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Artificial knee arthroplasty, as the most effective method for the treatment of end-
stage joint diseases such as knee osteoarthritis and rheumatoid arthritis, is widely
used in the field of joint surgery. At present, Finite element analysis (FEA) has been
widely used in artificial knee replacement biomechanical research. This review
presents the current hotspots for the application of FEA in the field of artificial knee
replacement by reviewing the existing research literature and, by comparison,
summarizes guidance and recommendations for artificial knee replacement
surgery. We believe that lower contact stress can produce less wear and
complications when components move against each other, in the process of
total knee arthroplasty (TKA), mobile-bearing prostheses reduce the contact
surface stress of the tibial-femoral joint compared with fixed-bearing
prostheses, thus reducing the wear of the polyethylene insert. Compared with
mechanical alignment, kinematic alignment reduces the maximum stress and
maximum strain of the femoral component and polyethylene insertin TKA, and the
lower stress reduces the wear of the joint contact surface and prolongs the life of
the prosthesis. In the unicompartmental knee arthroplasty (UKA), the femoral and
tibial components of mobile-bearing prostheses have better conformity, which
can reduce the wear of the components, while local stress concentration caused
by excessive overconformity of fixed-bearing prostheses should be avoided in
UKA to prevent accelerated wear of the components, the mobile-bearing
prosthesis maintained in the coronal position from 4° varus to 4° valgus and
the fixed-bearing prosthesis implanted in the neutral position (0°) are
recommended. In revision total knee arthroplasty (RTKA), the stem implant
design should maintain the best balance between preserving bone and
reducing stress around the prosthesis after implantation. Compared with
cemented stems, cementless press-fit femoral stems show higher fretting, for
tibial plateau bone defects, porous metal blocks are more effective in stress
dispersion. Finally, compared with traditional mechanical research methods,
FEA methods can yield relatively accurate simulations, which could
compensate for the deficiencies of traditional mechanics in knee joint
research. Thus, FEA has great potential for applications in the field of medicine.

KEYWORDS

artificial knee replacement, artificial joint prosthesis, finite element analysis, bionics,
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Introduction

FEA is a computer simulation of the physical forces in real
working conditions through models and study parameters. In
Rybicki et al. (1972) and Brekelmans et al. (1972) applied FEA in
orthopaedics for the first time, which greatly promoted the
application of FEA technology in orthopaedics. In artificial knee
arthroplasty, also known as knee joint surface replacement, artificial
biomaterials are used to replace diseased cartilage and bone of the
knee joint after worn and damaged components of the articular
surface are removed (Price et al., 2018). This procedure is the most
effective means for the treatment of end-stage knee osteoarthritis
(Ferket et al., 2017; Price et al., 2018). However, biomechanical
problems such as prosthesis loosening, periprosthetic fracture and
prosthesis wear after knee arthroplasty remain to be solved (Wang
et al,, 2021). At present, FEA models can be observed at any angle,
and operations on the model, such as determining the osteotomy
thickness, analysing the stress of different prosthetic materials
(Castellarin et al., 2023), and measuring the alignment between
prostheses, can be simulated. FEA methods can overcome the
shortcomings of traditional mechanical research methods, such as
the long cycles, non-repeatable operations and high costs. This
paper summarizes the application of FEA in TKA, UKA and
RTKA in the context of the operation scheme, prosthesis design
and material selection to provide a reference for biomechanical
research on knee arthroplasty.

Application of FEA in TKA

The option of TKA provides an effective means of functional
reconstruction in patients with severe physical knee dysfunction
(Carr et al, 2012). Although the process of TKA is becoming
troubled by
postoperative prosthesis loosening, periprosthetic fracture, and

increasingly mature, surgeons also remain
prosthesis wear due to a poor knee mechanical environment.
FEA can simulate the occurrence of these problems in a
computer. Much research has been conducted, focus mainly on
prosthesis material and component design and component
alignment, among other factors (Innocenti et al., 2016; Park

et al., 2021).

Application of FEA in prosthesis material and
design

According to the mode of connection between the polyethylene
insert and metal tibial component, TKA prostheses can be divided
into fixed- and mobile-bearing prostheses based on whether the
polyethylene insert and metal tibial component are locked. In fixed-
bearing prostheses, the polyethylene insert is fixed to the tibial
component through a locking mechanism; in mobile-bearing
prostheses, a movable joint is formed with the femoral
component, and a certain degree of movement between the
polyethylene insert and the tibial component is allowed,
comparing the two designs, it was found that the former insert
allows for longitudinal rotation of the tibial or allows for anterior-

posterior displacement between the insert and the tibial. Due to the
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rotation and displacement effect between the mobile insert and the
tibial component, the tibial component can better fit the femoral
component without sacrificing the natural rotation and
displacement between the tibial and the femur, in fixed-bearing
prostheses, the polyethylene insert locks on the tibial component,
limiting the relative motion between the components (Ranawat
et al,, 2004). Depending on the degree of restriction on the knee
joint, TKA prostheses can be divided into constrained condylar knee
(CCK) prosthesis and the rotating hinge knee (RHK). CCK is
designed to restrict knee motion through the postcam and
femoral box and is considered a semirestricted prosthesis
(Andreani et al,, 2020; Athwal et al., 2021). RHK connects the
femoral prosthesis to the tibial prosthesis via a rotating shaft, thereby
achieving maximum restraint (Clement et al., 2023). The contact
pressure and contact area of the tibiofemoral joint after TKA are
related to the prosthesis design, with the contact stress being
inversely proportional to the contact area. Greenwald and Heim
(2005) compared the tibial-thigh contact area of fixed- and mobile-
bearing prostheses by three-dimensional finite element gait analysis.
The results showed that the contact area of the mobile-bearing
prosthesis polyethylene insert was 400-800 mm?, while that of the
fixed-bearing prosthesis polyethylene insert was 200-250 mm?®. The
findings confirmed that the contact area of the tibiofemoral joint of
the mobile-bearing prosthesis was higher than that of the fixed-
bearing prosthesis; thus, the contact stress of the mobile-bearing
prosthesis was lower than that of the fixed-bearing prosthesis
because the contact pressure was inversely proportional to the
contact area Castellarin et al. (2023) (Table 1). Stukenborg-
Colsman et al. (2002) performed an FEA study on cadavers and
reached the same conclusion: compared with fixed-bearing
prostheses, mobile-bearing prostheses maximized the contact area
of the tibiofemoral joint and reduced the peak contact pressure, so
that the mobile-bearing prosthesis polyethylene insert provides
more movement for the prosthesis and minimizes polyethylene
wear compared to the fixed-bearing prosthesis model
(Heesterbeek et al., 2018; Andreani et al, 2020), resulting in
improved implant survival and performance. For CCK and RHK
prostheses, Samiezadeh et al. (2019) performed FEA on both and
found that the CCK prosthesis should produce 169 MPa
interprosthetic stress at the bone-prosthesis interface of 37.6
MPa, while the RHK bone-prosthesis interface stress was 13.7
MPa, a decrease of 18.9%, and the average stress of the CCK
polyethylene insert was 9.6 MPa, while the RHK was 2.6 MPa, a
decrease of 72.7%.

In summary, the low degree of matching achieved with a fixed-
bearing prosthesis can reduce the stress at the interface between the
knee joint bone and prosthesis and reduce loosening of the
prosthesis, but at the cost of relatively high contact pressure with
the knee joint and increased wear of the polyethylene insert. The
contradiction between free rotation and low joint contact pressure is
a problem that cannot be solved by fixed-bearing prostheses. The
high degree of matching achieved with mobile-bearing prostheses
can reduce the stress at the interface between the knee joint bone and
the prosthesis and reduce the contact pressure, thus reducing the
wear of the polyethylene insert; additionally, mobile-bearing
prostheses can rotate freely, which can reduce loosening of the
prosthesis and compensate for this disadvantage of fixed-plateau
prostheses. At present, most FEA studies have shown that mobile-
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TABLE 1 Application of FEA in TKA.

Refence

Greenwald and Heim (2005)

Stukenborg-Colsman et al.
(2002)

Experimental design
Fixed-bearing prosthesis vs. mobile-bearing

prosthesis

Fixed-bearing prosthesis vs. mobile-bearing
prosthesis

10.3389/fbioe.2023.1127289

Conclusion

The tibiofemoral joint contact area of mobile-bearing prostheses is higher than that of
fixed-bearing prostheses. The contact stress of mobile-bearing prostheses is lower than
that of fixed-bearing prostheses.

Compared with fixed-bearing prostheses, mobile-bearing prostheses maximize the
tibiofemoral joint contact area and reduce the peak contact pressure. The greater the
tibiofemoral joint contact stress, the more serious the wear of the polyethylene insert.

Brihault et al. (2016)

Tokunaga et al. (2016)

Castellarin et al. (2019)

Klasan et al. (2022)

Song et al. (2021)

FIGURE 1
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(2022) (Copyright 2022; MDPI, Basel, Switzerland).

bearing prostheses can improve the degree of joint matching, reduce

the contact surface stress of the tibiofemoral joint, and thus reduce

polyethylene wear.

