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This study introduced a shape memory alloy (SMA)-based smart knee spacer for total knee arthroplasty
(TKA). Subsequently, a 3D CAD model of a smart tibial component of TKA was designed in Solidworks
software, and verified using a finite element analysis in ANSYS Workbench. The two major properties
of the SMA (NiTi), the pseudoelasticity (PE) and shape memory effect (SME), were exploited, modelled,
and analysed for a TKA application. The effectiveness of the proposed model was verified in ANSYS Work-
bench through the finite element analysis (FEA) of the maximum deformation and equivalent (von Mises)
stress distribution. The proposed model was also compared with a polymethylmethacrylate (PMMA)-
based spacer for the upper portion of the tibial component for three subjects with body mass index
(BMI) of 23.88, 31.09, and 38.39. The proposed SMA -based smart knee spacer contained 96.66978% less
deformation with a standard deviation of 0.01738 than that of the corresponding PMMA based counter-
part for the same load and flexion angle. Based on the maximum deformation analysis, the PMMA-based
spacer had 30 times more permanent deformation than that of the proposed SMA-based spacer for the
same load and flexion angle. The SME property of the lower portion of the tibial component for fixation
of the spacer at its position was verified by an FEA in ANSYS. Wherein, a strain life-based fatigue analysis
was performed and tested for the PE and SME built spacers through the FEA. Therefore, the SMA-based
smart knee spacer eliminated the drawbacks of the PMMA-based spacer, including spacer fracture, loos-

ening, dislocation, tilting or translation, and knee subluxation.

© 2018 IPEM. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Osteoarthritis is a common cause of disability pertaining to
people aged 45-65 years, and athletes, as reported in [1-4]. Re-
cent studies [5-9] showed that people with a body mass index
(BMI) greater than 25 were prone to knee osteoarthritis. The main
cause of knee osteoarthritis is the asymmetric loading of the me-
dial and lateral compartment of the knee joint owing to a heavy
body weight during different activities of daily life.

The knee joint is between two bones of the human body. The
tibia and femur are comprised of two separate articulations: the
tibiofemoral (TF) and patellofemoral (PF) joints. The six degrees
of freedom of the motion of the knee are the three rotations,

Abbreviations: BMI, body mass index; CAD, computer aided design; NiTi, nickel
titanium; PE, pseudoelasticity; PF, patellofemoral; PMMA, polymethylmethacrylate;
SMA, ahape memory alloy; SME, shape memory effect; TF, tibiofemoral; TKA, total
knee arthroplasty; FEA, finite element analysis.
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the flexion/extension, varus/valgus, and internal/external, and the
three translations, the anterior/posterior, medial/lateral, and prox-
imal/distal. Flexion and extension are the primary motions of the
TF joint on the sagittal plane, which provide a maximum flexion
of 160°, i.e., also referred to as the range of motion described in
the study by Kuster et al. [13] and D’Lima et al. [14]. To extend
the knee with minimal contraction of the quadriceps, the PF joint
provides a three-dimensional range of motion across the TF joint
flexion, as reported by Masouros et al. [12].
Polymethylmethacrylate (PMMA)-based total knee arthroplasty
(TKA) is an effective method to treat knee osteoarthritis by plac-
ing a static or articulating PMMA cement antibiotic spacer between
the femur and tibia, as reported in [15-21]. However, owing to
asymmetric loading on the knee at different flexion angles after
the treatment of an infected TKA by an articulating PMMA cement
spacer for people above 45 years of age having osteoporosis, the
survival of the PMMA artificial knee component is inadequate, ac-
cording to the studies by Revell [22] and Struelens et al. [23]. The
study by Struelens et al. [23] reported that 57% out of 154 patients
faced spacer-related problems, such as spacer dislocation, fracture,
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loosening, tilting or translation, and knee subluxation. For the fail-
ure of PMMA-based TKA, an increased burden of the cost to the
patient and health care system occurred, as described in the stud-
ies by Brunnekreef et al. [10] and Cui et al. [11]. Therefore, to solve
the aforementioned problems, a 3D CAD model of the tibial com-
ponent of TKA (smart knee spacer) based on the shape memory
alloy (SMA) NiTi was proposed followed by a finite element analy-
sis.

