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Abstract

One of the outcomes of the course entitled: “Experimental Methods in Orthopaedic
Biomechanics” is for mechanical and bioengineering undergraduate and graduate students to
learn the design and implementation of Nitinol (Nickel-titanium, NiTi) alloys. This is achieved
by conducting two experiments to observe the shape memory and superelastic effects of NiTi
alloys. The superelastic effect exhibits itself when a relatively high mechanical load is applied to
the material at relatively high temperatures. In this condition the material recovers relatively high
levels of deformation upon unloading. The shape memory effect is the material behavior after
permanent deformation in response to temperature changes which leads to shape recovery. NiTi
wires were tested in both experiments.

Introduction

The course entitled “Experimental Methods in Orthopaedic Biomechanics” is an elective course
for senior undergraduate and graduate mechanical and bioengineering students at our university.
In this course, the students perform a series of 10 laboratory experiments that demonstrate
different concepts related to orthopaedic biomechanics. The goal of two of these experiments is
to observe the behavior of shape memory alloys (SMASs) which are a unique class of materials
with the ability to recover their shape. There is a growing body of evidence to show the
effectiveness of modular teaching to bring advance topics to engineering course. In this paper we
have incorporated a project-based learning (PBL) module into an advanced engineering course.
This PBL module brings additional skills in areas of functional materials to bioengineering
students that they would not otherwise receive. The PBL module that consists of lectures and
laboratory experiments was seamlessly connected with the rest of the content of the course. This
approach allowed us to create a low barrier way of adopting shape memory alloy by introducing
advanced topics in the existing course [1, 2].

Nitinol (Nickel-titanium, NiTi) alloys are one of the most well-known and most used
biocompatible SMAs. Shape memory alloy market (predominantly NiTi) is a growing market
and is expected to arrive at $33.9 billion market by 2027. This is mainly due to the fact that
Nitinol has widely being used in medical devices as the base material for transcatheter stent-graft
systems, self-expanding stents, clot removal baskets, filter, as well as in various endoscopic and
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interventional procedures. Over the past 10 years the growth in Nitinol market has increased with
increase in the number of nitinol suppliers and is progressing rapidly, with increasing demand
from medical device community [3-7]. Orthodontic wires made of Nitinol are getting more
popular. Superelastic Nitinol make it easy to exert constant force on the teeth to move them to
their desired locations. This enables less sessions needed to retighten the arch wire which is
needed for conventional materials. Nitinol guidewires are good candidates to reach out to
difficult places inside the body due to their flexibility compared to stainless steel. Nitinol wire
was used to retract rectum during radiation therapy of pelvic tumors [4]. Nitinol has also been
employed in the defense (special antennas, wire, harness and cable), automotive (sealing plugs
and locking rings), and aerospace industries (locking rings, actuators and connectors for
electronica and safety devices). Industrial applications such as couplings, actuators, sealing high-
pressure fuel passages, and commercial applications such as cellphone antennae and eyeglass
frames have also used Nitinol as a key material. More recently with the advancement of additive
manufacturing techniques for shape memory alloys, NiTi complex shape geometries can be 3D
printed for a variety of applications. A stiff-matched bone fixation NiTi plate for mandibular
reconstruction surgery was designed and 3 printed [5]. Adding porosity was the main key to
modulate the stiffness to match the patient bone stiffness and layer wise fabrication using
selective laser melting enabled the build of this complex geometry. Also, currently there are
ongoing research on fabricating different type of lattice structures with NiTi powder for a variety
of applications; from bone implants to light weight actuators [8-9].

NiTi has two thermomechanical stable phases, each with a different crystal structure and
therefore different properties. One is the high temperature phase called austenite (A) and the
other is the low temperature phase called martensite (M). The austenite phase is also called the
parent phase, which means that the material is in a high-temperature environment with respect to
the martensite phases. The martensite phase can exist in two forms: twinned martensite (M), and
detwinned or reoriented martensite (Mq). The twinned and detwinned martensite phases occur in
a low-temperature environment. There are four characteristic temperatures associated with the
phase transformation between martensite and austenite which are martensitic start temperature
(Ms), martensitic finish temperature (M), austenitic start temperature As and austenitic finish
temperature Ar (Mt<Ms and As<As). The transformation between austenite and martensite which
can happen due to the temperature or load change is the basis for the super elasticity and shape
memory properties [10].

