should be utilized in the next study to have a better comparison between
various designs. In addition, an additional step is recommended to give better understanding
regarding the early plastic deformation and failure issues that occurred before reaching the
expected cycles. In this step, the sample needs to be removed from the fatigue testing after
certain cycles and would be subjected to a tensile test to check its elasticity. For example, if
the elastic behavior of the sample that completed 10,000 cycles is identical to another sample
that was not subjected to fatigue testing, this result validates that no permanent deformation
occurred at 10,000 cycles. By repeating this step with another sample that completed different
cycles, the cycles where the mechanisms started to demonstrate plastic deformation could be
estimated.
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5. Conclusion

This study presents the mechanical evaluation of six groups of bi-material compliant
mechanisms where each mechanism consisted of a flexible beam and two rigid clamps. Based
on the shape of the interface section between the beam and the clamps, there were three
different configurations of the mechanisms: rectangular, cylindrical, and tapered-shaped
interface. FDM process was used to fabricate all mechanisms without further assembly.
TPU 95A was used for the flexible beam while the clamps were made from PLA or Tough
PLA in each design. The Instron ElectroPuls™ E10000 Test System was used in both tensile
testing and fatigue testing to evaluate the strength and fatigue of all groups. Two important
criteria were used to assess the feasibility of using the mechanisms for the upper-limb
prosthesis: the mechanisms need to withstand at least 67 N of load and 100,000 of cyclic
loading. Based on the results of tensile testing which were also validated with the finite element
simulation, both materials combinations fulfilled the strength requirement. The combination of
Tough PLA and TPU 95A could produce mechanisms with a slightly higher strength compared
to PLA-TPU 95A. In fatigue testing, however, it was found that PLA-TPU 95A mechanisms
were more durable than Tough PLA-TPU 95A by completing more cycles with relatively low
standard deviation. Hence, PLA-TPU 95A combination was more suitable to be utilized in the
upper-limb prosthesis. In terms of geometry, the strength of the tapered-shaped interface was
clearly more superior in comparison with others. Both cylindrical and tapered-shaped designs
were able to fulfill the strength requirement. However, these geometries experienced fracture
before reaching the expected number of cycles in fatigue testing. Several factors could have
affected this early mechanical failure such as limitations in fabricating identical samples and
the relatively high frequency of fatigue testing. The optimization of printing parameters and
testing setup needs further evaluation. Other improvements that could be conducted in future
studies are including, but not limited to, analyzing the viscoelastic behavior of the mechanisms,
using different geometry and material selections, and performing further investigation of the
mechanisms under bending condition.
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A. Technical drawings
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Figure A.1. The technical drawing of the bi-material compliant mechanism with rectangular-shaped interface in
5 mm thickness
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Figure A.2. The technical drawing of the bi-material compliant mechanism with cylindrical-shaped interface in
5 mm thickness
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Figure A.3. The technical drawing of the bi-material compliant mechanism with tapered-shaped interface in 5
mm thickness
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Figure A.4. The technical drawing of the bi-material compliant mechanism with rectangular-shaped interface in
0.4 mm thickness
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Figure A.5. The technical drawing of the bi-material compliant mechanism with cylindrical-shaped interface in
0.4 mm thickness
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Figure A.6. The technical drawing of the bi-material compliant mechanism with tapered-shaped interface in 0.4
mm thickness
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B. Printing Settings

All bi-material compliant mechanisms in this study were printed using Ultimaker 3
(ultimaker.com) with dual extrusion system where PLA/Tough PLA material was installed in
extruder 1 and TPU 95A in extruder 2. Extruder 1 was set to the Cura default printing settings.
However, several printing parameters in extruder 2 were modified. These settings are listed in

Table B.

