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Featured Application: Interfragmentary movement is crucial in promoting callus formation during
secondary fracture healing. Fixation stiffness is a critical factor, with excessive flexibility and
rigidity hindering optimal healing. The concepts of flexible fixation, techniques for regulating im-
plant stiffness, and material selection, favoring a lower Young’s modulus like titanium alloys, are
emphasized. A novel TiNbSn alloy with a low Young’s modulus has been introduced as a potential
solution that has shown efficacy in promoting osteosynthesis and superior mechanical properties.

Abstract: The bone healing process is influenced by various physiological factors. Fracture fixation
traditionally relied on rigid metallic implants. However, excessively rigid constructs can lead
to complications, necessitating revision surgery. This review focuses on approaches to improve
bone healing by introducing adequate interfragmentary movement (IFM) at the fracture site. IFM
promotes secondary fracture healing and callus formation. Studies suggest that rigid fixation may
impair fracture healing by inhibiting callus formation and causing stress shielding. Titanium alloy
locking plates have been shown to be biomechanically superior to stainless steel. Flexible fixation
and techniques to regulate implant stiffness are crucial for managing fractures with bridge plating.
Materials with a lower Young’s modulus balance biomechanical properties. A novel TiNbSn alloy
with a low Young’s modulus has been developed to address stress shielding issues. It is effective in
promoting osteosynthesis, bone healing, and superior mechanical properties compared with materials
with higher Young’s moduli. The enhanced formation of bone and callus associated with TiNbSn
alloy suggests its promise for use in fracture treatment plates. Understanding the biomechanics of
fracture healing, optimizing fixation stiffness, and exploring innovative materials like TiNbSn alloys,
are crucial for advancing approaches to accelerate and enhance bone healing.

Keywords: fracture; interfragmentary movement; low Young’s modulus; osteosynthesis; TiNbSn alloy

1. Introduction

Bone healing is intricate and involves various physiological factors. Physical stim-
ulation techniques, including mechanical stimulation methods, play a crucial role in the
fracture healing process [1–3], alongside other significant factors such as blood flow, the
supply of mesenchymal stem cells [4], and physiological inflammation at the fracture
site [5]. Many studies have documented the impact of mechanical stimulation on fracture
healing in both experimental animals and humans. Previous studies have demonstrated
that modulating the mechanical forces at the fracture site can significantly influence the
healing rate and dictate whether healing proceeds via the intramembranous or endochon-
dral ossification pathway [6–9]. Collectively, these elements contribute to the complex
biological and mechanical environment necessary for effective bone regeneration and repair.
The external mechanical conditions closely regulate the healing response and the formation
of calluses that can affect the transmission of loads to the callus tissue, encompassing the
fracture geometry, gap size, fixation type, fixation stability, and the magnitude and direction
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of interfragmentary movement (IFM). Furthermore, these mechanical forces directly impact
the localized stress and strain at the fracture site, consequently affecting a complex and
sequential series of biological pathways involved in the healing process.

Optimizing the speed and strength of fracture healing is challenging. However,
adjusting the mechanical parameters of the implants can enhance bone healing and alleviate
stress shielding concerns. This has spurred the development of implants with reduced
stiffness, dynamic features, and functionally graded characteristics [10–12].

Internal fracture fixation has long depended on the use of metallic implants, whose
mechanical properties stay fairly unchanged over their duration of use. Throughout much
of the 20th century, fracture reconstruction commonly utilized plates equipped with non-
locking screws. These devices necessitate a substantial degree of bone integrity, relying
on the friction generated between the plate, screws, and bone to promote primary bone
healing. However, the introduction of locking plate technology in the 1990s marked a
significant shift in the approach to fracture management. This innovation provided stability
that does not depend on the condition of the bone, making it especially useful for patients
with osteoporosis or for treating highly fragmented fractures [3,10]. The substantial rigidity
associated with locking plate reconstruction has given rise to distinct failure mechanisms,
notably screw cutout, which frequently necessitates revision surgery [13].