However, the postoperative efficacy and
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prosthesis survival rate after the clinical application of the two
types of prostheses have not been compared in this context, and
further long-term follow-up studies are required (Hantouly et al.,
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2022). For CCK and RHK prostheses, the latter is better in terms of
stress performance, and the 2-year clinical follow-up also confirms
that the use of RHK provides good results compared to CCK
(Hermans et al., 2019).

Artificial joint prostheses of different materials show different
biomechanical characteristics in artificial joint replacement. Current
tibial components consist of two main material options, all-
tibial and metal-backed tibial
components, which differ in material and component method,

polyethylene components
resulting in differences in prosthesis-bone and component-
component stresses. It was found that while a significant increase
in measured strain was observed for both the all-polyethylene and
metal-backed tibial components in the simulated load distribution,
the all-polyethylene tibial component showed a more pronounced
stress rise at the proximal tibia (Small et al., 2010). Brihault et al.
(2016) compared the stress distribution and fretting of tibial plateau
prostheses made of different materials when the knee joint flexed
120°. The research results showed that the stress distribution of the
tibial component under the plateau was
than that of the metal-backed tibial
component, with fretting five times higher than that of the

all-polyethylene
significantly higher

metal-backed tibial component (Figure 1A). Tokunaga et al.
(2016) established a standing finite element model to compare
the stress distribution of the metal-backed tibial component and
all-polyethylene tibial component. The results showed a significant
increase in proximal tibial cortical stresses in the standing alignment
after implantation of the all-polyethylene tibial component and a
posterior shift in tibial loading with increased resection depth. For
clinical outcomes, metal-backed tibial components and all-
polyethylene tibial components did not show any significant
differences in most of the outcome scores included, but
statistically significant differences were found in complication
and revision rates. A meta-analysis showed a revision rate of
1.85% in the metal-backed tibial component group compared
with 2.02% in the all-polyethylene tibial component group
(Longo et al, 2017). Surgeons tend to prefer metal-backed
prostheses when selecting the appropriate tibial component for
their patients. With advances in material science, all-polyethylene
tibial components will have better mechanical properties and value
for future applications given their cost and modular design
advantages (Gioe and Maheshwari, 2010; AbuMoussa et al,
2019). The polyethylene insert between the femoral and tibial
plateau plays a buffering role in knee joint movement, and
polyethylene inserts of different design types have different
biomechanical effects. The available polyethylene inserts included
symmetrical and asymmetrical designs, and to compare the
postoperative mechanical results of both, Castellarin et al. (2019)
retrospectively analysed 303 patients treated with TKA by the FEA
method. Under the condition of the same tibial and femoral
components, symmetric and asymmetric polyethylene inserts

were used in 151 and 152 patients, respectively. During
standing and squatting, the contact stress in the tibial
component was lower in those with asymmetric inserts

(Figure 1B), at the 2-year follow-up, the asymmetric polyethylene
insert group was able to perform certain routine movements
better and without any pain, while patients in the symmetrically
designed polyethylene group reported pain, validating the FEA
results (Castellarin et al., 2021).
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In addition to the material and design of the prosthesis, the type
matching of the tibial component also affects the service life of the
polyethylene insert after TKA. Completo et al., 2010 constructed a
finite element model and paired a No. 3 femoral component with
No. 2.5, 3, and 4 tibial components, and the corresponding
polyethylene insert size (10 mm) was used to study the stress at
each flexion angle. The results showed that the interface stress of the
No. 3 femoral component paired with the No. 3 tibial component
was significantly higher than that of the No. 4 tibial component.
Such increased stress accelerates the wear of the polyethylene insert,
which in turn affects the life of the prosthesis.

Application of FEA in component alignment

The success of TKA is closely related to the recovery of the lower
extremity force line (Srivastava et al., 2012; Panni et al.,, 2018;
Johnston et al, 2019). Poor alignment of the lower limbs and
misalignment of the prosthesis can lead to abnormal wear of the
polyethylene liner and premature loosening of the components, thus
affecting the life of the components. The force line of the lower limb
is formed by the connection of the centre of the femoral head to the
centre of the tibial at the ankle joint. Normally, the axis passes
through the centre of the knee joint, which is called the mechanical
axis of the neutral position. In a normal knee joint, the tibia is 3°
varus and the femur is 9° valgus relative to the force line of the lower
extremity, respectively, with respect to the force line, and the
midpoint of the tibial intercondylar ridge may shift inwards or
outwards with respect to the lower extremity force line during
disease (Yilmaz et al,, 2016). Current finite element studies on
component alignment have focused on component angulation
and alignment theory. For tibial component alignment angles,
fixed-bearing TKA model in
tibial
component micromovement when tibial components were placed

scholars used a computer

simulations to investigate stress  distribution and
in translation and rotation and found that tibial stress and ligament
tension increased when laterally offset, and tibial stress and
component micromovement were greatest when reaching 6 mm
and that stress and micromovement were acceptable when
controlling errors to within 2 mm acceptable (Mizu-Uchi et al,
2022). Mell et al. (2022) predicted by the model that tibial
component rotation at 15° alignment can cause severe wear up to
5 mm®/million cycles, almost twice as much as neutral alignment.
For femoral components, scholars modelled femoral components in
-3%, 0%, 3°, 5" and 7 flexion to study patellar contact stress and
ligament tension and found that patellar contact stress and ligament
tension decreased and knee flexion range increased with 3° flexion
alignment (Koh et al,, 2022). At present, there are two alignment
methods in TKA: including early mechanical alignment (MA) and
later kinematic alignment (KA). The traditional view is that the
lower limb force line of patients after TKA should be reconstructed
to a position where the deviation from the neutral position force line
is less than 3°; however, KA holds that osteotomy and prosthesis
placement should be based on the motion axis of the patient’s knee
joint in the normal or prelesion state. MA aims to restore the
mechanical axis of the leg (Insall et al., 1985), whereas KA aligns the
rotational axis of the component with the three kinematic axes of the
knee joint by aligning the component to the natural joint line
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FIGURE 2
Application of FEA in UKA. (A) Comparison of the effect of fixed- and mobile-bearing UKA prostheses on the surface stress of the insert. (B) Stress

analysis of the proximal tibial cortex under the condition of varus and valgus UKA tibial components. (A) Reprinted with permission from ref. Kwon et al.
(2014) (Copyright 1999-2023; John Wiley & Sons, Inc.). (B) Reprinted with permission from ref. Zhu et al. (2015) (Copyright 2023; The Chinese Medical
Association).

TABLE 2 Application of FEA in UKA.

Refence Experimental design

Zhu et al. (2015) Mobile-bearing prosthesis

Ma et al. (2022) Fixed-bearing prosthesis

Innocenti et al.
(2016)

Fixed-bearing prosthesis

Kwon et al. (2014) | Fixed-bearing prosthesis vs. mobile-bearing prosthesis

Koh et al. (2019) Fixed-bearing prosthesis vs. mobile-bearing prosthesis

Sano et al. (2020) All-polyethylene tibial component vs. metal-backed

tibial component

(Howell et al., 2010). The two alignment methods have variability in
different correction situations. Thus, the artificial knee joint can
simulate the normal biomechanical state of the human knee joint as
much as possible after the operation. Kang et al. (2020) studied
ligament-preserving prostheses and found that KA had better
mobility and even stress distribution than MA. Klasan et al.
(2022) established a finite element model for 10 patients with
knee osteoarthritis to simulate TKA with mechanical alignment
and kinematic alignment. The results showed a larger contact area
and lower contact pressure on the polyethylene insert in TKA
patients treated with kinematic alignment than in those treated
with mechanical alignment (Figure 1C), but there was no significant
difference in von Mises stress between the polyethylene insert and
the tibia. Therefore, the pressure distribution on the contact surface
of the artificial joint was more uniform, and the stress was lower,
reducing the wear of the joint contact surface and prolonging the life
of the prosthesis. In addition, Song et al. (2023) found that when the
knee joint was valgus, the contact stress on the polyethylene insert
was higher with KA than with MA. Generally, the best method for
alignment in TKA remains controversial. Before the emergence of
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Conclusion

The recommended angle of coronal alignment of the tibial component is between 4° varus and
4° valgus.

The coronal arrangement of the femoral component should be neutral (0°).

The coronal arrangement of the tibial component should be neutral (0°).

The contact pressure of the polyethylene liner is lower on mobile-bearing prostheses than on
fixed-bearing prostheses.

The contact pressure of the polyethylene liner is lower on mobile-bearing prostheses than fixed-
bearing prostheses.

The stress of metal tibial components is lower than that of all-polyethylene tibial components,
and the stress distribution is more balanced.

