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Introduction
A bone fracture is a medical condition in which the shape 
or contour of bone changes due to the impact of external 
forces or injuries under many biological and mechanical 
circumstances such as injuries during physical activities, 
vehicle accidents, accidental falls, or weakening of 

bones because of aging as well an underlying disease.1-4 
Under fracture conditions, broken or cracked bones are 
stabilized and supported to handle the weight of the body 
and the relative movement of the cracked bone during 
the process of fracture healing.5-7 Open (skin break) or 
closed (no skin break) are the two major categories of 
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Abstract
Introduction: In the modern era, the 
use of biomaterials in orthopaedics has 
revolutionised the healthcare sector. 
Traditionally, some non-biodegradable 
materials such as titanium and stainless steel 
are used as biomaterials. However, issues 
such as toxicity, poor tissue adhesion, and 
stress-shielding effect can occur with non-
biodegradable materials for bone fracture 
fixation. Several biodegradable materials 
have been developed to resolve these issues but have not yet been appropriately industrialized 
for implant applications. These substances can be classified into metals, ceramics, and polymers, 
which can be blended to create composites that enhance biocompatibility and biomechanical 
characteristics. 
Methods: This study began by contrasting the biocompatibility and mechanical compatibility 
among various alloys: biodegradable low entropy (BLE) alloys, biodegradable medium entropy 
(BME) alloys, biodegradable high entropy (BHE) alloys, and non-biodegradable medium entropy 
(NBME) alloys. Additionally, the design morphology of bio-implants like plates, screws, and others 
was inspected. Moreover, a meta-analysis was conducted to optimize the design of biomaterials, 
ensuring appropriate biocompatibility and degradation rate. A subsequent statistical analysis was 
executed to determine the optimal material concentration for bio-implant alloy creation.
Results: Initially, in this paper, the advantages of biodegradable materials over conventional non-
biodegradable materials are discussed and bibliometric analysis is done to show recent research 
contributions in the field of biomedical implant application. Then compared biocompatibility and 
mechanical compatibility among BLE alloys, BME alloys, BHE alloys, NBME alloys. Furthermore, 
investigated the design morphology of bio-implants such as plates and screws. Also presented 
a meta-analysis for design optimization of biomaterials to meet suitable biocompatibility and 
biodegradation rates and presented a statistical analysis among them, which helps to select the 
appropriate material concentration for bio-implant alloy formation. 
Conclusion: It was observed that in biodegradable materials, tensile strength is in the pattern of 
NBME > BHE > BME > BLE, and the degradation rate is in the pattern of BME > NBME > BHE > BLE. 
This study suggests that biodegradable materials (BLE and BME) are a much better choice than 
non-biodegradable materials in orthopaedic applications. It was also observed that a Biodegradable 
locking compression plate (BLCP) can provide the necessary strength and performance. Further, 
the systematic meta-analysis presented herein furnishes crucial data to researchers, guiding them 
in enhancing the efficiency of diverse biomaterials and optimizing their designs. 
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fractures that will be broadly focused. In between these 
two categories, open fractures are more prone to a higher 
risk of infection as they surround soft tissue. According 
to the characteristics of the force, long bone fractures can 
be classified.8 Once a fracture happens, a unique process 
of bone self-healing starts automatically to get healed 
from injuries.9 According to local motion at the fracture 
location, healing is classified as primary or secondary. 
The cortex actively tries to restore continuity between the 
fractured pieces during primary healing. Only when rigid 
internal fixation is used to stabilize the fracture fragments’ 
alignment and reduce inter-fragmentary motion, this 
procedure occur at that time.10 At the site of the fracture, 
soft tissues react during healing. The periosteum initiates 
a response to bone injury that is affected by how much the 
bone fragments can move cyclically. This response occurs 
in four phases that occur sequentially, as illustrated in 
Fig. 1.11

When an injury occurs, a hematoma is formed at 
the damaged tissue site. Following the inflammatory 
response, the bone's vascular supply is disrupted, 
leading to a decrease in oxygen and nutrient supply to 
the affected area. Platelets release various factors and 
the bone loses mechanical stability. Inflammatory cells, 
such as leukocytes and macrophages, may enter the 
surrounding area during the injury. The inflammatory 
response peaks within the first 24 hours to around 7 days 
post-injury. During the inflammatory stage, the cells that 
are sensitized and stimulated begin producing fibroblasts, 
intracellular material, supporting cells, and new vessels. 
With fibrin-rich granulation tissue and fibrovascular 
tissue, the hematoma could be interchanged. After that, 
fibrocartilage forms and strengthens the extremities of the 
bones. Which is termed as soft callus formation. During 
the fracture repair process, soft callus formation occurs, 
followed by the replacement of cartilage fibrovascular 
tissue with vessel invasion via endochondral ossification 
in the hard callus formation stage. The final stage of 
fracture repair is bone remodelling, where the woven 
bone is gradually replaced by lamellar bone to support 
mechanical loads and restore the anatomical structure of 
the pre-injury bone. Osteoclasts resorb the hard callus, 
and lamellar bone formation follows.11