Figure 1 shows a case of fusion failure caused by excessively rigid fixation using
locking plates. Cutoff occurrences are typically observed in older patients, indicating
that excessively rigid constructs may pose challenges in the context of compromised bone
quality. Adequate autologous bone grafting is often necessary for the treatment of com-
minuted fractures, but the invasiveness of autologous bone grafting may be problematic in
fractures in elderly patients. Insufficient autologous bone grafting and gaps between bone
fragments limit bone healing and, further, excessively rigid implants lead to inadequate
IFM, ultimately causing stress shielding and unfavorable remodeling [14]. Effective sec-
ondary fracture healing requires controlled IFM at the fracture site. Independent studies
have shown that rigid locking plates do not create an environment conducive to this pro-
cess [15,16]. The inherent axial flexibility characteristic of long and narrow plates permits
bending; yet, this predominantly initiates IFM at the cortex farthest from the fracture gap,
limiting the movement directly underneath the plate [15]. Undesirable heterogeneous
healing at the fracture site is evident through the emergence of asymmetric and insufficient
callus formation, fixation failure, and delayed non-union [17,18].
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femur fracture (A). A noticeable deficiency in callus formation is observed, which may be attributed 
in part to the rigidity of the bridging implant and the absence of motion. Observations included 
apparent fracture dislocation, bone atrophy, and, notably, plate failure (B). The corresponding au-
thor obtained written informed consent from the patient. 
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Persisting under such conditions for a prolonged period may result in the formation 
of fibrous non-unions [19,20]. Earlier studies suggested that rigid fixation yields the most 
favorable clinical outcomes, subsequently contributing to the widespread adoption of 
nailing and plating to achieve stable internal fixation [8]. Nonetheless, several studies have 
indicated that overly rigid fixation can paradoxically hinder the process of fracture heal-
ing [21]. The rigidity required for fixation is also affected by the size of the gap between 
bone fragments. A study using live sheep determined that for larger fracture gaps (2 mm 
or 6 mm), a more rigid fixation method was preferred, while for a smaller gap (1 mm), 
better healing occurred under higher interfragmentary strain [20]. In contrast, a more re-
cent computer simulation suggested that higher interfragmentary strain could enhance 
callus formation, which is crucial for indirect fracture healing in larger gaps (3 mm), but 
the same level of strain in smaller gaps (1 mm) might result in excessive fibrous tissue 
formation, possibly leading to non-union [22]. The primary concerns raised revolve 
around potential hindrances to external callus formation, the exacerbation of maintaining 
a fracture gap due to bone end resorption, and overprotection of the healing bone from 
regular stress, which can lead to adverse remodeling (stress shielding). Consequently, 
these studies have identified numerous mechanical factors that influence fracture healing, 
such as the magnitude and direction of the IFM, type of fracture, and fracture geometry 
[23,24]. 

Figure 1. Radiographs of a distal femur fracture indicating non-union at 6 months postoperatively.
The patient was a 79-year-old female who underwent a total knee replacement and had a distal femur
fracture (A). A noticeable deficiency in callus formation is observed, which may be attributed in part
to the rigidity of the bridging implant and the absence of motion. Observations included apparent
fracture dislocation, bone atrophy, and, notably, plate failure (B). The corresponding author obtained
written informed consent from the patient.
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The aim of this review is to compile and analyze the current understanding and
research findings on the biomechanical principles and contemporary clinical practices that
enhance bone healing through the introduction of suitable IFM at the site of a fracture.
Additionally, it explores the clinical utility of innovative low Young’s modulus titanium
alloys in the development of fracture treatment plates, which are instrumental in optimizing
IFM to facilitate better healing outcomes. This review also addresses the challenges that
must be overcome to fully realize the potential of these advanced materials in improving
fracture management.

2. Importance of Interfragmentary Movement in Fracture Healing

The stiffness of the fracture fixation and weight bearing dictates the mechanical
environment. The healing process may be compromised if fixation is excessively flexible or
overly rigid. Specifically, when high-strain forces are applied at a fracture site (indicating
inadequate stability), fibrous tissue persists, and the formation of a stabilizing bony callus
is impeded.