Table B. TPU 95A (extruder 2) printing settings that were modified from the Cura default

printing settings

Parameter Variable Setting

Infill Infill density 20%
Gradual infill steps 0

Material Enable retraction Off

Speed Printing speed 20 mm/s
Travel speed 150 mm/s
Initial layer speed 20 mm/s

Cooling Enable print cooling Off
Minimum layer time 10s

Support Generate support On
Support extruder Extruder 1
Support placement Everywhere
Support density 15%

Build plate adhesion Build plate adhesion type Brim
Build plate adhesion extruder | Extruder 1
Brim width 5mm
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C. The comparison of stress distribution of geometries in Tough PLA-TPU 95A
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Figure C. Von Mises stress distribution of the Tough PLA-TPU95A mechanisms with A. rectangular,
B. cylindrical, and C. tapered-shaped interface under axial loading of 50 N



D. The comparison of stress distribution of geometries in different materials
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Figure D.1. Von Mises stress distribution of the mechanisms with rectangular interface under axial loading of
50 N. The model was simulated using different materials: A. PLA-TPU95A, and B. Tough PLA-TPU95A

43



S, Mizes

(fvg: 75%)
+5.641«+DD
+5.171«+DD
+4.701e+DD
+4.211«+DD
+1.760D=+DD
+1.25D=+DD
+2.820=+DD
+2.15D=+DD
+1.88De+DD
+1.41D=+DD
+9.4D1e-D1
+4.701e-D1
+D.0DD=+DD

Max: +5.641e+0D
Elem: P2CYLINDRICAL-SMM-1-1.4145
Nadge: 11405

5, Mizes

(Avg: 75%)
+5.6162+0D
+5.1662+0D
+4.636=+0D
+4.2272+00
+1.7572+00

+9.19]e-D1
+4.656=-01
+D.0DDe=+0D
Max: +5.616=+0D
Elem: P2CYLINDRICAL-SMM-1-1.414%
Nage: 11405

Figure D.2. Von Mises stress distribution of the mechanisms with cylindrical interface under axial loading of 50

N. The model was simulated using different materials: A. PLA-TPU95A, and B. Tough PLA-TPU95A
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E. Fracture condition of the mechanisms, as simulated with Abaqus
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Figure E.1. Von Mises stress distribution of the PLA-TPU95A mechanisms with A. rectangular, B. cylindrical,
and C. tapered-shaped interface when fracture occurred. The mechanisms were simulated using axial loading of
150 N, 198 N, and 218 N, respectively
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Figure E.2. Von Mises stress distribution of the Tough PLA-TPU95A mechanisms with A. rectangular,
B. cylindrical, and C. tapered-shaped interface when fracture occurred. The mechanisms were simulated using
axial loading of 150 N, 200 N and 220 N, respectively
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F. Stress and strain data from finite element simulation

This section consists of stress and strain data of each model under various loading conditions.
The values of maximum load in experimental fatigue testing of rectangular interface as well as
the values of load when other mechanisms reached 0.55 strain during tensile testing are printed
in bold.

Table F.1. Von Mises stress and strain data of a model with PLA-TPU95A rectangular interface

Load (N) S (MPa) E
(mm/mm)

25 1.45 0.1431

32 1.86 0.1861

50 2.93 0.2963

75 4.89 0.4844

100 7.48 0.7336

Table F.2. Von Mises stress and strain data of a model with Tough PLA-TPU95A rectangular interface

Load (N) S (MPa) E
(mm/mm)

25 1.45 0.1431

39 2.28 0.2292

50 2.93 0.2963

75 4.90 0.4854

100 7.50 0.7348

Table F.3. Von Mises stress and strain data of a model with PLA-TPU95A cylindrical interface

Load (N) S (MPa) E
(mm/mm)

50 5.64 0.5159
75 8.61 0.7817
91 10.58 0.966
100 11.69 1.117
125 14.99 1.67

150 15.81 1.904

Table F.4. VVon Mises stress and strain data of a model with Tough PLA-TPU95A cylindrical interface

Load (N) S (MPa) E
(mm/mm)
50 5.61 0.5173
75 8.61 0.784
100 11.69 1.124
102 11.94 1.169
125 14.99 1.679
150 18.29 2.656
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Table F.5. Von Mises stress and strain data of a model with PLA-TPU95A tapered-shaped interface

Load (N) S (MPa) E
(mm/mm)

50 21.80 0.396

75 34.36 0.602

100 46.53 0.8081
110 51.41 0.8906
125 58.10 1.032

150 62.16 1.445

Load (N) S (MPa) E
(mm/mm)
50 22.04 0.1964
75 34.73 0.6027
100 47.05 0.8091
110 51.97 0.8917
125 58.68 1.035
150 66.86 1.455

Table F.6. Von Mises stress and strain data of a model with Tough PLA-TPU95A tapered-shaped interface
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