To reduce the risk of issues caused by external supports, 

doctors are performing surgical procedures to implant 
supports internally to stabilize fractured bones with some 
implants, such as plates, screws, nails, or wires.8 The 
engineered medical devices are designed to replace and 
support the fractured biological structure of human body 
parts. These devices are termed bioimplants and provide 
support to a given host. The interaction between the human 
body with materials is determined by biomaterial surface 
modification. In recent years, substantial development 
in the biomedical field has increased the research scope 
for the wide application of bone implants, bone plates, 
and screws.10 The success of bioimplants does not only 
depend on their mechanical properties but also on their 
surface interaction with human body tissues. Therefore, 
the research in biomaterials for implants can be explored 
as a broad area ranging from material selection, design, 
and surface modification.12 There are different categories 
based on which biomaterials are classified. These 
can be done based on origin, structure, function, and 
degradability. Based on origin, biomaterials are classified 
as natural materials (such as collagen, hyaluronic acid, 
chitosan, and silk)13 and synthetic materials (such as 
polymers, ceramics, and metals).14 Based on structure, 
it is categorized as composites (such as metal-polymer 
composites and ceramic-polymer composites)15 and 
surface-modified biomaterials.16 Similarly, based on 
function, it is categorized as load-bearing biomaterials 
(such as metals and ceramics),17 non-load-bearing 
biomaterials (such as polymers and hydrogels),18 
bioactive biomaterials (such as hydroxyapatite and some 
ceramics),19 and biodegradable biomaterials.20 The choice 
of biomaterials in healthcare applications is determined 
by the application used and several parameters, such 
as mechanical properties, biocompatibility, and 
surrounding tissue response characteristics. In some 
alloys, the interfacial bonding with surrounding tissues is 
weak, which may lead to the failure of the implant. This 
affects the movement of the interface. The weakening of 
interfacial bonding and premature implant failure is due 
to corrosion and surface incompatibility.21 Sometimes, this 
may cause toxic reactions with surrounding tissues in the 
human body.22 Physiological fluids interact with metallic 
materials in an implant, leading to gradual dissolution 
and the formation of corrosion products. These products 
are metabolized or removed from around the implant 
before excretion.23,24 According to a study presented by 
researchers in the field of biomaterials for implant design 
and manufacturing, the following research questions are 
derived that direct towards novel research contribution of 
this paper as shown below:

Research questions 
• RQ1: Why biodegradable materials are preferred 

over non-biodegradable materials? What are the 
factors that decide the biocompatibility of materials?Fig. 1. Stages of bone fracture healing process
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• RQ2: How is orthopaedic implant morphology or 
geometry correlated with implant biocompatibility?

• RQ3: How progressively research contributions are 
presented in the manufacturing and designing of 
biodegradable materials.

• RQ4: Are manufacturing processes and 
biocompatibility correlated?

Research contributions
• To fulfil RQ1, the paper presented a systematic 

bibliometric analysis to observe the biomaterial 
evolution trends in orthopaedics for implant design.

• To fulfil RQ2, the paper presented an analytical 
review of design morphology (Geometry) used on 
different types of implants.

• To fulfil RQ3, the paper presented a systematic meta-
analysis of all the types of research conducted in the 
manufacturing of biodegradable materials.

• To fulfil RQ4, the paper presented some statistical 
analysis to show the correlation between the 
manufacturing processes and biocompatibility.

As compared to existing recent review contributions 
of researchers, the novel contribution of this paper is 
presented in Table 1. 

Bibliometric analysis
This paper first aims to observe the advancements of 
material science in bone implant design. To fulfil this 
objective, a bibliometric analysis is done by evaluating 
various case studies and research articles. For a research 
article selection, a methodology having three basic steps 
is adopted:
• Selection strategy: Selection of Research Article 

Source and Selection of Keywords for searching
• Inclusion strategy: Inclusion according to paper type 

as research, review, book articles, and bibliometric 

analysis with quality assessment.
• Meta-Analysis: Feature characterization of articles
 
Selection strategy
To conduct a systematic meta-analysis, several phases 
must be considered according to the PRISMA-P 
checklists.36 To create a selection strategy, we first 
identified relevant research article databases and libraries 
related to biomaterials for designing bone fracture 
implants. The selection process involved the extraction of 
pertinent information, the application of search strings, 
and the review of study records to identify relevant articles. 
With over 100 journals publishing thousands of pertinent 
articles, two basic steps were taken for the selected strategy, 
“Selection source of research publications and keywords 
for searching articles”. To identify relevant data sources, a 
Google Scholar search yielded the top data sources. Among 
them, four are selected. In each source individually, such 
as “ScienceDirect/IEEE/Springer and T&F”, articles are 
sorted according to keywords such as “Biomaterials for 
bone implant design”. Then it was observed that research 
drastically grows from 2014 to till date. Therefore, for 
bibliometric analysis, we have selected research articles 
from 2014. The selection strategy identified relevant 
articles on biodegradable bone implants and design 
optimization. Four databases were searched, including 
ScienceDirect, IEEE, Springer, and T&F, using different 
search terms related to biodegradable bone implants and 
design optimization. Number of articles found for each 
combination of search terms and database. For example, 
the combination of “Biomaterials” and “bone implants” 
yielded 36,787 articles on ScienceDirect, 270 articles on 
IEEE, 12,403 articles on Springer, and 4,829 articles on 
T&F. This demonstrates the importance of selecting 
appropriate search terms and databases to retrieve 
relevant articles for a systematic review.

Table 1. The feature that distinguishes this paper from other review papers

Year F1 F2 F3 F4 F6 F7 F8 F9 Ref

2023  ×   ×   ×     ×   ×   ×  25

2023  ×    ×   ×    ×   ×  26

2023  ×    ×    ×   ×   ×  27

2023  ×    ×   ×   ×   ×   ×  28

2022  ×   ×       ×  29

2022  ×    ×       ×  30

2022  ×    ×   ×    ×   ×  31

2021  ×    ×      ×   ×  32

2021  ×    ×   ×    ×   ×  33

2021  ×    ×       ×  34

2020  ×    ×       ×  35

This paper        

F1 = Bibliometric Analysis, F2 = Biomaterials, F3 = Low, medium, and high entropy materials, F4 = Biodegradable Materials, F5 = Manufacturing 
Process of Biodegradable Materials, F6 = Biocompatibility, F7 = Surface Treatment, F8 = Correlation of Designing factors and biomaterials.
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Inclusion strategy
The articles were then classified into different types, 
such as research, review, book chapters, conferences, and 
others. The classification of articles is performed based 
on the type of articles and concerning materials used, as 
illustrated in Fig. 2. In addition to manually collecting 
research documents, the paper conducted a bibliometric 
analysis on the Scopus database using various search 
terms related to biomaterials for bone implants, including 
“Biomaterials” and “bone implants,” “Biodegradable” 
and “bone implants,” “Design Optimization” and 
“biodegradable” and “bone implants,” “Degradation” and 
“Biodegradable” and “bone implants,” and “Degradation 
and design optimization” and “Biodegradable and bone 
implants.” 