The shape recovery ability of the NiTi is due to a phase transformation between the austenite and
the martensitic phases in a reversible way due to temperature and/or load changes. It is
recognized that:
o If the test temperature is higher than A (austenite finish temperature), then NiTi exhibits
superelastic behavior.
o If the test temperature is lower than Ms (martensite finish temperature), then NiTi exhibits shape
memory effects.
Going from austenite to detwinned martensite and vice versa is due to loading.
e Going from austenite to twinned martensite and vice versa is due to temperature changes (cooling
and heating)
e Going from twinned martensite to detwinned martensite is due to loading.



Experiment # 1 — Superelastic effect

Nitinol as a shape memory alloy exhibits two different behaviors: shape memory and
superelastic effects. This experiment focuses on demonstrating the superelastic behavior, which
is demonstrated by applying a sufficiently high mechanical load to the material in the austenite
phase (test temperature is higher than the austenite finish temperature of the alloy). This leads to
a stress-induced transformation to the detwinned martensite phase that creates a relatively large
strain (about 6%) which can be fully recovered by unloading.

The superelastic behavior of SMAs is associated with stress-induced transformation, which leads
to strain generation during loading and subsequent strain recovery upon unloading at
temperatures above Ar. A superelastic thermomechanical loading path generally starts at a
sufficiently high temperature where stable austenite exists, then develops under an applied load
to a state at which detwinned martensite is stable, and finally it returns to the austenitic phase
when goes back to zero stress state as shown in Figure 1.

700 :
/P
600 ;
500 TMf /
o Ms C
= 4004-OC - e
b 1 B —
g 300 . V" .
-
n 1 /
200

100 -/, $)
i/ F Af
A e} : : ! !
0 T f 1 T f T T f T f T
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Strain

Fig.1 A typical SMA superelastic loading cycle

When a mechanical load is applied, the parent phase (austenite) undergoes elastic loading (A —
B). At a specific load level, the stress reaches owms (the initiation of martensitic transformation)
for the onset of transformation into detwinned martensite. Note that the stress-induced
transformation from austenite to detwinned martensite is accompanied by the generation of large
inelastic strains as shown in the stress strain diagram of Figure 1. The transformation proceeds
(B — C), to the stress level owmr (the final critical transformation stress) which indicates the end
of the transformation. Further loading causes elastic deformation in the detwinned martensite
phase. During unloading, after an initial elastic strain recovery, the material transforms back to
austenite and the transformation starts at oas and completes at cas (E —F)[11]. The
transformation between austenite and martensite leads to a temperature change in the NiTi which



strongly depends on the strain rate [12]. These items are investigated in the first part of the
experiment #1.

A BOSE ElectroForce® 3330 machine and an IR Camera (from Micro Epsilon) are used in this
experiment. The BOSE machine allows the application of a tension force on a sample under a
constant rate of elongation. Testing should be done in a displacement control mode. In this
experiment, a displacement control mode was used where a maximum displacement of ~1.8 mm
is applied to the specimen as a specified strain rate. The IR camera can measure the surface
temperature of the sample wire during loading and unloading. A NITI#1 wire with 0.025”’
diameter, manufactured by FORT WAYNE METALS, Inc. from Indiana is used in this
experiment.

Tension force was applied at two different strain rates: an isothermal loading at a rate of 0.005
mm/s and a dynamic loading at a rate of 0.5 mm/s. The loading rate was set using the Wintest®7
software. In the beginning, the material is in the austenite phase. The external load causes a
stress-induced transformation from Austenite to detwinned Martensite. The recoverable induced
strain is much higher (about 8%) than that of conventional materials. By unloading the material,
it transforms back to Austenite and recovers its shape. The wire was trained at the high strain
rate to stabilize the cyclic response. Load-displacement curves, stress-strain curves, and
temperature changes in the wires were plotted and analyzed. Students were asked to identify one
example of the application of superelastic wires and describe how it works and its advantages
compared to traditional materials.

Experiment # 2 — Shape memory effect

This demonstration focuses on the shape memory effect (SME). An increase in temperature can
result in shape recovery even under some level of applied loads. Such characteristics of SMAs
have made them a good candidate for sensing and actuation applications.