The SMA is a smart material with novel functionalities such as
a high strength, high fatigue resistance, high resistance to wear,
and biocompatibility. In addition, the SMA exhibits two unique
properties: the shape memory effect (SME) and pseudoelasticity
(PE), which provide an improvement over the existing state-of-
the-art technologies for industrial as well as biomedical applica-
tions. In a biomedical application, Majid et al. [26] designed an
SMA-based expandable pedicle screw to enhance fixation in osteo-
porotic bone. Petrini et al. [25] performed a computational study
of the SMA behaviour for biomedical devices, and Bahraminasab et
al. [31] showed the effect of the SMA on the stress distribution and
contact pressure in a total knee replacement through an FEA.

This is the first study where both properties of the SMA were
used to overcome the drawbacks of the state-of-the-art technology.
The use of the SMA for TKA was proposed in the preliminary ver-
sion of this study by Gautam et al. and was presented in Ref. [35].
In this study, the following was proposed.

1. The PE property-based upper portion of the tibial component
was introduced from previously published research [35] by rig-
orous study through calculating the TF force of the knee joint
for three subjects with BMIs of 23.88, 31.09, and 38.39 for dif-
ferent activities of daily life. A comparative study of the PE
property-based tibial component with the PMMA-based tech-
nology was performed using an ANSYS-based finite element
analysis for the maximum deformation and equivalent (von
Mises) stress distribution.

2. Subsequently, the CAD model was proposed by exploiting the
SME property of the SMA to improve the sustainability and
long-term functionality of the tibial component for loosening
of the spacer at different unsymmetrical loadings for the osteo-
porotic bone.

3. Finally, the efficacy of the PE and SME properties of the NiTi
built proposed smart tibial component of TKA was verified by a
strain life-based fatigue analysis using the FEA in ANSYS Work-
bench.

2. Motivation and background
2.1. Shape memory mechanism

The SMA, as mentioned in the previous section, exhibits unique
properties of the SME and PE [36]. Therefore, SMA can regain its
original shape or size after a large deformation beyond the elastic
limit based on the applied loading, such as thermal loading for the
SME and mechanical unloading for the PE, as shown in Figure 1(a)
and described in the studies by Dai et al. [24], Jani et al. [27], Fu-
nakubo [28], Suzuki et al. [29], Buehler et al. [37], and Duerig and
Pelton [39].

The SMA can be in two different solid phases by means of three
different crystal structures, i.e., twinned martensite, detwinned
martensite, and austenite, and five possible transformations among
these crystal structures. The austenite and martensite phases are
stable at high and low temperatures, respectively. Therefore, the
phase transformation between martensite and austenite can be
achieved by applying heat. This phase transformation from marten-
site to austenite starts at As (the austenite start temperature) and
ends at Ay (the austenite finish temperature). During this phase

transformation above temperature T> A, the material contracts
and transforms to austenite by regaining its original shape. Upon
cooling, the material transforms back to the martensite phase at M;
(the martensite start temperature) and ends at My (the martensite
finish temperature). The highest temperature at which martensite
can no longer be stress-induced is referred to as My, and above this
temperature, the SMA can be permanently deformed like an ordi-
nary material. The shape change phenomenon of the SMA, known
as the SME and PE, are explained as follows.

1. SME: the SME maintains the deformed state after removal of
the external force, and then returns to the original state by
thermal loading at a certain temperature range.

2. PE: the SMA returns to the original shape when the load is re-
leased after a large deformation beyond the elastic limit at the
constant temperature for range of Af<T < Mj.

The SME and PE of the SMA are the diffusion-less solid phase
transition between the martensite and austenite crystal structures.
This behaviour of the SMA can be predicted from the crystallo-
graphic and thermodynamics of the material given in the literature
by Petrini et al. [25], Funakubo et al. [28], and Suzuki et al. [29].