A questionnaire is a research tool used to collect data 
through a series of questions. For bibliometric analysis, 
the questionnaire has been specifically designed to 
evaluate the quality of selected papers in a research study. 
The papers are categorized as low, average, or high quality 
based on a quality score (QS) derived from the following 
five questions. The five questions could vary depending 
on the study but could include aspects such as the 
relevance of the research question, the methodology used, 
the validity of the results, the significance of the findings, 
and the overall organization and clarity of the paper. The 
responses to each question are typically given a score, and 
the overall quality score is derived by summing the scores 
from all questions.
• Is there a reflection of the entire content of the paper 

in the abstract?
• Is the abstract designed to reflect the background, 

problem, aim and objectives, methods and materials 
used, and well-defined result findings?

• Do the research gaps properly entertain with relevant 
contributions?

• Consistency of the result reflected in the conclusion 
or not?

• Was the paper published in a well-indexed journal?
Responses to the questions are limited to two options, 

“No” or “Yes”, represented by 0 and 1, respectively.

Meta-analysis
This section discusses a meta-analysis of biomaterials for 
implant design, which involves the statistical analysis of 
data from multiple studies to assess the efficacy of different 
materials and designs. Furthermore, recent advancements 
in biodegradable materials and implant design have led 
to the development of novel biodegradable implants. The 
subsequent subsections highlight recent contributions in 
this area by researchers.

Biomaterials for implant applications
Biomaterials play an important role in the development 
of biomedical implants. A biocompatible biomaterial 
does not cause a detrimental or toxic reaction when it 
comes in touch with living tissue37,38. The material should 
also have suitable mechanical qualities to support the 
implant's intended function over time.39 Metals (e.g., 
titanium),40 ceramics (e.g., hydroxyapatite),41 polymers 
(e.g., polythene),42,43 and composites (e.g., carbon fibre 
reinforced polymers)44 are examples of biomaterials that 
can be used for manufacturing implant. Each material 
has distinct qualities that make it ideal for specific 
applications,45 as illustrated in Fig. 3.

Doctors often use surgical procedures and implants such 
as bone plates, screws, nails, or wires to support fractured 
bones and promote healing. These implants can be non-
biodegradable or biodegradable.46-48 Non-biodegradable 
implants require secondary surgery for removal after the 
bone has healed. Metallic non-biodegradable implants 
are commonly used to fix broken bones, but they can 
have disadvantages as they require a second surgery for 
their removal. Some of the common examples of non-
biodegradable metallic implants are Ti-based alloys,49 
cobalt-based alloys,50 stainless-steel alloys,51 and high-
entropy and medium entropy materials.52-54 Although 
metallic (non-degradable) implants are frequently 
employed to mend fractures, they have downsides, such 
as the requirement of subsequent surgery for extraction 
and the possibility of causing harm to certain patients.55,56 
Consequently, biodegradable implants, composed of 
natural or artificial substances that break down over time 
in the body, offer a viable solution. The biocompatibility 
and biodegradability of these implants with the healing 

Fig. 2. Bibliometric analysis.
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process of the bone are crucial considerations.57-59 
Additionally, an organic material breakdown is an 
electrochemical process.60 The materials used for 
producing biodegradable implants can vary and include 
metals, ceramics, polymers, metal alloys, and composite 
materials. The compatibility of the implant material 
with the body’s cells and tissues determines whether it 
is biotoxic, bioinert, bioactive, or biodegradable.61 This 
article concentrates on the investigation of biodegradable 
materials and their performance within the body. Some 
biodegradable metals, like magnesium, zinc, iron, and 
calcium, are biocompatible and have essential nutrients 
for bone healing, and also have good mechanical strength 
and stability during the initial stage of healing.62 Some of 
the biomaterials used for manufacturing bone implants 
are illustrated in Table 2. 

Kuffner and Facci explored the biocompatibility 
of β-tricalcium phosphate (β-TCP) with the addition 
of alumina. The composites are produced by powder 
metallurgy. The study reveals that the addition of alumina 
improves the mechanical properties of the composites, 
with the 10% alumina composite exhibiting the highest 
values. The microstructure analysis indicates that the 
addition of alumina forms a new phase, which improves 
the interfacial bonding between the β-TCP and alumina 
phases. The authors suggest that the composites could 
be used as bone substitute materials in load-bearing 
applications and emphasize the importance of the careful 
selection of processing parameters.63 Chakravarty et 
al examined chitin, polylactide, and hydroxyapatite 
composites using ionic liquid solutions. With the addition 
of hydroxyapatite (HAP) and chitin, the composites 
showed improved mechanical properties and were found 
to be biocompatible based on cell culture experiments.64 
Tong et al analysed a biodegradable implant made from 
Zn-5Ge alloy and it was observed that the mechanical 
properties, corrosion resistance, and biocompatibility are 
improvised because of its fine-grained microstructure.65 
Dambatta et al investigated the potential of using a Zn-3Mg 
alloy as a biodegradable implant material and investigated 
its effects on heat treatment.66 Wątroba et al developed 
a biodegradable Zn-Ag-Zr alloy and characterized its 
mechanical, microstructural, and corrosion properties.67 

