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A B S T R A C T   

Circular external fixators (CEFs) are successfully used in orthopedics owing to their highly favorable stiffness 
characteristics which promote distraction osteogenesis. Although there are different designs of external fixators, 
how these features produce optimal biomechanics through structural and component designs is not well known. 
Therefore, the aim of this study was to conduct a review on CEFs following the PRISMA statement. A search for 
relevant research articles was performed on Scopus and PubMed databases providing the related keywords. 
Furthermore, a patent search was conducted on the Google Patent database. 126 records were found to be 
eligible for the review. Different designs of CEFs were summarized and tabulated based on their specific features. 
A bibliometric analysis was also performed on the eligible research papers. Based on the findings, the de-
velopments of CEFs in terms of materials, automation, adjustment methods, component designs, wire-clamping, 
and performance evaluation have been extensively discussed. The trends of the CEF design and future directions 
are also discussed in this review. Significant research gaps include a lack of consideration towards ease of as-
sembly, effective wire-clamping methods, and CEFs embedded with online patient-monitoring systems, among 
others. An apparent lack of research interest from low-middle and low-income countries was also identified.   

Introduction 

External fixators are orthopaedic devices that are used to stabilize 
fractured and/or osteotomized bones and correct their position and 
orientation with minimally invasive techniques. These devices are 
comprised of transosseous elements (which pass through the bones such 
as pins or wires) interconnected with a stabilizing structure outside the 
body [1]. An alternative approach is open reduction and internal fixa-
tion which aligns the misaligned bone segments using internally 
attached pins and/or wires. However, external fixation methods allow 
the realignment of the bone segments without surgically exposing them. 

The use of external fixators for stabilizing bone segments dates back 
to Hippocrates who described a non-invasive device to stabilize tibial 
fractures. Evolved from these early counterparts, at present, external 
fixators are categorized into three different types, namely, unilateral/ 
bilateral external fixators, circular external fixators (CEF), and hybrid 
external fixators, based on their basic component structures [2]. 

Due to its biomechanically advantageous stiffness characteristics, the 

CEF has been popularized in treating numerous orthopaedic conditions. 
Although initially developed as a device to treat joint contractures, CEFs 
have since been used in the treatment of fractures including non-unions 
and pseudarthroses, correction of deformities including rotation, angu-
lation, translation, shortening, and widening, performing limb length-
ening procedures, and treatment of soft tissue defects [3–6]. Due to their 
multiplanar fixation, CEFs have been especially successful in treating 
complex fractures such as those caused by traumatic injuries [7]. Recent 
trends indicate that CEFs are also effectively used in knee and ankle 
arthrodesis [8–11]. 

There are many variations of CEFs that have been developed since 
their first introduction. Numerous research articles have discussed the 
design, mechanical behaviour, and biomechanics of such devices. When 
considering the review articles that have been published, it is evident 
that although the general and medical aspects of CEFs are widely dis-
cussed, no specific consideration has been given to review the CEFs 
concerning their mechanical design [2,12–17]. Fernando et al. [18] has 
discussed the engineering aspects of external fixators as a whole though 
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no focus has been given to the mechanisms of structural and component 
designs. Thus, when looking at the CEFs from an engineering perspec-
tive, the lack of a comprehensive and systematic review focusing on the 
device design is apparent. Such a review would aid biomedical and 
biomechanical engineers in identifying the prevailing research gaps in 
this area and provide better-suited solutions to improve the CEF tech-
nology. Therefore, the aim of this study is to conduct a review on CEFs 
focusing on their mechanical design aspects in the hope of exploring 
methods to extract optimal biomechanics and usability. 

This review is outlined as follows. Section I provides a general 
introduction to this article, while Section II discusses the background of 
external fixators and the historical development of CEFs. Section III 
explains the methods that were followed during this review, including 
the literature search and selection processes. Section IV summarizes the 
results of the review focusing on the mechanical design aspects of the 
CEFs. This review paper concludes in Section V by exploring the inter-
pretation of the results and discussing future trends. 

Background 

Overview of external fixators 

The three basic types of external fixators are summarized below. 
Unilateral/bilateral external fixators are generally attached as uni-

planar or biplanar fixation, in which the transosseous pins are fixed 
either in a single plane or two intersecting planes which pass through the 
long axis of the bone. Struts/connecting rods are used to interconnect 
these pins, thus creating a sturdy structure that can keep the bone seg-
ments in place during fracture healing [19]. Some commonly used 
unilateral/bilateral external fixators are Wagner, Orthofix, 
Hoffmann-Vidal, and AO/ASIF [20–23]. 