KA, MA was the “gold standard” in TKA. KA can maximize the
biomechanics of the knee joint, thus achieving better surgical results
and functional recovery. However, when simulating patients with
valgus deformity and severe flexion deformity, the contact stresses
on the polyethylene surface of the KA prosthesis increased
compared to MA, probably because valgus requires excessive soft
tissue release for balancing and soft tissue release is not available in
the flexion deformity model (Nakamura et al., 2017; Klasan et al.,
2022), and further experiments and studies are needed.

Application of FEA for alignment in UKA

Compared with TKA, UKA is a new type of minimally invasive
surgery. In UKA, only the injured surface is replaced, such as
damaged cartilage in the medial or lateral compartment of the
knee joint (Price and Svard, 2011; Hansen et al, 2019). This
technique does not require removal of the anterior and posterior
cruciate ligament and retains the proprioceptive sensation and
function of the knee joint (Cameron and Jung, 1988; Vince and
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Application of FEA in RTKA. (A) Contact stress of different types of femoral implants. (B) Cortical bone stress of cemented and cementless press-fit
tibial components. (C) Comparison between straight and bowed stem implants. (D) RTKA bone defect metal augmentation block design. (A) Reprinted
with permission from ref. Conlisk et al. (2018) (Copyright 2023; Springer Nature Switzerland AG). (B) Reprinted with permission from ref. El-Zayat et al.
(2016) (Copyright 2023; Springer Nature Switzerland AG). (C) Reprinted with permission from ref. Innocenti et al. (2022) (Copyright 2022; MDPI,
Basel, Switzerland). (D) Reprinted with permission from ref. Kang et al. (2019) (Copyright 2022; MDPI, Basel, Switzerland).

TABLE 3 Application of FEA in RTKA.

Refence
Conlisk et al.
(2018)
El-Zayat et al.
(2016)

Innocenti et al.
(2022)

Innocenti et al.
(2018)

Kang et al. (2019)

Experimental design
Comparison of the effects of short-, medium-, and long-
stem implants
Press-fit stem implant vs. cemented stem implant

Straight stem implant vs. bowed stem implant

Bone cement vs. porous metal vs. solid metal

Single-metal block augmentation vs. double metal block
augmentation

Conclusion

The femoral stress was decreased by 11%, 26%, and 29% with short-, medium-, and long-stem
implants, respectively. A medium-length (75 mm) femoral stem implant can keep the best
balance between retaining bone and reducing stress around the prosthesis after implantation.

Compared with cemented prostheses, during the gait cycle and during squatting, press-fit stem
implants resulted in a larger stress distribution and more easily led to fretting.

The overall stress distribution of bowed stem implants is lower than that of straight stem
implants.

The stress produced by porous metal and bone cement is significantly lower than that
produced by solid metal (e.g., Ti and CoCr). In addition, the characteristic of porous metal
allowing bone ingrowth further reduces the occurrence of loosening.

Bimetal augmentation blocks can obviously reduce the stress distribution compared with
single-metal augmentation blocks.

Cyran, 2004). This strategy has the advantages of causing less injury
and allowing quick recovery (Scott and Santore, 1981; Berend et al.,
2005). However, UKA is a technically demanding surgical method,
and attention must be paid to the size of the components, the
osteotomy and postoperative alignment because overcorrection or
overloosening may lead to adverse results, these include primarily
bearing dislocations (in mobile-bearing designs), aseptic mechanical
loosening, polyethylene wear (in fixed-bearing designs), progression

Frontiers in Bioengineering and Biotechnology

of osteoarthritis in unreplaced compartments, periprosthetic
fractures and unexplained pain (Shee et al., 1990; Kim et al,
2016). Resulting in a typical 10-year survival rate of 80% to 85%
for the prosthesis (Crawford et al., 2020), and ways to reduce these
adverse events to improve prosthesis longevity need to be
continuously explored.

Similar to the TKA prosthesis design, the UKA prosthesis
has both fixed- and mobile-bearing prostheses, with the mobile-
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bearing prosthesis allowing the femoral condyle to roll on the
polyethylene surface and allowing the polyethylene insert to
slide freely on the surface of the tibial component; the fixed-
bearing prosthesis locks the polyethylene insert to the tibial
component, more closely resembling the movement of the
femoral condyle on the meniscal surface (Weale et al., 2000;
Hernigou and Deschamps, 2004). For medial compartment
osteoarthritis, both prostheses have good clinical results
(Neufeld et al, 2018). Mobile-bearing prostheses use the
spherical articular surface to limit the range of motion of the
femur relative to the articular surface while using a curved
surface with the same curvature to maximize the contact surface
(Figure 2A) and reduce the pressure on the lateral meniscus by
1/3 (Kwon et al., 2014). In contrast, the design concept of fixed-
bearing prostheses is the opposite. Fixed-bearing prostheses
more closely imitate the motion mode of the normal knee joint
by setting the active area between the femoral component and
the polyethylene insert. Kwon et al. (2014) used a finite element
model to simulate the complete gait and compare the contact
pressure and stress of fixed-bearing and mobile-bearing
While the results showed that the contact
pressure on the polyethylene insert was lower for mobile-

prostheses.

bearing prostheses than fixed-bearing prostheses, UKA with
fixed-bearing prostheses will increase the overall risk of
progressive knee osteoarthritis due to the high pressure in
the contralateral chamber. Danese et al. (2019) and Sano et
al. (2020) relied on FEA to investigate the stress distribution in
the material and shape of the prosthesis. It was found that fixed-
bearing prostheses may lead to excessive wear of polyethylene
inserts due to local stress concentrations and that mobile-
bearing prostheses are closer to the normal knee joint (Koh
et al,, 2019; Koh et al., 2020), a finding confirmed by studies by
Pena et al. (2006) and Li et al. (2006). Zhu et al. (2015) studied
the coronal arrangement of the tibial component on mobile-
bearing prostheses. The von Mises stress and compressive strain
of the proximal part of the medial tibial cortex increased
significantly when the tibial component was more than 4°
valgus, and the compressive strain at the keel notch of the
tibial prosthesis was higher than the maximum threshold when
the tibial component was more than 4° varus (Figure 2B).
Therefore, Dai et al. (2018) verified the effect of bone stress,
ligament tension and polyethylene liner stress distribution in
the tibial component from neutral to 6° varus by using a finite
element model of mobile-bearing prosthesis and found that
neutral alignment to 3° varus exhibited lower stresses, which
supported the above findings, the recommended angle of the
tibial component of mobile-bearing prostheses on the coronal
plane is between 4° varus and 4° valgus. Innocenti et al. (2016)
studied the coronal plane of fixed-bearing prostheses and
established a model
components had different varus and valgus angles while the

in which the femoral and tibial

posterior inclination of the tibial component was 6°. The results
showed that during the gait cycle, the stress caused by tibial
component varus and valgus on the polyethylene insert was
greater than that in the neutral position, Sekiguchi et al. (2019)
simulated knee kinematics and cruciate ligament tension in
weight-bearing knee flexion and gait motion and found that the
preferred tibial component alignment was neutral in the coronal

Frontiers in Bioengineering and Biotechnology

10.3389/fbioe.2023.1127289

plane and that varus or valgus alignment resulted in the onset of
instability. Kang et al. (2018b) observed that as the fixed-
bearing UKA femoral component was progressively valgus
from a neutral alignment, the contact pressure on the
polyethylene insert increased, and the contact stress on the
lateral compartment also increased. Therefore, it is
recommended that the femoral component be placed in
neutral alignment. Ma et al. (2022) simulated the stress
changes on the polyethylene insert and the cartilage surface
of the lateral compartment for femoral components with 3°, 6°
and 9° of valgus and found that the stresses on the polyethylene
surface increased significantly when the femoral prosthesis was
valgus, the stresses on the lateral cartilage surface and the medial
collateral ligament increased significantly at >6° (Kang et al., 2018a),
and the stresses on the lateral intertrochanteric cartilage
surface decreased during the transition from valgus to neutral
alignment, thus confirming the above findings. Park et al. (2019)
modelled a fixed-bearing UKA femoral component in the range from
10° of flexion to 10° of extension and found that the lateral
intertrochanteric contact stresses increased in flexion, suggesting
that the femoral component be placed in the sagittal neutral
alignment. Thus, in terms of the coronal arrangement of the tibial
component of fixed-bearing prostheses, the neutral position (0°) is
recommended.

In summary, FEA results show that good shape matching
can be achieved with the femoral and tibial components of
mobile-bearing prostheses, which can reduce the wear of the
components, while fixed-bearing prostheses should be avoid in
UKA to prevent the local stress concentration and subsequently
accelerated insert wear caused by excessive fitting. Additionally,
the FEA shows that for optimal clinical and biomechanical
results, fixed-bearing prostheses should be placed with the
tibial component in a neutral (0°) alignment and the femoral
component in a neutral alignment while maintaining a reduced
sagittal plane flexion angle. For mobile-bearing prostheses, 4
varus to 4° valgus alignment is recommended by scholars.