2.2. Load and constraints at the TF joint

Determining the force acting on the TF joint is critical. Numer-
ous applicable assumptions are required owing to the complex-
ity of the knee joint, as shown in the studies by Masouros et al.
[12], Kuster et al. [13], and D’Lima et al. [14]. Based on the differ-
ent activities performed by the lower limb, a delineative model of
the human skeleton was designed for walking based on a person
pressing the ground using a single foot, as shown in Figure 1(b).
This situation is frequent and produces large load conditions at the
knee. Thus, this situation was included in our study as a boundary
condition for the computational analysis in ANSYS Workbench to
show the robustness of the proposed model.

The SME and PE properties of the SMA NiTi were used for the
design of the smart tibial component for the TKA components as
follows.

1. The upper portion of the tibial component of TKA was made
by using the PE property of the SMA. During different activi-
ties of daily life at a different flexion angles, the PE property
of the SMA absorbed a large amount of stress and, if deformed,
recovered its original shape upon unloading.

2. The lower portion of the tibial component was made using the
SME property of the SMA. This would solve the problem of
spacer loosening, dislocation, or translation under unsymmet-
rical loading at different flexion angles.

3. Proposed SMA-based TKA component

A 3D CAD design was proposed for the smart tibial component
of TKA using the SMA NiTi, and the corresponding FEA was pre-
sented in ANSYS Workbench. Based on the experimental examina-
tions for daily life activities available in the literature by Kuster
et al. [13], Bahraminasab et al. [31], and Godest et al. [32], four
configurations of flexion angles, i.e., 60°, 80°, 90°, and 115°, were
studied for three subjects with BMIs of 23.88, 31.09, and 38.39.
When a person used a single foot for performing daily life activ-
ities, the corresponding tibiofemoral bone-to-bone forces (F;) were
computed for all cases, as shown in Figure 2. These computed val-
ues of force were used as the input boundary conditions for the
simulations of the tibial component of TKA in ANSYS Workbench.
Assuming F,’ was the tibiofemoral force when a person used both
feet for performing different daily life activities, F,’ was repre-
sented as shown below.

F, = 0.5F, (1)
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Figure 1. (a) Shape memory mechanism and (b) the model of the human skeleton while walking on the ground.
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Figure 2. Tibiofemoral force comparison plot.

In this study, the tibiofemoral force (F,’) for level walking,
climbing stairs, descending stairs, and sitting down were 2.99, 3.67,
3.84, and 4.66 times the body weight, respectively, were adopted
from the studies by Kuster et al. [13], Collins [40], Morrison [41],
Andriacchi et al. [42], Morrison [43], and Harrington [44].

3.1. Proposed CAD model and the FEA

TKA is a frequently performed surgical procedure in or-
thopaedic surgery. Patients suffering from knee osteoarthritis ben-
efit from this operation through improvement in functionality and
reduction in perceived pain [33]. TKA is an artificial joint usually
made of a metallic alloy and plastic material that can replace the
damaged knee completely or partially. The total prosthesis consists
of two components: the femoral and tibial components tightly at-
tached to the femur and tibia bone, respectively.

NiTi SMA was used, and the PE and SME properties were used
to design a 3D CAD model of the state-of-the-art standard tib-

ial component using CAD Solidworks software [34]. The step-wise
flow is shown in Figure 3(a). Ingrassia et al. [30] designed two in-
dustrial standard total knee joint prostheses and compared their
performance using an FEA. Godest et al. [32] performed an FEA for
knee joint replacement during a gait cycle.

3.1.1. PE property-based proposed CAD model for the upper portion of
the tibial component

The proposed 3D CAD model of the tibial component was im-
ported in the finite element commercial tool ANSYS Workbench
and meshed with the hex dominant method of the solid elements,
as shown in Figure 3(b). For the complete model, 21,142 of the
total elements were used for the simulation [38]. Then, the tibial
component was simulated by the SMA capability developed in the
framework of ANSYS Workbench. The static structure application
module was used to solve the problem wherein the PE property of
the SMA NiTi was assigned to the upper portion of the designed
CAD model with the material parameters listed in Table 1.