Cai et al prepared biodegradable Mg-Zn alloys with 
varying Zn concentrations and found that the addition 
of Zn improves mechanical properties but decreases 
corrosion resistance.68 Li et al discussed the formation 
of corrosion products on Mg-Ca alloy surfaces during 
degradation and their potential effect on promoting bone 
tissue regeneration.69 Kottuparambil et al investigated 
the impact of adding zinc and rare-earth elements (Gd, 
Dy, Nd) to magnesium for biomedical applications as an 
Mg-Zn-Gd alloy. The author observed the stacking of the 
lamellar period and observed that it shows good corrosion 
resistance, whereas tensile strength was highest with Mg-
Zn-Gd-Nd alloy because of the uniform distribution of 
Mg-Nd precipitate. These alloys also don’t show any toxic 
effect on surrounding tissues during in vivo analysis.70 
Gorejová et al review degradable metallic biomaterials, 
which aid tissue healing by gradually degrading. It was 
highlighted that Mn and Zn as good alloying materials, 
whereas calcium phosphate-based ceramic and polymers 
are good options for coatings.71 Codescu et al investigated 
the potential use of a high entropy alloy, FeMoTaTiZr, 
for bone implants. The addition of Zn to hydroxyapatite 
(HA) coatings on the alloy improved its biocompatibility 
and promoted the osteogenesis of stem cells. The 
thickness and morphology of the HA coatings were also 
affected by Zn concentration. The study suggests that 
FeMoTaTiZr with Zn-based HA coatings has the potential 
for use in bone implants, with improved biocompatibility 
and osteogenesis.54 The potential of zinc alloys as 
biodegradable load-bearing bone implants was examined 
by Yang et al, they investigated different alloying elements 
and their impact on the alloys’ corrosion behaviour, 
mechanical properties, and biocompatibility. Adding 
calcium, magnesium and rare earth elements such as 
neodymium and yttrium to zinc alloys can improve 
biocompatibility, mechanical properties, and corrosion 
resistance for bone implant applications.72 Suryavanshi et 
al investigated a biodegradable composite biomaterial for 
bone screws containing polycaprolactone, hydroxyapatite, 
and tricalcium phosphate. The composite material has 
favourable mechanical properties and degradation rates 
and can be easily produced by injection molding.73 Xai et al 
investigated the biodegradable Mg-Li-Ca alloy-based bone 
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implants. They prepared the alloys and evaluated their 
properties in vitro and in vivo by implanting them into the 
femur of rats. The authors found that the Mg-Li-Ca alloys 
had good biocompatibility and controllable degradation 
rate, and the addition of calcium improved new bone 
formation and mechanical properties.74 Montufar et al 
developed a composite material that combines alpha-
tricalcium phosphate and iron particles, aiming to achieve 
a bone fracture reduction material with high mechanical 
strength, biodegradability, and cytocompatibility. The 
composites were prepared using the powder metallurgy 
technique. The study found that the α-TCP-Fe composites 
possess high mechanical strength and biodegradability 

while being cytocompatible.75 Singh et al investigated the 
surface modification of Ti-6Al-4V with hydroxyapatite 
to improve corrosion protection and wear resistance.76 
Doe et al found that calcium-modified acid-etched pure 
titanium is a suitable biomaterial for implantation with 
good biocompatibility, stability, and biosafety.77 Chen 
et al compared the properties of TiTaNb MEA and Ti-
10Ta-6Nb films and found that TiTaNb MEA films have 
better biocompatibility and wear resistance.78 Mustafi et al 
designed a new Ti35Zr15Nb25Ta25 MEA,79 while Hu et al 
developed a TiZrNb MEA for biomedical applications.53 
Yang et al investigated the bio-corrosion behaviour and 
biocompatibility of the TiZrHfNbTa HEA and found 

Table 2. Properties of different biomaterials used for Biomedical applications

M MT TS ME CR/DR ET MF

β-TCP63 B - 4.6 GPa - L Powder metallurgy

chitin/PLA/nHAp64 B ~25MPa - - L Ionic liquid solutions

TCP81 B ~ (69-193) MPa ~ (40-117) GPa - L Sintering

PLA81 B ~ (40-50) MPa ~ (2-7) GPa - L Ring-opening polymerization and 
Condensation polymerization

AZ3181 B ~ (241-260) MPa ~45 GPa - L Alloying

Zn65 B 33.6 MPa - 0.3057 mm/yr L -

Zn-Ge65 B 53.9 MPa - 0.1272 mm/yr L Alloying

Zn–Mg67 B 88 MPa 0.13 mm/yr L Alloying + Thermal Treatment

Zn-Zr67 B 157 MPa - - M Alloying + Hot extrusion

Zn-Ag67 B 183 MPa - 0.1837 mm/yr L Alloying + Hot extrusion

Zn-Zr-Ag67 B 211MPa - 0.769 mm/yr H Alloying + Hot extrusion

Mg68 B 100.47 MPa - - L -

Mg-Zn68 B 135.53 MPa - - M Casting

Mg-Ca69 B 71.38 MPa - 12.56 mm/yr M Alloying

Mg–Zn–Gd70 B 119 MPa - 0.07 mm/yr H Alloying

Fe71 B 540 MPa - 0.10 mm/yr L -

Fe-Mo-Ta-Ti-Zr54 B - 69 GPa 0.749 μm/yr H Arc Remelting with HAp Coating

Stainless steel82 NB 490 MPa 200 GPa - M -

Ti83 NB 950 MPa 113.8 GPa - M -

Zn-Li-Mg72 B 646.69 MPa - 0.014–0.03 mm/yr H Extrusion

Mg + Silk + PC73 B 28.3 MPa - - M Injection Molding

Mg-Li-Ca74 B 250 MPa - - M Alloying

α-TCP + Fe75 B 151 MPa - 0.206 mm/yr M Powder Metallurgy

Co-Cr84 NB 1896 MPa 253 GPa - M

Co-Cr-Mo84 NB 1795 MPa 230 GPa - M

Ti–6Al–4V40 NB 970 MPa 110 GPa - M

Ti-6Al-4V76 NB - - 0.89 mm/yr M Hydroxyapatite via Electro Discharge 
Coating (EDC)

Ti + Ca77 NB - - 6 mm/yr M Acid-etching heat treatment

TiTaNb78 NB 113 GPa 0.03-1.1 μA/cm2 M Sputtering

Ti-Zr-Nb-Ta79 NB 873 MPa 91 Gpa - M Microsegregation + Surface coating

Ti-Zr-Nb53 NB 845 MPa 72 GPa 0.00161 μA/cm2 M Casting, cold-rolling, and annealing

Ti-Zr-Hf-Nb-Ta80 NB - - 5.6*10-4 mm/yr H Arc-melting

M = Material Used, MT = Material Type (B = Biodegradable, NB = Non-biodegradable), TS = Tensile Strength, ME = Modulus of Elasticity, CR/
DR = Corrosion Rate/Degradation Rate, ET = Entropy Type (L = Low, H = High, M = Medium), MF = Manufacturing.
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potential for biomedical applications.80