Materials included metal-backed and all-polyethylene tibial
components. Walker et al. (2011) found a stress concentration at
the proximal tibia due to the all-polyethylene component by
comparing all-polyethylene and metal-backed tibial components.
In contrast, the metal-backed tibial component showed a 6-fold
reduction in stress. Sano et al. (2020) compared the stresses in the
proximal tibia with the metal-backed UKA prosthesis by FEA, and
with consistent bone density and alignment, the metal-backed
implant had a stress distribution that was more uniform than
that of polyethylene, reducing the stress concentration in the
proximal tibial cortex. Koh et al. (2019) compared the
polyethylene surface contact stresses of the two prostheses and
found that the metal-backed component reduced the contact
stresses and had lower wear (Table 2).

Application of FEA in RTKA

RTKA is expected to increase with the increase in primary
knee arthroplasty for the active patient population (Lombardi
et al., 2019). RTKA is associated with high operative difficulty,
great trauma to patients, long recovery periods and complex
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clinical management in the perioperative period, is a
challenging procedure with often unsatisfactory outcomes
compared to primary knee arthroplasty (Bae et al., 2013).
Due to the rapid increase in the number of patients treated
with primary knee arthroplasty annually, RTKA has gradually
become the focus of future research in the field of joint surgery
(Mason and Fehring, 2006). The causes of surgical failure have
been studied by FEA, and the design of procedures and
prostheses used in RTKA have been further optimized from a
biomechanical point of view. Understanding the effects of
materials

and prosthesis design from a biomechanical

perspective is the current focus of FEA.

Application of FEA in stem implant design

Adequate fixation is the basis of RTKA, and modular implants
with stems can reduce stress concentrations and improve the
outcome. However, there are no biomechanical-based guidelines
to determine the appropriate stem length, according to the fixation
mode, prostheses can be divided into cemented and cementless
prostheses (cementless press-fit prostheses). The femoral condylar
surface of most prostheses is fixed with bone cement, and the stem
implant can be fixed with bone cement or compression without
cement. Cementless prostheses can be more easily revised, but
cemented prostheses should be used in patients with obvious
osteoporosis or metaphyseal deformity. Conlisk et al. (2018)
analysed cemented prostheses with the finite element method.
They constructed four kinds of femoral components with
different lengths, namely, a femoral component without a stem
implant and with a short-stem implant (50 mm), a medium-stem
implant (75 mm) and a long-stem implant (100 mm) (Figure 3A).
Bori et al. (2022) considered that a medium-length stem (75 mm) is
the best choice between bone preservation and stress reduction,
especially in osteoporotic patients, and can help reduce the risk of
periprosthetic fractures. Each stem implant was implanted into the
femur, and the stress and strain around the femur were analysed
during the gait cycle (Wang et al., 2021). The use of components
with stem implants could reduce the stress around the prosthesis,
and the stress on the femur could be reduced by 11%, 26%, and 29%
with the use of the short-, medium- and long-stem implants,
especially in osteoporotic patients, and can help reduce the risk
of periprosthetic fracturesth (Bori et al., 2022). However, in the
combined case of preserving bone and balancing stresses, medium-
stem implants (75 mm) are considered to maintain the best balance
between preserving bone during surgery and reducing stress around
the prosthesis after implantation, especially in osteoporotic patients,
and can help reduce the risk of periprosthetic fracturesth (Bori et al.,
2022) (Table 3).

El-Zayat et al. (2016) compared the stress distribution on the
femur between cemented and cementless stem implants by FEA.
Compared with the cemented component, found that the presence
of cement reduced peri-stem bone stress during the gait cycle, while
the cementless stem showed higher micromotion, which may
explain pain at the tip of the intramedullary stem implant
reported after RTKA (Figure 3B). Innocenti et al. (2022) further
analysed the influence of the shape of the stem implant on the stress
distribution with the use of different fixation methods on the basis of
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the study by El-Zayat et al. (2016). It was found that due to the
existence of the anterior femoral arch, the overall stress distribution
of the bowed stem implant was lower than that of the straight stem
implant; intramedullary stems with a slotted tip also resulted in
lower stress than solid stems in the medullary cavity (Figure 3C).
These findings are consistent with those reported by Barrack et al.
(2004). In RTKA, the presence of bone cement reduces the stress
along each area of the prosthesis. In summary, the length of the stem
implant should maintain the best balance between preserving the
bone and reducing the stress around the prosthesis after
implantation, and compared with cemented stem implants, press-
fit stem implants show more fretting. In addition, bowed stem
implants more closely mimic the anatomical structure, and the
use of stems with a slotted tip can help reduce the stress
distribution at the distal end and reduce the occurrence of tip
pain after the operation. These findings will help orthopaedic
surgeons select the most suitable prosthesis for use in RTKA.

Application of FEA in augmentation block
material selection

Augmentation blocks are one of the options for the
defects, and the
technique is based on the size of the defect, the patient’s age

reconstruction of nonenclosed bone

and life expectancy (Qiu et al., 2012), but the mechanical
performance varies between materials. Innocenti et al. (2018)
and Liu et al. (2021) used a finite element model to analyse the
biomechanics of augmentation blocks of different materials
(bone cement, porous metal and solid metal). The results
showed that augmentation blocks of any material can cause a
change in stress, especially in the area near the bone defect, in
which the stress produced by porous metal and bone cement is
significantly lower than that produced by solid metal (e.g., Ti
and CoCr). In addition, porous metal allows bone ingrowth,
which further reduces the occurrence of loosening. Kang et al.
(2019) further found that in large-area (10-20 mm) bone
defects, compared with a single-metal augmentation block,
found that the peak stress of a single-metal augmentation
block was on average 1.4 times higher than that of bimetal
blocks. In addition,
augmentation blocks can achieve complete contact with

augmentation customized metal
cortical bone, thereby allowing better stress transfer and
reducing the risk of bone resorption caused by stress
shielding and cement failure (Figure 3D). At present, the
main methods for the treatment of bone defects in RTKA
include bone cement, bone cement with screw reinforcement,
metal augmentation blocks, pressed bone transplantation and
structural allografting (Huten et al., 2021), depending on the
location and size of the defect (Mancuso et al., 2017).
Comparing the cement-screw technique and metal
augmentation block, Zheng et al. (2020) determined the role
of screws in repair by building a finite element model of tibial
bone defects and found that, compared with bone cement alone,
the use of cement screws decreased stresses on the cancellous
bone and cement boundary by 10%, while vertical screws
provided better stability than oblique screws. Zhao et al.

(2022) found that vertical screws had better stability than
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screws parallel to the proximal tibial cortical bone for either one
or two screws, supporting the above findings. Ma et al. (2023)
found that longer screws may not achieve better stability with
consistent defect conditions, but thicker screws reduced stresses
in the area of the bone defect and achieved better stability. Liu
etal. (2020) modelled 5 mm and 10 mm bone defects and found
that for 5 mm defects, both methods provided good stability for
the implants. However, for the 10 mm defect, the maximum
micromovement of the augmentation block (128 um) was less
than that of the cement-screw technique (155 pm). Because
metal augmentation blocks are easy to use and transfer stress
well, they are increasingly used in the treatment of bone defects.
In addition, basis of porous metal augmentation blocks,
scholars suggest that the biomechanical properties of bone
can be improved by tailoring the shape to reduce bone
resorption (Liu et al., 2021), customized metal augmentation
blocks can be used to optimize the treatment of bone defects
(Bao et al., 2013) (Table 3).

Conclusion and outlook

We have compared different surgical approaches, prosthesis
types, prosthesis materials and component alignments by
summarizing the current applications of finite element
techniques in the field of TKA, UKA and RTKA to provide a
mechanical theoretical and research reference for clinical
purposes. By reviewing the above studies, it was found that
the contact surface stress of the tibiofemoral joint is lower
with mobile-bearing prostheses than fixed-bearing prostheses
in TKA and thus reduces polyethylene insert wear. Compared
with mechanical alignment, TKA with kinematic alignment
reduces the maximum stress and strain of the femoral
component and polyethylene insert and thus reduces the wear
of the joint contact surface and prolongs the life of the prosthesis.
However, the gap in the practical application of the two is
relatively small in current clinical research, and further study
is needed. Asymmetric metal-backed tibial components are less
stressful between components and to the underside of the tibial
plateau than symmetric all polyethylene tibial components. In
addition, mismatching of the prosthesis type leads to an increase
in stress, accelerates the wear of the polyethylene insert and
affects the service life of the prosthesis. In UKA, while the femoral
and tibial components of mobile-bearing prostheses are more
formable, which can reduce the wear of the prosthesis insert,
fixed-bearing prostheses should be avoided to prevent the local
stress concentration and subsequently accelerated wear caused by
excessive formation. From an FEA perspective, it is
recommended that the tibial component of the mobile-bearing
prostheses is arranged from 4° varus to 4° valgus on the coronal
plane, while that of fixed-bearing prostheses should maintain a
neutral position (0°). In RTKA, the length of the stem should
maintain the best balance between preserving bone and reducing
stress around the prosthesis after implantation, a 95 mm to 100
mm stem implant can help with better fixation, but a medium
stem (75 mm) is more appropriate to preserve as much bone as
possible. Compared with the cemented stem implants, press-fit
stem implants show more fretting. In addition, bowed stem
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implants are more similar in shape to the anatomical
structure, and stems with slotted tips in the medullary cavity
are beneficial for reducing the stress distribution at the distal end,
thus reducing the occurrence of tip pain after surgery. For
periprosthetic bone defect repair, should take into account the
location and size of the defect, and using the cement-screw
technique is more suitable for smaller defects. If the defect is
larger, double porous metal augmentation blocks are more
appropriate.