In the FEA of the tibial component, the lower face of the tibial
component CAD model was fixed, and the tibiofemoral bone-to-
bone force (F;) was computed (as shown in Figure 2) for the three
subjects, which were used as the input boundary conditions. The
tibial component of the TKA spacer was tested for four flexion an-
gles, i.e., 60°, 80°, 90°, and 115°, by the FEA on ANSYS Workbench.
The simulations were carried out in two steps, where each step, to
avoid simulation convergence, consisted of at least 200 sub-steps
as explained below.

1. Step-I: in this step, a force at various flexion angles was ap-
plied on the top two faces of the tibial component whose prop-
erty was assigned as the PE of the SMA for T> Ay, which trans-
formed from austenite to the detwinned martensite phase with
high-stress and high-strain values.

2. Step-II: in this step, the applied load (force) was released,
and the tibial component relaxed, transformed from detwinned
martensite to the austenite phase with low-stress and low-
strain values.
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Figure 3. (a) Proposed CAD model. Image A shows the cutting of the extrude box. Image B shows split line 1, and image C shows the extruded upper surface of split line
1. Image D shows split line 2, and image E shows the boundary surface. Image F shows the extruded upper surface of split line 2, and image G shows the extruded lower
surface a cylindrical rod. Image H shows a chamfer on the cylindrical rod at the lower end, and image I shows the complete CAD design. Picture (b) shows the meshed CAD

model.

Table 1

Material properties of the NiTi SMA (PE).
Parameter Value
Sigma SAS 520 MPa
Sigma FAS 600 MPa
Sigma SSA 300 MPa
Sigma FSA 200 MPa
Epsilon 0.07 mm~!
Alpha .01
Young's modulus 60,000 MPa
Poisson’s ratio 33

3.1.2. SME property-based CAD model for the lower portion of the
tibial component

To improve the sustainability and long-term functionality of the
TKA component (tibial component) at different asymmetrical load-
ings, the lower portion of the tibial component was designed using
the SME property of NiTi. To study the SME effect in the FEA, the
3D CAD model was designed. This model consisted of two parts:
the tibial component with a hollow lower portion and four cylin-
drical tools positioned opposite each other, as shown in Figure 4(a).
The complete 3D CAD model was then meshed with the adaptive
size function with coarse meshing, as shown in Figure 4(b). The

Table 2

Material properties of the NiTi SMA (SME).
Parameter Value
Hardening parameter 500 MPa
Reference temperature 23 °C
Elastic limit 120 MPa
Temp. scaling parameter 8.3
Max. transformation strain 0.07 mm-~!
Martensite modulus 70,000 MPa
Load dependency parameter 0
Young's modulus 60,000 MPa
Poisson’s ratio 33

total number of elements and nodes used for this complete model
was 856 and 5083, respectively. The static structural application
module was used to solve the problem by assigning the SME mate-
rial parameter to the lower hollow portion of the tibial component,
as listed in Table 2.

In the FEA-based study, for the SME property of the tibial com-
ponent, four cylindrical tools were used to compress the lower por-
tion of the tibial component by 2 mm before inserting the compo-
nent into the tibia at room temperature (22 °C). After deformation,
the spacer was assumed to be inserted into the tibia bone (at the

Figure 4. (a) Proposed CAD model for the SME property and (b) the meshed CAD model for the SME property.
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Figure 5. Flow-chart of the FEA for the SME property based on the lower portion of the tibial component.

body temperature of 38 °C); therefore, a thermal condition was ap-
plied in the proposed model. Because of the applied heat, the total
deformation was recovered by the expansion of the lower portion.
Thus, the expansion of the lower portion of the tibial component
pushed the tibia bone across its circumference. This showed that
the SME property of the NiTi SMA stabilised the tibial component
on asymmetrical loading at different flexion angles. The complete
simulation was carried out in five steps, as shown in the flow-chart
in Figure 5. Each step consisted of a minimum of 60 and a max-
imum of 2500 sub-steps, as explained below. Each step was per-
formed iteratively in sub-steps to avoid simulation convergence.