Persisting under such conditions for a prolonged period may result in the formation
of fibrous non-unions [19,20]. Earlier studies suggested that rigid fixation yields the most
favorable clinical outcomes, subsequently contributing to the widespread adoption of
nailing and plating to achieve stable internal fixation [8]. Nonetheless, several studies
have indicated that overly rigid fixation can paradoxically hinder the process of fracture
healing [21]. The rigidity required for fixation is also affected by the size of the gap between
bone fragments. A study using live sheep determined that for larger fracture gaps (2 mm
or 6 mm), a more rigid fixation method was preferred, while for a smaller gap (1 mm),
better healing occurred under higher interfragmentary strain [20]. In contrast, a more
recent computer simulation suggested that higher interfragmentary strain could enhance
callus formation, which is crucial for indirect fracture healing in larger gaps (3 mm), but
the same level of strain in smaller gaps (1 mm) might result in excessive fibrous tissue
formation, possibly leading to non-union [22]. The primary concerns raised revolve around
potential hindrances to external callus formation, the exacerbation of maintaining a fracture
gap due to bone end resorption, and overprotection of the healing bone from regular
stress, which can lead to adverse remodeling (stress shielding). Consequently, these studies
have identified numerous mechanical factors that influence fracture healing, such as the
magnitude and direction of the IFM, type of fracture, and fracture geometry [23,24].

IFM denotes the displacement occurring between fracture fragments as a consequence
of both physiological and external loads applied to the fractured limb. Upon loading
a fractured bone, the fracture fragments undergo displacement relative to one another,
producing a multiaxial strain that exhibits spatial variation across the fracture gap [3]. IFM
plays a pivotal role in the process of fracture healing, being significantly influenced by
the stability of the fixation and the load applied by the musculoskeletal system. Moderate
levels of IFM facilitate successful bone healing, marked by the formation of a fracture
callus [25]. In contrast, excessive IFM can hinder the healing process or may even lead to
the development of non-unions [26,27]. Various combinations of axial forces, bending, and
torsional moments can occur, depending on the load sharing and muscular strain. The
two primary factors influencing IFM are the rigidity of the fracture stabilization implant
and the superficial area on the fracture fragments. These factors determine tissue strain
and cellular responses within the fracture site. The magnitude and direction of the IFM
within the fracture site are contingent on the load due to weight bearing, muscle forces,
and stiffness characteristics of the selected device [9,28,29]. The strain induced by IFM
is dispersed across the fracture surface and varies depending on the fracture geometry.
Comminuted fractures, for example, can accommodate relatively higher motion levels
since the strain is distributed over a larger surface area of the fractured fragments. The
extent of callus formation during the healing process is contingent upon the magnitude
of the IFM [1,20]. When the IFM surpasses a critical level, the blood vessels formed at the
fracture site face repeated disruption, impeding their establishment and preventing the
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development of stable tissues [20]. For instance, a specific degree of mechanical instability
results in increased IFM accompanied by cartilage formation, leading to endochondral
healing, which is the predominant mechanism for healing most fractures [9]. These findings
suggest that appropriate IFM promotes fracture healing. However, optimization of IFM is
difficult to implement in clinical practice, and actual studies have been limited to preclinical
trials [30]. There are anticipations for the development of techniques that enable surgeons
to directly assess IFM and interfragmentary movement strain across fracture fragments in
real-time during surgical procedures.

3. Clinical Problems in Bridge Plating for Fracture Treatment

The locking plate system was developed to enhance stability and minimize compres-
sion between the bone and the plate [16]. Furthermore, biological bridge plating aids in
preserving the blood supply, facilitating a functional reduction in complex fractures [31].
Some types of locking plates offer a comparatively stable fixation for fractures while allow-
ing adjustments to reduce the stiffness [32,33]. Fracture treatment devices characterized by
excessive stiffness have been reported to result in suboptimal outcomes, including delayed
bone healing and failure of the healing process [17,34].

Despite the recent focus on biologically favorable, indirect reduction techniques and
the use of submuscular implants, clinical series published over the past decade have
reported fracture non-union rates in the distal femur of up to 20% of patients [17,18,35].
The recent identification of several risk factors has been associated with an increased risk
of non-union. A previous study examined 283 distal femoral fractures treated with locked
plating [36]. Obesity, open fracture, infection occurrence, and the use of stainless steel
plates were identified as prognostic risk factors for non-union. Another study reported that
64 of 335 patients with distal femoral fractures required reoperation to promote union [35].