In the future, FEA can be used to carry out relatively accurate
calculations and simulations in knee arthroplasty; FEA has been
further studied from the perspectives of prosthesis material and
design, knee joint alignment and operation scheme, provide an
important reference for the accurate diagnosis and treatment of knee
diseases, the design of artificial knee prosthesis and the study of knee
biomechanics.

Author contributions

Z-HZ wrote the manuscript. Y-SQ and B-GW participated in
critical revision of the manuscript for intellectual content and sorted
out and screened the relevant literatures. H-R-CB and Y-SX
designed the outline and revised the paper. All authors have read
and approved the final version of this manuscript.

Funding

This study was supported by the National Natural Science
Foundation of China (grant numbers: 82172444, 81960399), the
Science and Technology Program of Inner Mongolia (grant
numbers: 2021GG0127, 2022YFSH0053), and the Medical and
Health Science and Technology Program of Health Commission
of Inner Mongolia (grant number: 202201050).

Acknowledgments

We thank American Journal Experts for their language editing,
which greatly improved the manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1127289

Zhang et al.

References

AbuMoussa, S., White, C. C. T., Eichinger, J. K., and Friedman, R. J. (2019). All-
Polyethylene versus metal-backed tibial components in total knee arthroplasty. J. Knee
Surg. 32 (8), 714-718. doi:10.1055/s-0039-1683979

Andreani, L., Pianigiani, S., Bori, E., Lisanti, M., and Innocenti, B. (2020). Analysis of
biomechanical differences between condylar constrained knee and rotating hinged
implants: A numerical study. J. Arthroplasty 35 (1), 278-284. d0i:10.1016/j.arth.2019.
08.005

Athwal, K. K., Willinger, L., Manning, W., Deehan, D., and Amis, A. A. (2021). A
constrained-condylar fixed-bearing total knee arthroplasty is stabilised by the medial soft
tissues. Knee Surg. Sports Traumatol. Arthrosc. 29 (2), 659-667. doi:10.1007/s00167-020-
05995-6

Bae, D.K,, Song, S.]., Heo, D. B, Lee, S. H., and Song, W. J. (2013). Long-term survival
rate of implants and modes of failure after revision total knee arthroplasty by a single
surgeon. J. Arthroplasty 28 (7), 1130-1134. doi:10.1016/j.arth.2012.08.021

Bao, H. R,, Zhu, D,, Gu, G., and Gong, H. (2013). The effect of complete radial lateral
meniscus posterior root tear on the knee contact mechanics: A finite element analysis.
J. Orthop. Sci. 18 (2), 256-263. doi:10.1007/s00776-012-0334-5

Barrack, R. L., Stanley, T., Burt, M., and Hopkins, S. (2004). The effect of stem design
on end-of-stem pain in revision total knee arthroplasty. J. Arthroplasty 19 (7), 119-124.
doi:10.1016/j.arth.2004.06.009

Berend, K. R,, Lombardi, A. V., Jr., Mallory, T. H., Adams, J. B., and Groseth, K. L.
(2005). Early failure of minimally invasive unicompartmental knee arthroplasty is
associated with obesity. Clin. Orthop. Relat. Res. 440, 60-66. doi:10.1097/01.blo.
0000187062.65691.e3

Bori, E., Armaroli, F., and Innocenti, B. (2022). Biomechanical analysis of femoral
stems in hinged total knee arthroplasty in physiological and osteoporotic bone. Comput.
Methods Programs Biomed. 213, 106499. doi:10.1016/j.cmpb.2021.106499

Brekelmans, W. A., Poort, H. W., and Slooff, T. . (1972). A new method to analyse the
mechanical behaviour of skeletal parts. Acta Orthop. Scand. 43 (5), 301-317. doi:10.
3109/17453677208998949

Brihault, J., Navacchia, A., Pianigiani, S., Labey, L., De Corte, R., Pascale, V., et al.
(2016). All-polyethylene tibial components generate higher stress and
micromotions than metal-backed tibial components in total knee arthroplasty.
Knee Surg. Sports Traumatol. Arthrosc. 24 (8), 2550-2559. doi:10.1007/s00167-
015-3630-8

Cameron, H. U, and Jung, Y. B. (1988). A comparison of unicompartmental
knee replacement with total knee replacement. Orthop. Rev. 17 (10), 983-988.

Carr, A. ], Robertsson, O., Graves, S., Price, A. J., Arden, N. K., Judge, A., et al.
(2012). Knee replacement. Lancet 379 (9823), 1331-1340. doi:10.1016/S0140-
6736(11)60752-6

Castellarin, G., Pianigiani, S., and Innocenti, B. (2019). Asymmetric polyethylene inserts
promote favorable kinematics and better clinical outcome compared to symmetric inserts
in a mobile bearing total knee arthroplasty. Knee Surg. Sports Traumatol. Arthrosc. 27 (4),
1096-1105. doi:10.1007/s00167-018-5207-9

Castellarin, G., Bori, E., and Innocenti, B. (2021). Experimental and clinical
analysis of the use of asymmetric vs symmetric polyethylene inserts in a mobile
bearing total knee arthroplasty. J. Orthop. 23, 25-30. d0i:10.1016/j.jor.2020.12.031

Castellarin, G., Bori, E., Rapallo, L., Pianigiani, S., and Innocenti, B. (2023).
Biomechanical analysis of different levels of constraint in TKA during daily
activities. Arthroplasty 5 (1), 3. doi:10.1186/s42836-022-00157-0

Clement, N. D., Avery, P., Mason, J., Baker, P. N,, and Deehan, D. J. (2023). First-time
revision knee arthroplasty using a hinged prosthesis: Temporal trends, indications, and
risk factors associated with re-revision using data from the national joint registry for 3,855
patients. Bone Jt. J. 105-B (1), 47-55. doi:10.1302/0301-620X.105B1.B]J-2022-0522.R1

Completo, A., Rego, A., Fonseca, F., Ramos, A., Relvas, C., and Simoes, J. (2010).
Biomechanical evaluation of proximal tibia behaviour with the use of femoral stems in
revision TKA: An in vitro and finite element analysis. Clin. Biomech. (Bristol, Avon) 25
(2), 159-165. doi:10.1016/j.clinbiomech.2009.10.011

Conlisk, N., Howie, C. R., and Pankaj, P. (2018). Optimum stem length for mitigation
of periprosthetic fracture risk following primary total knee arthroplasty: A finite element
study. Knee Surg. Sports Traumatol. Arthrosc. 26 (5), 1420-1428. doi:10.1007/s00167-
016-4367-8

Crawford, D. A., Berend, K. R,, and Thienpont, E. (2020). Unicompartmental knee
arthroplasty: US and global perspectives. Orthop. Clin. North Am. 51 (2), 147-159.
doi:10.1016/j.0c1.2019.11.010

Dai, X., Fang, J., Jiang, L., Xiong, Y., Zhang, M., and Zhu, S. (2018). How does the
inclination of the tibial component matter? A three-dimensional finite element analysis
of medial mobile-bearing unicompartmental arthroplasty. Knee 25 (3), 434-444. doi:10.
1016/j.knee.2018.02.004

Danese, 1., Pankaj, P, and Scott, C. E. H. (2019). The effect of malalignment on
proximal tibial strain in fixed-bearing unicompartmental knee arthroplasty: A
comparison between metal-backed and all-polyethylene components using a
validated finite element model. Bone Jt. Res. 8 (2), 55-64. doi:10.1302/2046-3758.82.
BJR-2018-0186.R2

Frontiers in Bioengineering and Biotechnology

10

10.3389/fbioe.2023.1127289

El-Zayat, B. F.,, Heyse, T. J., Fanciullacci, N., Labey, L., Fuchs-Winkelmann, S., and
Innocenti, B. (2016). Fixation techniques and stem dimensions in hinged total knee
arthroplasty: A finite element study. Arch. Orthop. Trauma Surg. 136 (12), 1741-1752.
doi:10.1007/s00402-016-2571-0

Ferket, B. S., Feldman, Z., Zhou, J., Oei, E. H., Bierma-Zeinstra, S. M., and Mazumdar,
M. (2017). Impact of total knee replacement practice: Cost effectiveness analysis of data
from the osteoarthritis initiative. BMJ 356, j1131. doi:10.1136/bmj.j1131

Gioe, T.J., and Maheshwari, A. V. (2010). The all-polyethylene tibial component in primary
total knee arthroplasty. J. Bone Jt. Surg. Am. 92 (2), 478-487. doi:10.2106/JBJS.1.00842

Greenwald, A. S., and Heim, C. S. (2005). Mobile-bearing knee systems: Ultra-high
molecular weight polyethylene wear and design issues. Instr. Course Lect. 54, 195-205.