1. Step-1: in this step, the spacer was displaced in the negative
Y axis with a displacement of 48 mm to be near the deforma-
tion tools. The temperature also decreased from 25 °C to 22 °C
to transform the material from austenite to twinned martensite
with low-stress and low-strain values.

2. Step-2: in this step, the deformation tools were used to apply
load by compressing the lower portion of the tibial component
by 2mm at a temperature of 22 °C. This transformed the ma-
terial from twinned martensite to detwinned martensite with
high-stress and high-strain values.

3. Step-3: in this step, the load from the deformation tools was re-
moved by displacing them in the opposite direction by 40 mm
at a temperature of 22 °C. Thus, the lower portion of the tib-
ial component was permanently deformed into the detwinned
martensite phase with low-stress and high-strain values.

4, Step-4: in this step, the temperature of the tibial component
increased to body temperature, i.e., 38 °C, which transformed
the material from detwinned martensite to the austenite phase
with low-stress and low-strain values.

5. Step-5: in this step, the temperature increased to 41 °C, and the
material was transformed to the parent austenite phase with
total recovery of the strain.

3.1.3. Fatigue analysis

Fatigue of the NiTi SMA can be classified into two types: func-
tional fatigue and structural fatigue. Functional fatigue of the SMA
is not accepted widely by the fatigue research community, accord-
ing to Mahtabi et al. [45] despite some studies in the literature
by Miyazaki et al. [46] and Eggeler et al. [47]. Unlike other ma-
terials, the SMA alloy also experiences structural fatigue owing to
cyclic loading. The stress and strain life-based methodologies can
predict the lifetime of the material through the fatigue behaviour.
Although, to study the long-term functionality of the strength of
the proposed SMA-based NiTi alloy for the tibial component, the
strain life-based fatigue analysis was adopted using the FEA in AN-
SYS. The strain life fatigue was adopted because of the findings
from the studies by Browell and Hancq [48] and Bannantine et al.
[49], which are listed below.

1. The strain can be directly measured and can characterise the
low-cycle and high-cycle fatigues.
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Figure 6. (a) Comparison plot for the max deformation at different flexion angles for a BMI of 23.88. Image (b) shows a comparison plot for the max deformation at different
flexion angles for a BMI of 30.38. Image (c) shows a comparison plot for the max deformation at different flexion angles for a BMI of 38.39.

Table 3

Representative parameter for the fatigue behaviour of NiTi.
Strain life parameter Value
Cyclic strain hardening exponent 0.1
Cyclic strength coefficient 733 MPa
Fatigue strength exponent —0.06
Fatigue strength coefficient 705 MPa
Fatigue ductility exponent -0.6
Fatigue ductility coefficient 0.68

2. The Strain life is based on crack initiation, whereas stress life is
based on the total life and does not distinguish between initia-
tion and propagation.

In this study, the fatigue parameters of NiTi listed in Table 3
were used from the study by Cheung et al. [50]. In the FEA, the fac-
tors of the fatigue tools, such as the life, safety factor, and fatigue
sensitivity, were studied for the PE and SME tibial component, and
the infinite fatigue life (also known as the endurance limit) was
defined as 10° cycles.

4. Results and discussion
4.1. PE property-based tibial component

The upper portion of the 3D CAD model of the tibial component
of TKA was tested for the PE property and verified by the simu-
lation results. A comparative study of the maximum deformation
and equivalent (von-Mises) stress with the PMMA-based spacer
was performed with the same boundary conditions (from Figure 2)
for three different people (BMIs of 23.88, 30.38, and 38.39), as
shown in Figures 6 and 7. A person with a BMI greater than 25
is prone to knee osteoarthritis [5-9]. In the validation process, the
study was restricted to three subjects based on their BMI to eval-
uate the efficacy of the proposed model for three category of BMI:
healthy, overweight and obese. From Figure 5, for all three subjects,
the proposed SMA-based spacer achieved 96.66978% less deforma-
tion with a standard deviation of 0.0174 than that of the PMMA-
based technology for flexion angles of 60°, 80°, 90°, and 115°.