Several studies comparing the effects of stainless steel versus titanium plates were
identified. Two articles by Rodriguez et al., which analyzed data from the same group of pa-
tients, found a significant link between the use of stainless steel plates and the occurrence of
non-union, with a highly significant p-value [36,37]. Conversely, three other studies found
no significant difference in outcomes between the two types of metal [38–40]. Specifically,
Henderson et al. observed an increase in callus formation in patients who received titanium
plates as opposed to steel plates at 6 and 12 weeks after surgery, with a statistically signifi-
cant difference. However, this difference in callus formation was not considered statistically
significant at the 24-week mark [39]. Although the results of these findings may vary when
compared to plates made of metallic materials with greatly different Young’s moduli, there
are currently no clinically usable low Young’s modulus fracture treatment plates. The most
successful healing rates for unstable distal femoral fractures have been achieved through
the application of titanium locking plates. While the theoretical biomechanical benefits of
CP-Ti and its alloys appear to contribute to clinical enhancements, no high-quality study
has conclusively validated this assertion. In a previous study involving 21 patients, mostly
comprising young individuals with 22 high-energy distal femur fractures, treatment with
titanium locking plates was utilized. Furthermore, the study noted that all 22 fractures
healed promptly, obviating the necessity for secondary surgeries [41]. It was suggested that
pure titanium and titanium alloys, which have a lower Young’s modulus than high Young’s
modulus materials, such as stainless steel, may be useful for fracture treatment plates.

Effectively managing fractures that are amenable to bridge plating involves under-
standing the concept of flexible fixation and techniques for regulating implant stiffness. The
existing clinical and biomechanical data provide a foundation for the selection of suitable
fixation methods. Additionally, when selecting an implant, it is important to consider
titanium or titanium alloys because these metals have a lower Young’s modulus than that
of stainless steel. Nevertheless, it is essential to balance the biomechanical advantages with
the limitations of titanium, such as difficulties in contouring and the risk of cold welding.
Multiple studies have not found a statistically significant correlation between the length
of the plate and the incidence of non-union [36,37,39]. Specifically, within a population
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of low-energy fractures treated using the minimally invasive plate osteosynthesis (MIPO)
technique, a trend was observed where longer plates were associated with a lower rate
of non-union, although this trend did not achieve statistical significance. Factors such
as the total number of plate holes, average bridging length, ratio of bridging length to
plate length, and fixation crossing the fracture line were also not significantly associated
with non-union. Comparative studies between MIPO and traditional locking compression
plates were conducted in previous studies [38,42]. Hoffman et al. found a significant
decrease in the rate of non-union for the MIPO group in comparison to the group treated
with open reduction [38]. Meanwhile, the other study reported no significant difference in
postoperative complications between the two methods [42]. MIPO has gained popularity
as a technique for managing distal femoral fractures. Theoretically, MIPO allows for better
preservation of the blood supply, maintenance of the fracture hematoma, and reduces soft
tissue damage. It has been reported in a mouse fracture model that the starting point for
fracture repair is mesenchymal cell proliferation from the periosteal area near the fracture
site and differentiation into osteoblasts [4], and there is a consensus that maintenance of
blood flow and protection of the periosteum is important. However, the effectiveness of
MIPO for the treatment of other long bone fractures remains uncertain, with studies pre-
senting mixed results. This indicates that additional research is needed to fully understand
the potential advantages of MIPO. The preferred choice is the longest anatomically feasible
plate, as these plates can be applied [14,35]. This approach preserves the biology, ensures a
more uniform stress distribution, and diminishes implant fatigue. Using a greater number
of screw fixings than necessary is not required. Moreover, it is crucial to maintain low
screw-fill levels and minimize stress concentrations [14,43].