The phase transition from austenite to martensite is termed forward transformation. Under
cooling, austenite begins to transform to twinned martensite at the martensitic start temperature
(Ms) and completes transformation to martensite at the martensitic finish temperature (Ms)
without load. At this stage, the transformation is complete and the material is fully in the twinned
martensitic phase. When the martensitic phase transforms back to austenite, the transition is
called reverse transformation. During heating, the reverse transformation initiates at the (As)
and the transformation is completed at the (As).

Figure 2 shows the shape memory effect for a typical SMA wire, which also represents our
demonstration process. The wire starts from the twinned martensite phase (point B) under room
temperature (which means the room temperature is lower than My). When the twinned martensite
is subjected to an applied stress that exceeds the detwinned start stress level (os), the
transformation process from twinned martensite to detwinned martensite is initiated. Detwinning
completes at the detwinned finish stress (of). Continuing loading would cause elastic
deformation of detwinned martensite (point C). When the material is heated and cooled with a
mechanical load produced by the weight, the phase transformation will occur directly between
detwinned martensite and austenite and then back to detwinned martensite (process C to C to C”



to C in Figure.3). After three cycles of heating and cooling, the deformed configuration is
retained as the load is released (point D) and the wire is in detwinned martensite phase. Then
voltage is applied on the wire again. During heating, when the temperature reaches As (point E),
the material starts to transform from detwinned martensite to austenite. A subsequent heating of
the SMA to a temperature above As (point F) will result in a complete phase transformation
(from detwinned martensite to austenite) and shape recovery. Cooling back to room temperature
below Ms leads to the formation of twinned martensite again with no associated shape change
observed (point B). This process is described as Shape Memory Effect (SME) [13].
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Figure 2
Stress-strain-temperature data exhibiting the shape memory effect for a typical NiTi SMA

A Flexinol actuator wire with a 250 um diameter, manufactured by DYNALLOY, Inc. from
California is used for this demonstration. The setup is composed of an Agilent E3631A Triple
Output DC Power Supply (6V/5A +/-25V/1A), a FLEXINOL® wire, a thermocouple, a laser
sensor made by MICRO-OPTRONIC (Germany), an Arduino UNO board, a fan, and a weight
(shown in Figures 3 and 4). Each is described as follows:

> The E3631A Triple Output DC Power Supply — is controlled by the Arduino UNO to
add or remove current depending on the thermocouple readings;
> The FLEXINOL® Wire — the SMA wire being utilized for SME properties;



Thermocouple — regulates the temperature of the SMA wire to stay between 30°C and
100°C;

The laser sensor — measures the activation range of the wire with contraction and
relaxation;

Fan — enhances the cooling effect upon the wire;

Weight — is used to exert a loading on the SMA wire.
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Figure 3. The demonstration system for a SMA wire: 1-DC Power Supply; 2-SMA Wire
(FLEXINOL®) Setup with Thermocouple; 3-Laser Sensor; 4-Arduino UNO Board (slightly
hidden); 5-Fan; 6-Weight (attached to wire off of screen).

Fig.4 The SMA Wire Setup with DC Power Supply Clips and Thermocouple attached.



> The Arduino UNO board — allows the real time displacement communication between
the laser sensor and the PC, allows the real time temperature communication between
the thermocouple and the PC, commands the power supply switch to turn on and off
depending on the temperature readings, utilizes the Parallax Data Acquisition (PLX-
DAQ) Excel add-on;

In this experiment, the NiTi wire is initially in its twinned martensitic phase. It is then loaded by
adding a 1kg weight and transformed into the detwinned martensite phase. Current is then
applied to the wire until the temperature reaches 100°C and then the current removed until the
temperature decreased to 30°C. (Going from C to C’ to C” and then back to C on the curves of
Figure 2). The load is removed, and the material remains in its detwinned martensite phase.
Large residual strains (about 8%) can also be observed after removing the load. The wire is then
heated, which causes the material to transform back to the austenite phase, recovering a
significant portion of the strains. When the heat is removed, the material returns to its original
twinned martensite phase and the cycle can be repeated.

The experiment was repeated for three different loading levels. An Arduino board was used to
command the power supply switch to turn on and off depending on the temperature, and to allow
the real time temperature communication between the thermocouple and the PC. The Arduino
board utilized the Parallax Data Acquisition Excel add-on for data acquisition.