In Table 2, we have compared the properties and 
features evaluation of different materials that are used in 
different applications for fracture bone repair. Based on 
the information presented in the table, it appears to be a 
list of various biomaterials used for implant design, along 
with their properties and compatibility. The table includes 
a range of materials, such as β-TCP, chitin/PLA/nHAp, 
AZ31, Zn, Mg, Fe, stainless steel, Ti, Co-Cr, and various 
alloys. The properties of these materials suggest they may 
be used for a variety of implant types, such as orthopaedic 
implants, dental implants, or cardiovascular implants. 
The table provides information on the tensile strength, 
modulus of elasticity, corrosion/degradation rate, and 
manufacturing method of each biomaterial, which can 
help in selecting the appropriate material for the particular 
application. The compatibility of each biomaterial is also 
listed, which is important for ensuring that the implant is 
well-tolerated by the body and does not cause any adverse 
reactions or complications. From the table, it was observed 
that most of the non-biodegradable materials are medium 
entropy materials, whereas, in biodegradable materials, 
there exist low, medium, and high entropy materials. 
Therefore, a comparative evaluation is presented in Fig 4, 
among biodegradable low entropy (BLE), biodegradable 
medium entropy (BME), biodegradable high entropy 
(BHE), and non-biodegradable medium entropy 
(NBME). In Fig 4(a), tensile strength is compared among 
BLE, BME, BHE, and NBME, and observed that tensile 
strength in the pattern of NBME > BHE > BME > BLE. 
Whereas in Fig 4(b) corrosion rate or degradation rate 
was compared among different biomaterials and observed 
a pattern as BME > NBME > BHE > BLE. Therefore, this 
would suggest selecting biodegradable materials over 
non-biodegradable materials. Among biodegradable 
materials, BHE materials would be selected if high tensile 
strength with a moderate degradation rate is required, 
whereas if the degradation rate needed to be high, then 
BME materials would be selected.

Biodegradable implants morphology and geometry 
optimization
Conventional bone implants are typically made of 
stainless steel or titanium, but biodegradable implants are 

becoming more popular as they can avoid complications 
and the need for a second surgery.85,86 Biodegradable 
implants are medical devices that are designed to be 
absorbed and broken down by the body over time. They 
are made from materials that are biocompatible and can 
be safely metabolized by the body, such as polymers or 
metals that can be naturally absorbed or excreted.87-90 
Biodegradable implants are commonly used in a variety 
of medical applications, including orthopaedic surgery, 
cardiology, and tissue engineering. Examples include 
absorbable sutures, bone screws, and drug delivery.91-95 
The benefits of biodegradable implants are that they 
eliminate the need for a second surgery to remove the 
implant, reduce the risk of complications, and promote 
healing.96 Moreover, they are also used as a supporting 
device for healing bone fractures.97 Though not all implant 
materials have the same biocompatibility and mechanical 
strength. This creates a dilemma for researchers while 
selecting appropriate material and their respective 
designing processes to support optimal performance and 
safety98-100 Among all available biomaterials, Magnesium-
based (Mg) materials are considered ideal for orthopaedic 
applications because of their mechanical properties, 
biodegradability, and biocompatibility.99 It was also 
reported that the success of biodegradable implants 
depends on their morphology optimization101. The 
ultimate goal is to maximize mechanical performance 
with minimal material quantities and optimal morphology 
designs, which would create a successful biodegradable 
implant for fracture healing. 

The morphology or structural design of a biodegradable 
implant is important in determining its degradation 
behaviour, which is critical for maintaining structural 
integrity and providing mechanical support until the 
bone heals completely.102-106 A properly designed implant 
morphology can improve the degradation behaviour 
by increasing surface area through porous structure, 
optimizing porosity to promote tissue ingrowth and 
vascularization, and balancing mechanical properties 
with degradation rate.107 This can ensure optimal 
mechanical support and avoid the need for a second 
surgery for implant removal.104,108-116 The application of 
implant plates in orthopaedic surgery has been around 
for decades.111-113 Three types of compression plates 

Fig. 4. Comparison of Tensile Strength and Corrosion Rate of Low, Medium and High Entropy Biomaterials.
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are recognized including dynamic compression plate 
(DCP), limited-contact dynamic compression plate (LC-
DCP), and locking compression plate (LCP).104,110-119 
Among these, the LCP has shown improved properties 
for supporting fractured bones for promoting a good 
healing process.118,119 Along with plates, Buttress threaded 
screws also provide better support to the fractured bone 
and also support flexibility to the fracture ends. This 
also aids in better callus formation during early healing 
stages.104,114-116 Then, Subasi et al designed an adjustable 
locking plate (ALP) for segmental bone fractures, as 
ALP shows advantages over LCP by providing improved 
anatomical fit, screw fixation, and reduced need for 
plate contouring. This design consists of a rack-pinion 
mechanism for better adjustment and customization.102 
Anitha et al also investigated a modified LCP design over 
traditional LCP that improves its stability concerning 
bending and torsional forces. The modification entails 
screw-locking only the four holes located in the proximal 
and distal ends while filling the rest of the holes with the 
material. It is recommended that the screw density for the 
plate be less than 0.3-0.4 for simple fractures and 0.4-0.5 
for comminuted fractures.103 Chandra et al presented a 
biodegradable embossed LCP (BELCP) and compared it 
with traditional LCP especially designed for orthopaedic 
implant applications. The author compared the 
degradation and mechanical strength of LCP and BELCP 
through finite element analysis (FEA).104 The result shows 
that BELCP has higher mechanical performance and is 
safer than LCP, as presented in Fig. 5.

Table 3 provides a comparison of various biomaterials 
used in implant design, along with their geometrical 
morphology analysis. The table includes data from 
various studies, such as plate design (locking compression, 
adjustable locking, embossed locking compression), 
screw design (interference screws with a quadrangle 
drive design, buttress threaded), and nail and plate design 
(intramedullary nailing). The base materials used in these 
designs include magnesium alloy, titanium alloy, and 
stainless steel, among others. The Von Mises stress values 
for the different implants range from 25 MPa to 1141 
MPa, indicating the strength and performance of these 
biomaterials for implant design. Fig. 6 shows the box-
plot diagram for von Mises stress for both biodegradable 
and non-biodegradable materials, which shows that 
biodegradable materials show approx. 200 MPa which 
can be modified by proper composite selection.