Rodriguez et al. found a significant link between higher rigidity scores and an in-
creased likelihood of non-union, where rigidity score encompassed factors such as proximal
screw density, plate material, and the number of screws traversing the fracture site [37].
Moreover, constructs utilizing solely locking screws were correlated with a greater inci-
dence of non-union compared to hybrid constructs that combine locking and non-locking
screws [40]. Notably, a higher density of proximal screws and overall screw density was
significantly related to elevated non-union rates, specifically within the group of patients
with low-energy fractures [44]. This particular relationship was not observed in other
studies examining similar variables [36,38].

The plate construct’s effective length is defined as the distance between the initial
screws located on either side of the fracture. It has been proposed that a longer effective
length may lead to a reduction in non-union rates. A previous study found strong evidence
supporting a significant correlation between a greater effective length and lower non-union
rates [39]. This correlation was established by measuring the average number of unfilled
holes next to the fracture. However, this relationship was not observed when measured
in millimeters [39]. In contrast, other studies did not discover a significant connection
between the effective length and the occurrence of non-union [38,40].

4. Clinical Applications of Low Young’s Modulus Metallic Materials to Accelerate
Fracture Healing

Titanium alloy fracture treatment plates have been reported to have a higher fracture
healing rate than stainless steel fracture treatments [39]. We will focus on the elastic
modulus of Ti6Al4V alloy, a typical titanium alloy clinically applied in orthopedics owing
to its excellent biocompatibility and corrosion resistance. Young’s moduli of the Ti6Al4V
alloy and commercially pure titanium (CP-Ti) are 117 and 107 GPa, respectively, which are
lower than those of stainless steel (205 GPa) [45,46]. Indeed, Young’s moduli of Ti6Al4V
alloy and CP-Ti, although lower than that of stainless steel, are still considerably higher
than that of the human cortical bone, which typically ranges from 11 GPa to 20 GPa [47].
The discrepancy in Young’s moduli between the prosthesis and cortical bone results in
stress shielding, which impedes the efficient transfer of load from the implant material to
the bone, thereby affecting the load-sharing dynamics [48]. Fracture treatment devices that
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exhibit excessive stiffness have been reported to lead to suboptimal outcomes, including
delays and failures in the process of bone healing [17,34].

In contrast, previous studies have demonstrated that when evaluating fracture healing
through imaging, intramedullary nails composed of titanium alloy with a low Young’s
modulus facilitate the process of fracture healing and the restoration of bone strength [49,50].
A novel TiNbSn alloy characterized by Young’s modulus as less than 50 GPa was developed
to address the issue of stress shielding [51]. The tensile strength of the TiNbSn alloy is
equivalent to that of the Ti6Al4V alloy. Moreover, upon implantation into the rabbit femoral
bone marrow cavity, the TiNbSn alloy exhibited biocompatibility that was comparable to
that of the Ti6Al4V alloy [52]. Cell culture tests showed reduced cytotoxicity [52]. Previous
studies have documented the excellent corrosion resistance of TiNbSn alloys [53,54].

Results from studies on rabbit and murine tibia fractures treated with intramedullary
nails indicate that nails fabricated from the TiNbSn alloy are more efficacious in facilitating
osteosynthesis compared to materials possessing higher Young’s moduli [55–57]. The effect
of the TiNbSn alloy compared with CP-Ti in promoting osteosynthesis in a rabbit tibial
osteotomy model is presented in Figure 2 [58].
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Figure 2. Radiographs after osteotomy in rabbit tibia. (A) Commercially pure titanium (CP-Ti),
4 weeks after osteotomy; (B) TiNbSn alloy, 4 weeks after osteotomy; (C) CP-Ti, 6 weeks after os-
teotomy; (D) TiNbSn alloy, 6 weeks after osteotomy. Arrowheads indicate fracture callus. The scale
bar indicates 10 mm. Reproduced from ref. [58] with permission [58].