Based on the maximum deformation analysis from Figure 6, the
PMMA-based spacer contained 30 times more permanent deforma-
tion than that of the SMA-based spacer for the same load and flex-
ion angle. Furthermore, the deformation of the SMA-based spacer
was recoverable when the load was released owing to the PE prop-
erty of the SMA. The simulation results obtained for all three sub-
jects showed that the SMA-based spacer provided less recoverable

total deformation under asymmetric loading, whereas the PMMA-
based spacer provided a more permanent deformation. This was
one of the main causes of dysfunction of the PMMA-based spacer
after treatment in TKA.

From Figure 7, the SMA-based spacer absorbed more stress than
that of the PMMA-based spacer for the same loading and flexion
angle. The PE property of the SMA used for the development of
the upper portion of the tibial component absorbed a large amount
of stress and produced less recoverable deformation from a heavy
load under asymmetrical loading at different flexion angles during
different activities of daily life, such as walking on a level ground,
walking on inclined or declined surfaces, and walking downstairs
or upstairs.

For the proposed model, the maximum operating temperature
was approximately 40 °C, and as per Oppenheimer et al. [54], for
equiatomic NiTi, the creep range corresponding to the homologous
temperature was 12.5 to 22.5 times greater than the operating
temperature of the proposed model (corresponding to the homol-
ogous temperature 0.61-0.80, using the melting point of 1310 °C
for equiatomic NiTi from the study by Dieter [55]). Thus, from
the stress analysis, the PE property of NiTi did not undergo creep-
permanent deformation.

The upper portion of the tibial component was subjected to
continuously varying cyclic loading owing to its usage application.
The fatigue analysis of the material was used to estimate the life-
time of the product. Therefore, the fatigue analysis of the proposed
NiTi SMA was required and has been a topic of an interest for ma-
terial scientists and researchers for two decades [45]. The experi-
mental results for the fatigue of NiTi by Miyazaki et al. [51], Pel-
ton et al. [52], and Pelton et al. [56] using the strain life fatigue
analysis showed 107 life cycles for the strain percentage of 0.4. In
Azaouzi et al. [53], the fatigue life of NiTi was also dependent on
the size and shape of the model.

Therefore, to predict the fatigue life of the proposed PE-based
tibial component, the FEA analysis was performed through the fa-
tigue tool in ANSYS Workbench for the life, safety factor, and fa-
tigue sensitivity. From the FEA of the fatigue life, the NiTi-based
upper portion of the tibial component showed a minimum fatigue
life of 10° cycles, a minimum safety factor of 15, and a fatigue
sensitivity of 102 available life cycles for different loading histories
with lower and upper variations of 50% and 150% of the applied
load, as shown in Figure 8(a).

Thus, the PE property of the SMA-based upper portion of the
tibial component would eliminate the drawbacks of spacer fracture
and knee subluxation.
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Figure 7. (a) Comparison plot for the equivalent (von Mises) stress at different flexion angles for a BMI of 23.88. Image (b) shows a comparison plot for the equivalent (von
Mises) stress at different flexion angles for a BMI of 30.38. Image (c) shows a comparison plot for the equivalent (von Mises) stress at different flexion angles for a BMI of

38.39.
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Figure 8. (a) Fatigue sensitivity plot for the PE property-based tibial component. Image (b) shows the fatigue sensitivity plot for the SME property-based tibial component.

4.2.2. SME property-based tibial component

The 3D CAD model of the lower portion of the tibial compo-
nent of TKA was tested for the SME property and verified by the
simulation results shown in Figure 9. From Figure 9, after the sec-
ond step of the simulation, the deformation tool compressed the
hollow lower portion of the tibial component by 2mm, and to-
tal deformation was recovered in the fourth and fifth steps of the
simulation, when the temperature of the hollow lower portion of
the tibial component increased to body temperature (38 °C). This
produced a maximum of 1139.2 MPa of the total equivalent stress,
which allowed the lower portion of the tibial component (which
was inserted into the tibia bone) to push and apply pressure to the
tibia bone along its circumference. Thus, the SME property fixed
the spacer in its position at different asymmetrical loading, unlike
the PMMA spacer counterpart.