Implant design optimization and their correlation with 
biocompatibility
The aging population and increasing number of accidents 
have led to an increase in demand for bioimplants 
such as joint replacements, femur bone implants, 
and dental implants, as these can improve mobility 
and functionality.121-123 Then some question arises for 
researchers while designing implants such as, which 
material to select, which process to adopt for fabrication 
and manufacturing, and which surface modification 
technique results in biological advancement.124-128 
Among them, which process contributes the most in 
achieving optimal biocompatibility129,130 and modification 
contributes the most. In Fig. 7, the evolution of 
bioimplant advancement and optimization in biomaterial 
manufacturing and optimization are presented and 
discussed further.

Manufacturing advancements for biocompatibility 
optimization
Biomaterials for implant design are widely used 
in various applications, such as hip replacement, 
dental implants, and tissue repair.13,48 Biodegradable 
implants are designed to be absorbed by the body 
without any toxic effects during the healing process. 
Various techniques are used for the manufacturing of 
biodegradable implants, such as machining,131 additive 
manufacturing,132 immunomodulatory,133 fabrication,134 
casting,135 powder metallurgy,136 wrought techniques.137 
Each technique has its unique advantages and is suitable 
for different types of implants. For example, casting 
is suitable for biodegradable magnesium alloys, while 
powder metallurgy is used for densification. Additive 
manufacturing, particularly 3D/4D bio-printing, is 
more efficient than traditional manufacturing methods 
in producing bio-implants with complex geometries 
or custom requirements. Recent research has shown 
promising developments in 3D bio-printing for tissues 
or organs. Surface topological advancements are crucial 
for manufacturing optimization, which can be achieved 
through various surface treatment and coating methods.95 
such as “plasma spraying”,138 “sputter coating,”139 and “ion-
beam-assisted deposition”,140 to improve the mechanical 
properties, bio functionality, and biocompatibility of 
biomaterials. But with 2D AM, the creation of complex 
geometries is not possible. Apart from this 3D AM 
also reduces material wastage and time.141 This section 
compares the biocompatibility optimization achieved 

Fig. 5. Deformation of BELCP and LCP.
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through various additive manufacturing techniques 
concerning cost, resolution, speed, surface finish, residue, 
and biocompatibility of the produced parts and inferred 
the following:
• The 3D/FDM technique using Composites142 has 

overall low ratings for scaffolds, indicating it may not 
be the optimal choice.

• Mg-alloy144 used in orthopedics with the 3D/
SLA technique appears to have higher costs, 
resolution, speed, and an average surface finish and 
biocompatibility.

• Composites,148 Composites,149 and Composites,150 
which are used for wearable devices, drug release 
devices, and scaffolds respectively, and processed 
with 4D techniques, show a high surface finish and 
biocompatibility rating.

• Based on the provided literature,142-150 following 
conclusions can be inferred:

• Material Variety: A variety of materials used in 
additive manufacturing, ranging from different types 
of composites to metals like Mg-alloy, Ti-6Al-4V, and 
Co-Cr-Mo. This suggests a wide range of materials 

available for different biomedical applications.
• Advancements in Biocompatibility: The materials 

processed using 4D techniques, specifically with 
Composites148-150 consistently demonstrate high 
biocompatibility. This indicates advancements in 4D 
additive manufacturing techniques leading to better 
biocompatible outcomes.

• Cost versus Quality Trade-off: Materials such as 
Mg-alloy144 and Ti-6Al-4V145 used for orthopaedic 
applications have high costs. However, they also 
exhibit high resolution, speed, and satisfactory surface 
finish. This suggests that for critical applications like 
orthopedics, higher costs might be associated with 
better quality outcomes.

• Composites in Wearable and Drug Release Devices: 
4D techniques used with composites demonstrate 
high biocompatibility and surface finish, especially 
in applications like wearable devices and drug release 
devices. This suggests that composites might be a 
preferred choice for these applications due to their 
adaptability and performance.

• Consistent Low Residue: Across all materials and 
techniques, the residue is consistently rated as low. 
This implies that additive manufacturing techniques, 
in general, leave minimal residues, an essential 
characteristic for biomedical applications.

Correlation of biomaterials with biodegradation rate 
and biocompatibility
The biodegradation rate and biocompatibility of a 
biomaterial are affected by various factors such as 
chemical composition, surface properties, mechanical 
properties, manufacturing method, and size and shape 
of biomaterial.151 For example, the chemical composition 
of a biomaterial plays a critical role in determining its 

Table 3. Geometrical morphology analysis of biomaterials for implant design

Implant Type Type of Design Length Diameter Thickness Base Material Biodegradable Von Mises Stress

Plate120 Locking Compression 150mm - - Mg- Alloy Yes 187.82 MPa

Plate102 Adjustable locking 175mm - 4.2 mm Ti6Al4V No 871 MPa

Plate103 Locking compression 10-60mm - - - - 25 MPa

Plate104 Embossed locking compression 160mm - 4mm Mg-Alloy Yes -

Plate105 Locking Compression 200mm - 5.30mm Mg-alloy Yes -

Plate106 Locking compression 160mm - 4mm Mg- Alloy Yes 110 MPa

Plate107 Locking compression 160mm - 4mm Mg-Alloy Yes -

Plate108 locking compression 206mm - 5.2mm Stainless Steel No -

Plate110 Dual locking 186mm - 6mm Stainless Steel No -

Screw111 Interference screws with a 
quadrangle drive design 15mm 5mm - Mg Yes 193 MPa

Plate112 Locking Compression 138mm - 4mm Stainless Steel No 294 MPa

Screw114 medial buttress plate 30mm-41mm 4.5mm - Ti-6AL-4V No 885 MPa

Screw116 Buttress threaded 32mm 4mm - Mg-Alloy Yes -

Nail and plate117 Intramedullary nailing 110mm - - Stainless Steel No 1141 MPa

 

 

 

 

 

 