The results demonstrated that in the TiNbSn alloy group, the bone healing process was
linked to heightened callus formation, improved structure of newly formed bone, greater
bone strength in the early phase, and enhanced bone strength and stiffness during the
late phase of bone healing. Adequate IFM and controlled axial motion are provided by
elastic intramedullary nails composed of a TiNbSn alloy with a low Young’s modulus, and
these motions may contribute to better bone healing and superior mechanical properties.
Additionally, the impact of the fracture plate’s low Young’s modulus on osteosynthesis
was examined. Radiological, histological, and mechanical evaluations have suggested the
outstanding effectiveness of the TiNbSn alloy on bone repair compared to both CP-Ti and
Ti6Al4V alloy [11,58]. The TiNbSn alloy is a titanium alloy with a low Young’s modulus and
could be equipped with a locking mechanism [58]. Utilizing an implant fabricated from
a material with a lower Young’s modulus, which facilitates more effective load sharing
with the bone compared to an implant made of Ti6Al4V, could confer advantages for
bone healing and potentially diminish the risk of stress shielding. Specifically, a TiNbSn
alloy plate, characterized by its low Young’s modulus, demonstrated superior new bone
formation and produced a stiffer callus at the osteotomy site, particularly during the initial
phases of the healing process, in comparison to plates made from Ti6Al4V alloy and CP-
Ti [11,58]. The TiNbSn alloy group exhibited a more robust formation of intramedullary
callus with a well-developed bone structure than the Ti6Al4V alloy and CP-Ti groups. At
the osteotomy site, the TiNbSn alloy group demonstrated a more advanced formation of
mature bone, accompanied by improved orientation of the bone structure (Figure 3).
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Figure 3. These images are from a non-demineralized specimen stained with Villanueva bone stain.
(A) CP-Ti, (B) TiNbSn alloy at 4× magnification (scale bar indicates 2 mm), (C) CP-Ti, (D) TiNbSn
alloy at 20× magnification (scale bar indicates 100 mm). The TiNbSn alloy group exhibited a more
robust formation of intramedullary callus with a definite bone structure compared with that of the
CP-Ti group. Beneath the plate at the osteotomy site, the TiNbSn alloy group demonstrated a more
advanced formation of mature bone, accompanied by an improved orientation of the bone structure.
Reproduced from ref. [58] with permission [58].

These improvements may promote bone repair. TiNbSn alloy has emerged as a
promising biomaterial for fracture treatment plates. Excessive plate stiffness can potentially
hinder callus formation and impede the process of bone healing [59]. The accelerated
callus formation observed in the bone defect at the site of plate installation in the group
receiving TiNbSn alloy plates is attributed to the effective load-sharing capabilities afforded
by the low Young’s modulus of the TiNbSn alloy. Similarly, fracture treatment plates made
from Ti29Nb13Ta4.6Zr alloy, which also possesses a low Young’s modulus, demonstrated
a propensity to enhance osteosynthesis, even though a quantitative assessment was not
conducted [49,60]. Studies on fracture treatment devices using low Young’s modulus
titanium alloys are shown in Table 1.

Table 1. Experimental models for the development of fracture treatment devices using low Young’s
modulus titanium alloys.

Materials Implant Types References

1 TiNbSn alloy Intramedullary nail [55–57]
Plate [11]

Locking plate [58]
2 TiNbTaZr alloy Intramedullary nail [49]

Plate [60]

Clinical applications of TiNbSn alloys with low Young’s moduli have been explored.
A TiNbSn alloy stem for a hip prosthesis was developed, and the findings from the clinical
trial indicated that TiNbSn alloy stems contributed to a reduction in stress shielding, which
included improvements in thigh pain and a decrease in hip prosthesis loosening [61,62]. In
addition to other TiNbSn alloys, TiNbZrTaSi alloys, TiNbZrSn alloys, TiMoZrSnNb alloys,
and TiNbTaO alloys have been reported for their low Young’s moduli, biocompatibility,
and osteoinductive effects [63–67]. However, there are few preclinical studies reporting
their bone healing-promoting effects as fracture treatment plates or intramedullary nails.
Although the usefulness of low Young’s TiCr alloys has been reported for implant rods for
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spinal fusion, their clinical application has not been realized [68–70]. Furthermore, there
is no low Young’s modulus titanium alloy other than our TiNbSn alloy that has achieved
clinical application in joint prostheses [61,62].