Stress-strain curves were plotted. Students were asked to describe the phase that the SMA wire is
in: 1) when the wire is on the table, before being installed; 2) after being installed on the setup
with no weight added; 3) when weight is added but no current is applied; 4) when the wire
temperature is at 100°C with the weight added; 5) when the wire temperature is at 30°C with the
weight added; 6) when the wire is unloaded; 7) when the wire is unloaded and again a current is
applied to increase the temperature to 100°C; 8) when the wire is finally cooled down. Students
were also asked to identify one example of the application of the shape memory alloy (SMA)
where the design is based on using the shape memory effect of the wire and describe briefly how
the SMA wire works.

Discussion

This course, “Experimental Methods in Orthopaedic Biomechanics”, consists of conducting ten
experiments related to orthopaedic biomechanics where students work in groups. This course
focuses on the following outcomes:

(a) ABET outcome 1: An ability to identify, formulate, and solve complex engineering
problems by applying principles of engineering, science, and mathematics

(b) ABET outcome 3: An ability to communicate effectively with a range of audiences

(c) ABET outcome 5: An ability to function effectively on a team whose members together
provide leadership, create a collaborative and inclusive environment, establish goals, plan
tasks, and meet objectives



(d) ABET outcome 6: an ability to develop and conduct appropriate experimentation,
analyze and interpret data, and use engineering judgment to draw conclusions

The two experiments described in this paper focus on ABET outcomes 3, 5 and 6.

The first time this class was offered was in Spring 2015, the second time in Spring 2017 and the
third time in Spring 2019. Seventeen students were enrolled in the class in 2015, eleven students
in 2017 and seven students in 2019. All of the students were undergraduate students in
bioengineering. There are many elective courses for graduate students to choose from in the
departments of bioengineering and mechanical engineering at the University of Toledo. This
may be the reason that there were zero graduate students over the past 5 years in this course that
was designed for graduate and undergraduate students. Also, undergraduate enrollment appears
to be dropping from 17 in 2015, to 11 in 2017, and to just 7 in 2019. However, enrollment is up
to 10 during the ongoing spring 2020 semester. The reason for low enrollment is that this course
is offered primarily for undergraduate bioengineering students. The curriculum is designed such
that it is available to students in their senior year. Most of the senior students have seen some of
the material covered in the course in previous classes. To address this issue, the department of
bioengineering has decided to make this course a required course for their undergraduate
students to provide them with an experience in experimental methods in orthopaedic
biomechanics. Also, the required course will be taken by students in their sophomore year. It is
thus expected to have a large increase in enrollment. The first cohort of bioengineering students
that will take this required course started their program in fall 2019. They will thus take this
course in spring 2021.

In 2015, the average grade obtained in the report for the first lab demonstrating the superelastic
effect of the NiTi was 91.7 (out of 100) with the highest grade of 99.50 and the lowest grade
80.50. The average grade for the report for the second experiment was 88.7 with the highest
grade of 96 and the lowest grade 82. In 2017, the average grade for the report of the first lab was
82.6 with the highest grade of 89.25 and the lowest grade 70.75. The average grade for the report
for the second experiment was 93.45 with the highest grade of 98.75 and the lowest grade 87.50.
In 2019, the average grade obtained in the report for the first lab was 70 with the highest grade of
85 and the lowest grade 61.25. Six students (out of seven) submitted the lab report for the second
experiment and the average grade was 79.8 (out of 100) with the highest grade of 94.75 and the
lowest grade 69.00. These data show that the students submitted (on average) a better report for
the second experiment (than that for the first experiment) which is harder to grasp.

The results of the graded reports indicate that the students were able to conduct experiments to
characterize the mechanical properties of shape memory alloys. The students showed
understanding of each behavior associated with SMAs; however the 2019 students showed one
specific lack of understanding with each behavior. For the superelastic behavior, Experiment # 1,
all seven students had trouble grasping that Young’s Modulus in austenite (Ea) is always greater
than the Young’s Modulus in martensite (Em) — this was a calculation asked from the students
when analyzing the stress-strain curves. This understanding would have allowed the students to
check their results to ensure that the regions they were analyzing on the stress-strain curve were
the correct regions. Additionally, in Experiment # 2, depicting the shape memory effect, six out
of the 2019 seven students showed a lack of understanding that as the temperature increased, the



strain would decrease. After consulting the students that year, it was determined that this was due
to a misunderstanding of the data processing required for the experiment.
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