Fig. 6. Von Mises stress analysis for biodegradable and non-
biodegradable implants.
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biocompatibility and biodegradation rate, while surface 
properties like roughness and hydrophobicity can affect cell 
adhesion and tissue growth.152 Similarly, the mechanical 
properties of a biomaterial, manufacturing method, and 
size and shape can also affect its biocompatibility and 
biodegradation rate.153-159 Understanding these factors 
can help design and develop biomaterials with improved 
biocompatibility. According to the study presented in the 
above sections, biomaterials such as iron (Fe), magnesium 
(Mg), and zinc (Zn) have been explored as potential 
biodegradable implant materials. However, the slow 
degradation rate of Fe and the hydrogen gas accumulation 
associated with Mg alloys have reduced their clinical 
efficacy.160 According to the studies presented in the field 
of biomaterials, it was observed that the most promising 
materials are Zn-Mg alloys, as they show optimal 
corrosion rate, nontoxic response, and retain optimal 
biocompatibility.161 The addition of certain elements to 
Zn-Mg alloy components can modify important physical 
characteristics to improve their biodegradation rate.162,163 
Xio et al added 0.05% Mg concentration with Zn and 
prepared a biocompatible alloy that shows optimal 
antibacterial activity.164 Yang et al increased the Mg 
concentration up to 0.4% and 0.8% along with 0.8% of Li 
to prepare a biodegradable composite, 0.4Mg% achieved 
the best tensile strength of 646.69 ± 12.79 MPa, whereas 
0.8Mg% achieved best elongation rate 103.27 ± 20%.72 
Then Mg% concentration was increased up to 1% by 
Gong et al165 He prepared the alloy using hot extrusion, 
and it was reported that extrusion significantly reduced 
the grain size and corrosion rate. Shen et al prepared the 
alloy with 1.2% Mg concentration using the hot extrusion 
process along with surface treatment and exhibited 
higher mechanical strength and also reported excellent 
hemocompatibility with no signs of thrombogenicity.166 
Kubásek et al used 5% Mg concentration to prepare a 
biodegradable composite using powder metallurgy. It 
reported good biocompatibility and ultimately improved 
the healing process of the bone.167 Huang et al prepared 
the composite with 1.6% Mg concentration prepared with 
equal channel angular pressing (ECAP) and reported good 
mechanical strength.168 Then, Dambatta et al improved 

the Zn-Mg alloy by increasing the concentration to 3% 
and prepared it with ECAP, which significantly decreased 
the grain size and improved the mechanical strength.168 
Liu et al used a composite with a small concentration of 
Ca and Sr with 1.5% Mg and reported good mechanical 
strength as compared to base Zn-Mg alloy.170 Yang et 
al prepared a composite with 1.5% Mg with 0.1% Ca, 
whose degradation rate is compatible with the healing of 
tissues.171 Levy et al examined the potential of Zn alloy 
with 1% Mg and Zn alloy with 1% Mg and 0.5% Ca and 
reported that Zn alloy with 1% Mg has relatively good 
corrosion resistance.172

In Fig. 8a, a comparison of different concentrations of 
Mg is presented concerning corrosion rates of different 
composite materials made of zinc (Zn) and magnesium 
(Mg). Table 4 lists five different composite materials with 
varying concentrations of magnesium: Zn-0.1Mg, Zn-
0.4Mg, Zn-0.8Mg, Zn-1Mg, and Zn-1.5Mg. Biodegradable 
implants require a moderate to high corrosion rate to 
gradually degrade and be absorbed by the body over 
time.179 The corrosion rate should be controlled and 
not too high to prevent the implant from degrading 
too quickly and affecting its mechanical stability.180 The 
ideal corrosion rate should match the expected healing 
rate of the surrounding tissue, which depends on factors 
such as tissue type, implant location, and duration of 
implantation.181

Fig. 8b summarizes the correlation of corrosion rates 
obtained using different processing techniques used to 
produce a material, with each technique represented by a 
box plot showing the distribution of corrosion rates. The 
box plot for each technique represents the interquartile 
range (IQR) of the data, with the median value represented 
as a line within the box. The As-Cast processing technique 
has the highest median corrosion rate, followed by Laser 
Powder-Bed Fusion and Hot Extrusion, whereas Hot-
Rolled has the lowest median corrosion rate. The box 
plot for the As-Cast processing technique has the largest 
range of data, with some outliers at higher corrosion 
rates. On the other hand, the box plots for the other three 
processing techniques show a more compact range of data 
with no outliers.

Fig. 7. Bioimplant manufacturing process evolution.
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Discussion
Results presented in Table 4 are used to perform statistical 
analysis of Mg% concentration in bio-implant alloys. This 
test was conducted on experimental data provided by the 
researcher’s experiments.72,147-161,164-172,174-178 For statistical 
analysis,182 Pearson correlation was performed between 
Mg% concentration with corrosion rate (CR). For this Mg 
concentration is taken.72,165-167 The Pearson correlation 
coefficient is evaluated to measure the relationship 
among variables.72 Its value ranges from -1 to + 1.183 If two 
variables show a correlation near + 1, that means they are 
highly correlated and vice versa. To evaluate statistical 
analyses, Minitab was used.184

Then Pearson correlation was performed and it shows 
a correlation of approx. 0.962, which is near about 1. 
This means Mg% concentration is highly correlated 
with CR. According to data presented72,165-167 regression 
analysis186 was performed at the Mg% concentration and 

CR and was found to generate a regression equation, 
CR = 0.0043 + 0.05646 Mg%. This equation will help future 
researchers to select a more precise Mg% concentration 
rather than a hit-and-trial option. Then finally One-way 
ANOVA test was also conducted. One-way ANOVA185,186 
is a statistical method used to compare the means of three 
or more groups to see if there is a significant difference 
between them. The test uses one independent variable 
and one dependent variable, with the independent 
variable having three or more levels and the dependent 
variable being continuous. The F-statistic and p-value 
generated by the test are used to determine if there is a 
significant difference between the means of the groups. 
A high F-statistic suggests a significant difference, while a 
p-value less than 0.05 indicates that there is a statistically 
significant difference between at least two groups. 
According to data presented,72,165-168 the one-way ANOVA 
test results in an F-value of 9.01 and a p-value of 0.011.