Considering the established safety, durability, and material availability of the TiNbSn
alloy, future research should concentrate on the clinical utilization of this alloy in fracture
treatment devices with the objective of reducing the duration of the fracture treatment.
The efficacy of fracture fixation is determined not only by Young’s modulus of the plate
material but also by its length and thickness. While the beneficial effects of the TiNbSn
alloy on bone healing were observed in rabbit tibia studies [11,58], the optimal dimensions
for plates—specifically their length and thickness—will vary for different long bones. It is
also critical to carefully consider these dimensions when applying TiNbSn alloy plates to
human patients in clinical settings. Despite this, the successful use of hip prostheses made
from TiNbSn alloy suggests that the principles of design similar to Ti6Al4V prosthesis
could be advantageous for developing fracture treatment plates. The authors consider that
the stiffness of implants plays a critical role in fracture healing by optimizing IFM and load
transmission to the bone. The TiNbSn alloy plate emerges as a promising alternative to
the Ti6Al4V alloy plate, particularly in scenarios where a load greater than that which the
Ti6Al4V alloy plate can accommodate is required, allowing the healed bone to bear a larger
share of the load. However, the transition of TiNbSn alloy plates from experimental to
clinical use faces several challenges, including cost considerations, indicating that multiple
factors must be addressed before these materials can be widely adopted in clinical practice.

5. Issues in the Clinical Setting

In actual clinical practice, IFM cannot be verified in each individual case, so the method
that is assumed to optimize IFM is selected. Surgical factors linked to increased fusion
failure rates align with the growing body of literature indicating that excessively rigid
implants can impede fracture fusion in distal femur fractures [37]. Various factors could
relate to non-union, such as different metal materials, plate length, and other variables
affecting bone fusion post-locking plate fixation. The prevalence of non-union associated
with this procedure may vary due to factors like metal material variations, plate length,
and other influencing factors. While the optimal surgical setup remains unclear, controlling
factors like metal material and plate thickness to prevent overly rigid fixation and ensure
optimal stability could help reduce non-union rates in managing distal femoral fractures.

Surgeons must navigate the delicate balance between preventing excessively rigid
fixation constructs and allowing callus formation without compromising fixation stability.
The TiNbSn alloy is a high-performance metal known for its exceptional combination of
high strength and low Young’s modulus, qualities that have led to its clinical use in femoral
stems [61,62]. It is anticipated that by manipulating variables other than Young’s modulus,
such as the thickness and length of plates, it will be possible to engineer materials for
fracture treatment that possess the ideal stiffness. This approach suggests a tailored strategy
for material development, aiming to optimize the biomechanical environment for fracture
healing. Further research is necessary to determine the ideal balance of intraoperative
variables. Currently, only animal studies are approved to address these concerns, and the
clinical application of novel materials is anticipated. Future studies should ideally employ
randomized controlled trials to minimize confounding factors. If not possible, it is crucial to
analyze homogeneous data adequately powered for analysis purposes to address surgical
cohort analysis effectively.

6. Conclusions

This review discusses the biomechanical principles and clinical strategies for improv-
ing bone healing and emphasizes the importance of IFM. IFM is crucial in promoting
callus formation during secondary fracture healing. Fixation stiffness is a critical factor,
with excessive flexibility and rigidity hindering optimal healing. Titanium alloy locking
plates have been highlighted for their biomechanical superiority over stainless steel. The
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concepts of flexible fixation, techniques for regulating implant stiffness, and material se-
lection, favoring a lower Young’s modulus like titanium alloys, are emphasized. A novel
TiNbSn alloy with a low Young’s modulus has been introduced as a potential solution
that showed efficacy in promoting osteosynthesis and superior mechanical properties.
Future research should aim to corroborate and augment these findings by exploring other
animal models, assessing different plate geometries, and evaluating fatigue life and plate
strength. Validation of the bone healing efficacy of TiNbSn alloy under varied experimental
conditions, across different models, and with assorted TiNbSn alloy plate designs, as well
as verification of the durability and strength of TiNbSn alloy plates, are essential steps
towards their potential clinical application. The clinical applications of hip prostheses have
indicated reduced stress shielding and improved outcomes, contributing to advancements
in fracture treatments.
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