The present application of the SME property-based tibial com-
ponent was intended for one-time actuation. Although, fatigue ow-

ing to external loading might occur; therefore, the FEA of the fa-
tigue life was performed through the fatigue tool in ANSYS Work-
bench for the life, safety factor, and fatigue sensitivity. From the
FEA of the fatigue life, the NiTi-based lower portion of the tibial
component showed a minimum fatigue life of 10° cycles, a min-
imum safety factor of approximately 1.4, as shown in Figure 9(c),
and a fatigue sensitivity of 10° available life cycles for the loading
history from 50% to 137.5% of the applied load. Then, there was a
linear decrement to 2.9422 x 108 available life cycles till 150% of
the applied load, as shown in Figure 8(b).

The FEA results of the fatigue were compared with the experi-
mental findings in the studies by Pelton et al. [52,56] for the strain
amplitude verses the fatigue data (strain-life). This comparison was
performed for the worst load condition (a BMI of 38.39 and a flex-
ion angle of 115°) of the PE property-based upper portion. The
comparison is listed in Table 4. The results were similar to the ex-
perimental findings in the literature.

Please cite this article as: A. Gautam et al., Shape-memory-alloy-based smart knee spacer for total knee arthroplasty: 3D CAD modelling
and a computational study, Medical Engineering and Physics (2018), https://doi.org/10.1016/j.medengphy.2018.03.001
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Figure 9. Simulation of the SME of the lower portion of the tibial component. Image (a) shows the deformed lower portion from the tools after the second step of the
simulation. Image (b) shows the shape recovery of the deformed lower portion of the tibial component after the fourth and fifth step of the simulation. Image (c) shows the

contour plot for the safety factor analysis of the lower portion.

Table 4
Comparison of the fatigue results by the FEA with the experimental findings
in the literature.

Fatigue studies Strain amplitude ~ Number of cycle

Pelton et al. [52,56] 0.004 Minimum 107
Our study (PE property-based 0.00044921 10°
upper portion)

Thus, the FEA results of the PE, SME, and fatigue verified that
the proposed SMA-based spacer would overcome the drawbacks of
the PMMA-based spacer, which included spacer fracture, loosen-
ing, dislocation, tilting or translation, and knee subluxation of the
spacers, for asymmetric loading at different flexion angles

5. Conclusion

A longer-lasting, more consistent, and higher wear and tear re-
sistant tibial component for TKA was designed using the PE and
SME properties of the NiTi SMA. The maximum deformation anal-
ysis showed that the PMMA-based spacer contained 30 times more
permanent deformation than that of the proposed SMA-based
spacer for the same load and flexion angle. In addition, deforma-
tion of the SMA spacer was recoverable once the load was released
because of its PE property. The simulation results of the SME prop-
erty for the lower portion of the tibial component showed the SME
property fixed the spacer in its position. Subsequently, the results
based on CAD modelling followed by the FEA verified this result.

The results presented by the computational studies on the SMA
indicated a high potential for designing, development, and optimi-
sation of medical devices based on the NiTi SMA. Recent studies
by Gautam et al. [57,58] showed enhanced controllability in shape
recovery of the SMA alloy by embedding nano-ferromagnetic par-
ticles in the NiTi SMA. This could have numerous real life applica-
tions for this new class material. The shape recovery of the SMA
for the SME property could be controlled by the antagonistic effect
of the magnetic field and temperature. For example, in the treat-
ment of scoliosis using the SMA spinal intervertebral spacer and
SMA scoliosis correction device, the abrupt recovery of the shape
of the SMA results in failure in surgery and causes pain to the
patient. These could be avoided by using the controlled antago-
nistic effect of the magnetic field and temperature. Therefore, en-
hancing the controllability in shape recovery during the actuation
for the SME effect of the SMA in the magnetic field and temper-

ature change could be a reasonable solution and is achievable by
nano-ferromagnetic particle doped NiTi SMA. Thus, this new class
of porous NiTi doped nano-ferromagnetic SMA could replace the
traditional SMA in the research for biomedical devices based on
the NiTi SMA from our future research.
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