Table 4. Biodegradation Rate Optimization with Additive Manufacturing Techniques

Material Fabrication Technique Days of 
Immersion

Immersion Corrosion 
Rate (mm/yr) Ecorr (V) Icorr (μA/cm2) Electrochemical 

Corrosion Rate (mm/yr)

Zn-0.05Mg173 Hot Extrusion 14 - -0.938 49.1 0.728

Zn-0.1Mg72 Hot Extrusion 30 0.022 -1.087 16.04 0.408

Zn-0.4Mg72 Hot Extrusion 30 0.025 -1.118 13.47 0.401

Zn-0.8Mg72 Hot Extrusion 30 0.027 -1.022 15.245 0.454

Zn-1Mg165 As-Cast 7 0.28 - - -

Zn-1Mg165 Hot Extrusion 7 0.12 - - -

Zn-1.2Mg166 As-Cast 90 0.07 -1.18 7.68 0.12

Zn-1Mg167 Hot Extrusion 14 0.083 -0.98 1.2 -

Zn-1.5Mg167 Hot Extrusion 14 0.075 -0.93 8.8 -

Zn-1.3Mg168 ECAP 14 - -1.2 6.91 9.37

Zn-3Mg168 ECAP 21 0.18 -0.865 2.7 0.24

Zn1.5Mg0.1Ca170 As-Cast 30 0.11 - - 0.238

Zn0.5Mg0.1Ca171 Hot Extrusion 30 - -1.25 2.42 0.028

Zn1Mg0.1Ca171 Hot Extrusion 30 - -1.2 1.82 0.021

Zn1.5Mg0.1Ca171 Hot Extrusion 30 - -1.18 2.08 0.024

Zn1Mg0.1Ca172 As-Cast 30 0.038 -1.07 4.3 0.066

Zn-3Cu174 Laser bed Fusion 28 0.2 -1.2 11.75 0.18

Zn-4Cu174 Laser bed Fusion 28 0.22 -1.24 12.88 0.19

Zn-3Cu175 Hot Extrusion 20 0.043 - - -

Zn5Mg2Sn176 Hot-Rolled 30 0.06 -0.996 20 0.282

Zn10Mg2Sn176 Hot-Rolled 30 0.03 -1.044 7 0.098

Zn-Mg-Mg2Si177 As-cast 3 0.027 - - -

Zn-1Mg-0.1Gd178 As-cast 30 0.04 −1.049 20.4 0.298

Zn-1Mg-0.2Gd178 As-cast 30 0.06 −1.073 26.4 0.386

Zn-1Mg-0.3Gd178 As-cast 30 0.06 −1.080 30 0.439

Zn-1Mg-0.1Gd178 Hot-Rolled 30 0.062 −1.041 29.2 0.427

Zn-1Mg-0.2Gd178 Hot-Rolled 30 0.089 −1.092 75.4 1.105

Zn-1Mg-0.3Gd178 Hot-Rolled 30 0.092 −1.105 108.1 1.583
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A thorough statistical analysis revealed a compelling 
positive correlation between the concentration of Mg% 
and the corrosion rate in bio-implant alloys. The Pearson 
correlation coefficient, measuring an impressive 0.962, 
signifies a robust association. Moreover, a regression 
equation was formulated to forecast the corrosion rate 
based on magnesium concentration. Furthermore, 
the one-way ANOVA test demonstrated a statistically 
significant distinction among the group means. This 
finding holds crucial implications for the selection of 
an optimal magnesium concentration in bio-implant 
alloys, aiming to minimize corrosion and enhance overall 
implant performance.

Conclusion
Non-degradable materials are predominantly used for 
repairing fractured bones but possess several drawbacks. 
These include their incompatibility with bone tissue, 
the potential release of toxins in the patient’s body, the 
occurrence of a stress-shielding effect, and the need for 
a second surgical procedure to remove them once the 
bone has healed. As a result, biodegradable materials are 
considered a superior alternative since they do not exhibit 
the aforementioned issues. An ideal biodegradable implant 
must provide adequate strength to support the damaged 
bone and degrade within the body without releasing any 
harmful substances during the bone regeneration process. 
The comparison of different biomaterials is presented 
to assess the compatibility of each biomaterial, which is 
vital for ensuring that the implant is well-tolerated by 
the body and does not cause any adverse reactions or 
complications. Then the tensile strength and corrosion 

rate or degradation rate among different biomaterials 
are compared. The findings suggest that, among 
biodegradable materials, BHE materials would be selected 
if high tensile strength with a moderate degradation rate is 
required, while BME materials would be selected if a high 
degradation rate is needed. From the analysis of the design 
morphology of plates and screws, it can be concluded 
that the Von Mises stress values show that BLCP can 
provide the necessary strength and performance. The 
comparison of biodegradable and non-biodegradable 
materials shows that biodegradable materials have a 
lower Von Mises stress value, but this can be improved 
by proper composite selection. After morphology 
optimization, the design and fabrication optimization 
of biodegradable alloy-based implants is done to achieve 
good biodegradability. From statistical analysis, it was 
found that there is a strong positive correlation between 
Mg% concentration and corrosion rate in bio-implant 
alloys. The Pearson correlation coefficient was 0.962, 
indicating a robust correlation and a regression equation 
was generated to predict the corrosion rate based on 
magnesium concentration. Additionally, the one-way 
ANOVA test showed a statistically significant difference 
between the means of the groups, which is important for 
selecting the appropriate magnesium concentration for 
bio-implant alloys to minimize corrosion and improve 
implant performance. 
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What is the current knowledge?
• Traditionally, non-biodegradable materials such as 

titanium and stainless steel are used as biomaterials.
• There are some issues with non-biodegradable materials 

such as toxicity, poor tissue adhesion, and stress-
shielding effect.

• Secondary surgery is required to remove non-
biodegradable materials from the human body after the 
bone has healed.

What is new here?
• Biodegradable materials are considered a superior 

alternative as they eliminate the issues associated with 
non-biodegradable materials.

• A presentation is provided to evaluate the compatibility 
of various biomaterials through a comparative analysis.

• BHE materials have high tensile strength and moderate 
degradation. BME is ideal for high degradation needs.

• Mg% concentration influences corrosion rate in bio-
implants.
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