Hansen, E. N, Ong, K. L,, Lau, E,, Kurtz, S. M., and Lonner, J. H. (2019). Unicondylar
knee arthroplasty has fewer complications but higher revision rates than total knee
arthroplasty in a study of large United States databases. J. Arthroplasty 34 (8),
1617-1625. doi:10.1016/j.arth.2019.04.004

Hantouly, A. T., Ahmed, A. F., Alzobi, O., Toubasi, A., Salameh, M., Elmhiregh, A.,
et al. (2022). Mobile-bearing versus fixed-bearing total knee arthroplasty: A meta-
analysis of randomized controlled trials. Eur. J. Orthop. Surg. Traumatol. 32 (3),
481-495. doi:10.1007/500590-021-02999-x

Heesterbeek, P. J. C., van Houten, A. H,, Klenk, J. S., Eijer, H., Christen, B., Wymenga,
A. B, etal. (2018). Superior long-term survival for fixed bearing compared with mobile
bearing in ligament-balanced total knee arthroplasty. Knee Surg. Sports Traumatol.
Arthrosc. 26 (5), 1524-1531. doi:10.1007/s00167-017-4542-6

Hermans, K., Vandenneucker, H., Truijen, J., Oosterbosch, J., and Bellemans, J.
(2019). Hinged versus CCK revision arthroplasty for the stiff total knee. Knee 26 (1),
222-227. doi:10.1016/j.knee.2018.10.012

Hernigou, P., and Deschamps, G. (2004). Alignment influences wear in the knee after
medial unicompartmental arthroplasty. Clin. Orthop. Relat. Res. 423, 161-165. doi:10.
1097/01.b10.0000128285.90459.12

Howell, S. M., Howell, S. J., and Hull, M. L. (2010). Assessment of the radii of the
medial and lateral femoral condyles in varus and valgus knees with osteoarthritis. J.
Bone Jt. Surg. Am. 92 (1), 98-104. doi:10.2106/JBJS.H.01566

Huten, D., Pasquier, G., and Lambotte, J. C. (2021). Techniques for filling tibiofemoral
bone defects during revision total knee arthroplasty. Orthop. Traumatol. Surg. Res. 107
(18), 102776. doi:10.1016/j.0tsr.2020.102776

Innocenti, B., Pianigiani, S., Ramundo, G., and Thienpont, E. (2016). Biomechanical
effects of different varus and valgus alignments in medial unicompartmental knee
arthroplasty. J. Arthroplasty 31 (12), 2685-2691. doi:10.1016/j.arth.2016.07.006

Innocenti, B., Fekete, G., and Pianigiani, S. (2018). Biomechanical analysis of
augments in revision total knee arthroplasty. J. Biomech. Eng. 140 (11), 111006.
doi:10.1115/1.4040966

Innocenti, B., Bori, E., and Pianigiani, S. (2022). Biomechanical analysis of the use of
stems in revision total knee arthroplasty. Bioeng. (Basel) 9 (6), 259. doi:10.3390/
bioengineering9060259

Insall, J. N, Binazzi, R., Soudry, M., and Mestriner, L. A. (1985). Total knee arthroplasty.
Clin. Orthop. Relat. Res. 192, 13-22. doi:10.1097/00003086-198501000-00003

Johnston, H., Abdelgaied, A., Pandit, H., Fisher, J., and Jennings, L. M. (2019). The
effect of surgical alignment and soft tissue conditions on the kinematics and wear of a
fixed bearing total knee replacement. J. Mech. Behav. Biomed. Mater 100, 103386.
doi:10.1016/jjmbbm.2019.103386

Kang, K. T, Son, J., Baek, C., Kwon, O. R, and Koh, Y. G. (2018a). Femoral
component alignment in unicompartmental knee arthroplasty leads to
biomechanical change in contact stress and collateral ligament force in knee joint.
Arch. Orthop. Trauma Surg. 138 (4), 563-572. doi:10.1007/s00402-018-2884-2

Kang, K. T,, Son, J., Koh, Y. G., Kwon, O. R,, Kwon, S. K,, Lee, Y. ], et al. (2018b).
Effect of femoral component position on biomechanical outcomes of unicompartmental
knee arthroplasty. Knee 25 (3), 491-498.

Kang, K. S,, Tien, T., Lee, M., Lee, K. Y., Kim, B., and Lim, D. (2019). Suitability of
metal block augmentation for large uncontained bone defect in revision total knee
arthroplasty (TKA). J. Clin. Med. 8 (3), 384. doi:10.3390/jcm8030384

Kang, K. T., Koh, Y. G., Nam, J. H,, Kwon, S. K., and Park, K. K. (2020). Kinematic
alignment in cruciate retaining implants improves the biomechanical function in total
knee arthroplasty during gait and deep knee bend. J. Knee Surg. 33 (3), 284-293. doi:10.
1055/5-0039-1677846

Kim, K. T, Lee, S., Lee, J. I, and Kim, J. W. (2016). Analysis and treatment of
complications after unicompartmental knee arthroplasty. Knee Surg. Relat. Res. 28 (1),
46-54. doi:10.5792/ksrr.2016.28.1.46

Klasan, A., Kapshammer, A., Miron, V., and Major, Z. (2022). Kinematic alignment in
total knee arthroplasty reduces polyethylene contact pressure by increasing the contact

area, when compared to mechanical alignment-A finite element analysis. J. Pers. Med.
12 (8), 1285. doi:10.3390/jpm12081285

Koh, Y. G, Park, K. M, Lee, H. Y., and Kang, K. T. (2019). Influence of tibiofemoral
congruency design on the wear of patient-specific unicompartmental knee arthroplasty

frontiersin.org


https://doi.org/10.1055/s-0039-1683979
https://doi.org/10.1016/j.arth.2019.08.005
https://doi.org/10.1016/j.arth.2019.08.005
https://doi.org/10.1007/s00167-020-05995-6
https://doi.org/10.1007/s00167-020-05995-6
https://doi.org/10.1016/j.arth.2012.08.021
https://doi.org/10.1007/s00776-012-0334-5
https://doi.org/10.1016/j.arth.2004.06.009
https://doi.org/10.1097/01.blo.0000187062.65691.e3
https://doi.org/10.1097/01.blo.0000187062.65691.e3
https://doi.org/10.1016/j.cmpb.2021.106499
https://doi.org/10.3109/17453677208998949
https://doi.org/10.3109/17453677208998949
https://doi.org/10.1007/s00167-015-3630-8
https://doi.org/10.1007/s00167-015-3630-8
https://doi.org/10.1016/S0140-6736(11)60752-6
https://doi.org/10.1016/S0140-6736(11)60752-6
https://doi.org/10.1007/s00167-018-5207-9
https://doi.org/10.1016/j.jor.2020.12.031
https://doi.org/10.1186/s42836-022-00157-0
https://doi.org/10.1302/0301-620X.105B1.BJJ-2022-0522.R1
https://doi.org/10.1016/j.clinbiomech.2009.10.011
https://doi.org/10.1007/s00167-016-4367-8
https://doi.org/10.1007/s00167-016-4367-8
https://doi.org/10.1016/j.ocl.2019.11.010
https://doi.org/10.1016/j.knee.2018.02.004
https://doi.org/10.1016/j.knee.2018.02.004
https://doi.org/10.1302/2046-3758.82.BJR-2018-0186.R2
https://doi.org/10.1302/2046-3758.82.BJR-2018-0186.R2
https://doi.org/10.1007/s00402-016-2571-0
https://doi.org/10.1136/bmj.j1131
https://doi.org/10.2106/JBJS.I.00842
https://doi.org/10.1016/j.arth.2019.04.004
https://doi.org/10.1007/s00590-021-02999-x
https://doi.org/10.1007/s00167-017-4542-6
https://doi.org/10.1016/j.knee.2018.10.012
https://doi.org/10.1097/01.blo.0000128285.90459.12
https://doi.org/10.1097/01.blo.0000128285.90459.12
https://doi.org/10.2106/JBJS.H.01566
https://doi.org/10.1016/j.otsr.2020.102776
https://doi.org/10.1016/j.arth.2016.07.006
https://doi.org/10.1115/1.4040966
https://doi.org/10.3390/bioengineering9060259
https://doi.org/10.3390/bioengineering9060259
https://doi.org/10.1097/00003086-198501000-00003
https://doi.org/10.1016/j.jmbbm.2019.103386
https://doi.org/10.1007/s00402-018-2884-2
https://doi.org/10.3390/jcm8030384
https://doi.org/10.1055/s-0039-1677846
https://doi.org/10.1055/s-0039-1677846
https://doi.org/10.5792/ksrr.2016.28.1.46
https://doi.org/10.3390/jpm12081285
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1127289

Zhang et al.

using finite element analysis. Bone Jt. Res. 8 (3), 156-164. doi:10.1302/2046-3758.83.bjr-
2018-0193.r1

Koh, Y. G, Lee, J. A,, Lee, H. Y., Chun, H. J,, Kim, H. J,, and Kang, K. T. (2020).
Anatomy-mimetic design preserves natural kinematics of knee joint in patient-specific
mobile-bearing unicompartmental knee arthroplasty. Knee Surg. Sports Traumatol.
Arthrosc. 28 (5), 1465-1472. doi:10.1007/s00167-019-05540-0

Koh, Y. G, Lee, J. A., Lee, H. Y., Suh, D. S,, Park, J. H., and Kang, K. T. (2022). Finite
element analysis of femoral component sagittal alignment in mobile-bearing total knee
arthroplasty. Biomed. Mater Eng. 33 (3), 195-207. doi:10.3233/BME-211280

Kwon, O. R, Kang, K. T, Son, J., Kwon, S. K, Jo, S. B, Suh, D. S, et al. (2014).
Biomechanical comparison of fixed- and mobile-bearing for unicomparmental knee
arthroplasty using finite element analysis. J. Orthop. Res. 32 (2), 338-345. doi:10.1002/
jor.22499

Li, M. G, Yao, F,, Joss, B., Ioppolo, J., Nivbrant, B., and Wood, D. (2006). Mobile vs.
fixed bearing unicondylar knee arthroplasty: A randomized study on short term clinical
outcomes and knee kinematics. Knee 13 (5), 365-370. doi:10.1016/j.knee.2006.05.003

Liu, Y., Zhang, A., Wang, C.,, Yin, W., Wu, N,, Chen, H,, et al. (2020). Biomechanical
comparison between metal block and cement-screw techniques for the treatment of
tibial bone defects in total knee arthroplasty based on finite element analysis. Comput.
Biol. Med. 125, 104006. doi:10.1016/j.compbiomed.2020.104006

Liu, Y., Chen, B., Wang, C., Chen, H., Zhang, A., Yin, W,, et al. (2021). Design of
porous metal block augmentation to treat tibial bone defects in total knee arthroplasty
based on topology optimization. Front. Bioeng. Biotechnol. 9, 765438. doi:10.3389/fbioe.
2021.765438

Lombardi, A. V., Jr., MacDonald, S.J., Lewallen, D. G., and Fehring, T. K. (2019). Four
challenges in revision total knee arthroplasty: Exposure, safe and effective component
removal, bone deficit management, and fixation. Instr. Course Lect. 68, 217-230.

Longo, U. G,, Ciuffreda, M., D’Andrea, V., Mannering, N., Locher, J., and Denaro, V.
(2017). All-polyethylene versus metal-backed tibial component in total knee arthroplasty.
Knee Surg. Sports Traumatol. Arthrosc. 25 (11), 3620-3636. doi:10.1007/s00167-016-
4168-0

Ma, P., Muheremu, A., Zhang, S., Zheng, Q., Wang, W., and Jiang, K. (2022).
Biomechanical effects of fixed-bearing femoral prostheses with different coronal
positions in medial unicompartmental knee arthroplasty. J. Orthop. Surg. Res. 17
(1), 150. doi:10.1186/s13018-022-03037-0

Ma, J., Xu, C,, Zhao, G., Xiao, L., and Wang, J. (2023). The optimal size of screw for
using cement-screw technique to repair tibial defect in total knee arthroplasty: A finite
element analysis. Heliyon 9 (3), e14182. doi:10.1016/j.heliyon.2023.e14182

Mancuso, F., Beltrame, A., Colombo, E., Miani, E., and Bassini, F. (2017).
Management of metaphyseal bone loss in revision knee arthroplasty. Acta Biomed.
88 (2S), 98-111. doi:10.23750/abm.v88i2-5.6520

Mason, J. B., and Fehring, T. K. (2006). Removing well-fixed total knee arthroplasty
implants. Clin. Orthop. Relat. Res. 446, 76-82. doi:10.1097/01.bl0.0000214413.06464.ce

Mell, S. P., Wimmer, M. A., Jacobs, J. J., and Lundberg, H. J. (2022). Optimal surgical
component alignment minimizes TKR wear - an in silico study with nine alignment
parameters. J. Mech. Behav. Biomed. Mater 125, 104939. doi:10.1016/j.jmbbm.2021.
104939

Mizu-Uchi, H., Ma, Y., Ishibashi, S., Colwell, C. W., Jr., Nakashima, Y., and D’Lima,
D. D. (2022). Tibial sagittal and rotational alignment reduce patellofemoral stresses in
posterior stabilized total knee arthroplasty. Sci. Rep. 12 (1), 12319. doi:10.1038/s41598-
022-15759-6

Nakamura, S., Tian, Y., Tanaka, Y., Kuriyama, S., Ito, H., Furu, M, et al. (2017). The
effects of kinematically aligned total knee arthroplasty on stress at the medial tibia: A
case study for varus knee. Bone Jt. Res. 6 (1), 43-51. doi:10.1302/2046-3758.61.BJR-
2016-0090.R1

Neufeld, M. E., Albers, A., Greidanus, N. V., Garbuz, D. S., and Masri, B. A. (2018). A
comparison of mobile and fixed-bearing unicompartmental knee arthroplasty at a
minimum 10-year follow-up. J. Arthroplasty 33 (6), 1713-1718. doi:10.1016/j.arth.2018.
01.001

Panni, A. S., Ascione, F., Rossini, M., Braile, A., Corona, K., Vasso, M., et al. (2018).
Tibial internal rotation negatively affects clinical outcomes in total knee arthroplasty: A
systematic review. Knee Surg. Sports Traumatol. Arthrosc. 26 (6), 1636-1644. doi:10.
1007/s00167-017-4823-0

Park, K. K., Koh, Y. G, Park, K. M., Park, J. H., and Kang, K. T. (2019). Biomechanical
effect with respect to the sagittal positioning of the femoral component in
unicompartmental knee arthroplasty. Biomed. Mater Eng. 30 (2), 171-182. doi:10.
3233/BME-191042

Park, H.J., Bae, T. S., Kang, S. B., Baek, H. H,, Chang, M. J., and Chang, C. B. (2021). A
three-dimensional finite element analysis on the effects of implant materials and designs
on periprosthetic tibial bone resorption. PLoS One 16 (2), €0246866. doi:10.1371/
journal.pone.0246866

Pena, E., Calvo, B., Martinez, M. A., and Doblare, M. (2006). A three-dimensional
finite element analysis of the combined behavior of ligaments and menisci in the
healthy human knee joint. J. Biomech. 39 (9), 1686-1701. doi:10.1016/j.jbiomech.
2005.04.030

Frontiers in Bioengineering and Biotechnology

11

10.3389/fbioe.2023.1127289

Price, A. J., and Svard, U. (2011). A second decade lifetable survival analysis of the
Oxford unicompartmental knee arthroplasty. Clin. Orthop. Relat. Res. 469 (1), 174-179.
doi:10.1007/s11999-010-1506-2

Price, A. ], Alvand, A., Troelsen, A., Katz, J. N., Hooper, G., Gray, A, et al. (2018). Knee
replacement. Lancet 392 (10158), 1672-1682. doi:10.1016/s0140-6736(18)32344-4

Qiu, Y. Y, Yan, C. H,, Chiu, K. Y., and Ng, F. Y. (2012). Review article: Treatments for
bone loss in revision total knee arthroplasty. J. Orthop. Surg. Hong. Kong 20 (1), 78-86.
doi:10.1177/230949901202000116

Ranawat, C. S., Komistek, R. D., Rodriguez, J. A, Dennis, D. A, and Anderle, M. (2004).
In vivo kinematics for fixed and mobile-bearing posterior stabilized knee prostheses. Clin.
Orthop. Relat. Res. 418 (418), 184-190. doi:10.1097/00003086-200401000-00030

Rybicki, E. F., Simonen, F. A, and Weis, E. B, Jr. (1972). On the mathematical analysis of
stress in the human femur. J. Biomech. 5 (2), 203-215. doi:10.1016/0021-9290(72)90056-5

Samiezadeh, S., Bougherara, H., Abolghasemian, M., D’Lima, D., and Backstein, D.
(2019). Rotating hinge knee causes lower bone-implant interface stress compared to
constrained condylar knee replacement. Knee Surg. Sports Traumatol. Arthrosc. 27 (4),
1224-1231. doi:10.1007/s00167-018-5054-8

Sano, M., Oshima, Y., Murase, K., Sasatani, K., and Takai, S. (2020). Finite-Element
analysis of stress on the proximal tibia after unicompartmental knee arthroplasty. J.
Nippon. Med. Sch. 87 (5), 260-267. d0i:10.1272/jnms.JNMS.2020_87-504

Scott, R. D., and Santore, R. F. (1981). Unicondylar unicompartmental replacement
for osteoarthritis of the knee. J. Bone Jt. Surg. Am. 63 (4), 536-544. doi:10.2106/
00004623-198163040-00004

Sekiguchi, K., Nakamura, S., Kuriyama, S., Nishitani, K., Ito, H., Tanaka, Y., et al.
(2019). Effect of tibial component alignment on knee kinematics and ligament tension
in medial unicompartmental knee arthroplasty. Bone Jt. Res. 8 (3), 126-135. doi:10.
1302/2046-3758.83.BJR-2018-0208.R2

Shee, C. D., Wright, A. M., and Cameron, L. R. (1990). The effect of aminophylline on
function and intracellular pH of the rat diaphragm. Eur. Respir. J. 3 (9), 991-996. doi:10.
1183/09031936.93.03090991

Small, S. R, Berend, M. E,, Ritter, M. A., and Buckley, C. A. (2010). A comparison in
proximal tibial strain between metal-backed and all-polyethylene anatomic graduated
component total knee arthroplasty tibial components. J. Arthroplasty 25 (5), 820-825.
doi:10.1016/j.arth.2009.06.018

Song, Y. D., Nakamura, S., Kuriyama, S., Nishitani, K., Ito, H., Morita, Y., et al. (2021).
Biomechanical comparison of kinematic and mechanical knee alignment techniques in
a computer simulation medial pivot total knee arthroplasty model. J. Knee Surg. doi:10.
1055/5-0041-1740392

Srivastava, A., Lee, G. Y., Steklov, N., Colwell, C. W., Jr., Ezzet, K. A., and D’Lima, D.
D. (2012). Effect of tibial component varus on wear in total knee arthroplasty. Knee 19
(5), 560-563. doi:10.1016/j.knee.2011.11.003

Stukenborg-Colsman, C., Ostermeier, S., Hurschler, C., and Wirth, C. J. (2002).
Tibiofemoral contact stress after total knee arthroplasty: Comparison of fixed and
mobile-bearing inlay designs. Acta Orthop. Scand. 73 (6), 638-646. doi:10.3109/
17453670209178028

Tokunaga, S., Rogge, R. D., Small, S. R, Berend, M. E., and Ritter, M. A. (2016). A finite-
element study of metal backing and tibial resection depth in a composite tibia following
total knee arthroplasty. J. Biomech. Eng. 138 (4), 041001. doi:10.1115/1.4032551

Vince, K. G., and Cyran, L. T. (2004). Unicompartmental knee arthroplasty: New
indications, more complications? J. Arthroplasty 19 (4), 9-16. doi:10.1016/j.arth.2004.
02.022

Walker, P. S., Parakh, D. S., Chaudhary, M. E., and Wei, C. S. (2011). Comparison of
interface stresses and strains for onlay and inlay unicompartmental tibial components. J.
Knee Surg. 24 (2), 109-115. doi:10.1055/5-0031-1280873

Wang,J. Y., Qi, Y.S.,Bao, H.R.C, Xu, Y. S.,, Wei, B. G,, Wang, Y. X,, et al. (2021). The
effects of different repair methods for a posterior root tear of the lateral meniscus on the
biomechanics of the knee: A finite element analysis. . Orthop. Surg. Res. 16 (1), 296.
doi:10.1186/5s13018-021-02435-0

Weale, A. E., Murray, D. W., Baines, J., and Newman, J. H. (2000). Radiological
changes five years after unicompartmental knee replacement. J. Bone Jt. Surg. Br. 82 (7),
996-1000. doi:10.1302/0301-620x.82b7.10466

Yilmaz, B., Kesikburun, S., Koroglu, O., Yasar, E., Goktepe, A. S., and Yazicioglu, K.
(2016). Effects of two different degrees of lateral-wedge insoles on unilateral lower
extremity load-bearing line in patients with medial knee osteoarthritis. Acta Orthop.
Traumatol. Turc 50 (4), 405-408. doi:10.1016/j.a0tt.2016.06.004

Zhao, G, Yao, S., Ma, J., and Wang, J. (2022). The optimal angle of screw for using
cement-screw technique to repair tibial defect in total knee arthroplasty: A finite
element analysis. J. Orthop. Surg. Res. 17 (1), 363. doi:10.1186/s13018-022-03251-w

Zheng, C,, Ma, H. Y., Du, Y. Q, Sun, J. Y,, Luo, J. W.,, Qu, D. B,, et al. (2020). Finite
element assessment of the screw and cement technique in total knee arthroplasty.
Biomed. Res. Int. 2020, 3718705. doi:10.1155/2020/3718705

Zhu, G. D., Guo, W. S,, Zhang, Q. D,, Liu, Z. H,, and Cheng, L. M. (2015). Finite
element analysis of mobile-bearing unicompartmental knee arthroplasty: The influence
of tibial component coronal alignment. Chin. Med. J. Engl. 128 (21), 2873-2878. doi:10.
4103/0366-6999.168044

frontiersin.org


https://doi.org/10.1302/2046-3758.83.bjr-2018-0193.r1
https://doi.org/10.1302/2046-3758.83.bjr-2018-0193.r1
https://doi.org/10.1007/s00167-019-05540-0
https://doi.org/10.3233/BME-211280
https://doi.org/10.1002/jor.22499
https://doi.org/10.1002/jor.22499
https://doi.org/10.1016/j.knee.2006.05.003
https://doi.org/10.1016/j.compbiomed.2020.104006
https://doi.org/10.3389/fbioe.2021.765438
https://doi.org/10.3389/fbioe.2021.765438
https://doi.org/10.1007/s00167-016-4168-0
https://doi.org/10.1007/s00167-016-4168-0
https://doi.org/10.1186/s13018-022-03037-0
https://doi.org/10.1016/j.heliyon.2023.e14182
https://doi.org/10.23750/abm.v88i2-S.6520
https://doi.org/10.1097/01.blo.0000214413.06464.ce
https://doi.org/10.1016/j.jmbbm.2021.104939
https://doi.org/10.1016/j.jmbbm.2021.104939
https://doi.org/10.1038/s41598-022-15759-6
https://doi.org/10.1038/s41598-022-15759-6
https://doi.org/10.1302/2046-3758.61.BJR-2016-0090.R1
https://doi.org/10.1302/2046-3758.61.BJR-2016-0090.R1
https://doi.org/10.1016/j.arth.2018.01.001
https://doi.org/10.1016/j.arth.2018.01.001
https://doi.org/10.1007/s00167-017-4823-0
https://doi.org/10.1007/s00167-017-4823-0
https://doi.org/10.3233/BME-191042
https://doi.org/10.3233/BME-191042
https://doi.org/10.1371/journal.pone.0246866
https://doi.org/10.1371/journal.pone.0246866
https://doi.org/10.1016/j.jbiomech.2005.04.030
https://doi.org/10.1016/j.jbiomech.2005.04.030
https://doi.org/10.1007/s11999-010-1506-2
https://doi.org/10.1016/s0140-6736(18)32344-4
https://doi.org/10.1177/230949901202000116
https://doi.org/10.1097/00003086-200401000-00030
https://doi.org/10.1016/0021-9290(72)90056-5
https://doi.org/10.1007/s00167-018-5054-8
https://doi.org/10.1272/jnms.JNMS.2020_87-504
https://doi.org/10.2106/00004623-198163040-00004
https://doi.org/10.2106/00004623-198163040-00004
https://doi.org/10.1302/2046-3758.83.BJR-2018-0208.R2
https://doi.org/10.1302/2046-3758.83.BJR-2018-0208.R2
https://doi.org/10.1183/09031936.93.03090991
https://doi.org/10.1183/09031936.93.03090991
https://doi.org/10.1016/j.arth.2009.06.018
https://doi.org/10.1055/s-0041-1740392
https://doi.org/10.1055/s-0041-1740392
https://doi.org/10.1016/j.knee.2011.11.003
https://doi.org/10.3109/17453670209178028
https://doi.org/10.3109/17453670209178028
https://doi.org/10.1115/1.4032551
https://doi.org/10.1016/j.arth.2004.02.022
https://doi.org/10.1016/j.arth.2004.02.022
https://doi.org/10.1055/s-0031-1280873
https://doi.org/10.1186/s13018-021-02435-0
https://doi.org/10.1302/0301-620x.82b7.10466
https://doi.org/10.1016/j.aott.2016.06.004
https://doi.org/10.1186/s13018-022-03251-w
https://doi.org/10.1155/2020/3718705
https://doi.org/10.4103/0366-6999.168044
https://doi.org/10.4103/0366-6999.168044
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1127289

	Application strategy of finite element analysis in artificial knee arthroplasty
	Introduction
	Application of FEA in TKA
	Application of FEA in prosthesis material and design
	Application of FEA in component alignment

	Application of FEA for alignment in UKA
	Application of FEA in RTKA
	Application of FEA in stem implant design
	Application of FEA in augmentation block material selection

	Conclusion and outlook
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