CEFs use transosseous half-pins or tensioned wires clamped to cir-
cular frames (rings) interconnected with struts/connecting rods. These 
rings are attached as modular units where a single or double ring unit is 
transfixed to a single long-bone segment [2,19]. The traditional CEF is 
the Ilizarov Ring Fixator which forms the base concept for several other 
devices, classified into three generations. The classification of circular 
external fixators is shown in Fig. 1. More on these CEFs will be discussed 
in the following sections of this review. 

Combining uni/bilateral fixators and CEFs results in hybrid external 
fixators. Such devices include transosseous pins and tensioned trans-
osseous wires clamped to both circular and unilateral frame elements for 
structural support [2]. These combined frame elements facilitate mul-
tiplanar fixation thus incorporating higher versatility than individual 
frame types. Hybrid external fixators incorporate the ability to stabilize 
complex fractures characteristic to CEFs, with the accessibility to the 
soft tissue provided by the unilateral fixators [24]. However, their 
inferior biomechanics such as reduced axial and bending stiffness, and 
higher shear displacement under bending stresses have been causes for 
limited usage [25–27]. Circular Hybrid Sheffield Frame, Joshi External 
Stabilization System (JESS), and Biomet are some examples of hybrid 

external fixators [23,28,29]. 
The external fixators can also be classified as rigid and articulated 

fixators. The rigid fixators are used to keep the limb segments in a static 
position while allowing only the micro motions of bone segments. 
However, articulated fixators can be used in treating joint-based or-
thopedic issues such as contractures, complex dislocations, and joint 
fractures. Such external fixators allow post-operative, active and passive 
joint motions in a controlled manner. Articulated external fixators are 
available as both unilateral/bilateral fixators and CEFs [2]. 

In the process of fracture healing, it is identified that the optimum 
conditions of external fixators should allow micro-motions of the bone 
segments in the axial direction of the long bone while maintaining a high 
stiffness in torsion, shear, and bending [2,30,31]. While the unilater-
al/bilateral external fixators offer higher rigidity and early 
weight-bearing ability, they restrict the axial micro-motions in the 
fracture site, thus potentially delaying the healing process. Furthermore, 
asymmetric compressions at the fracture site can be commonly observed 
in unilateral/bilateral fixators which impose an unfavorable effect on 
healing [2]. However, CEFs eliminate both of these issues. The use of 
tensioned wires in CEFs allows controlled axial micro-motions. The 
tensioned wires provide an axial stiffness that increases with the axial 
load along the bone, thus eliminating excessive motion at the fracture 
site, yet facilitating controlled interfragmentary motions [2,31]. 
Furthermore, the high stiffness demonstrated by CEFs in torsion, shear, 
and bending is favorable in fracture stabilization [31]. Additionally, the 
multiplanar fixation provided by CEFs can stabilize more complex 
fractures than the uni/bilateral external fixators [2]. For these reasons, 
CEFs have gained high popularity in orthopedics. 

History of circular external fixators 

The initial application of CEFs was discussed by J.E. Bittner, a sur-
geon from the United States in 1933. His device included two hinged 
rings with expandable circumference and a transfixion wire clamped to 
each ring. This design could increase the wire tension by distracting the 
unhinged ends of the ring via a screw mechanism [25]. 

However, it was G.A. Ilizarov, a physician from the Soviet Union, 
who developed the widely recognized “Ilizarov Ring Fixator” (IRF), in 
1951, thus introducing a new generation of external fixators [6,25]. 
Ilizarov’s device comprised two pre-tensioned Kirschner-type wires 
clamped to each ring, interconnected with threaded rods. Originally 
developed to distract the soft tissues in a knee contracture, this appa-
ratus later promoted the discovery of the process called “distraction 
osteogenesis” which is the formation of bone tissue within a widening 
distraction gap [6]. In addition to the distraction osteogenesis, the IRF 
facilitated the three-dimensional reconstruction of bone segments. 
Although IRF was widely used in the Asian region, it was in the 1980s 
that its application became widely known in Western countries [25]. 
Ilizarov published a motorized distraction method for his device in 1990 
[32]. Sequoia circular fixator is another fixation device that was based 
on IRF. Its modular design allows limb lengthening and correction in 
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Fig. 1. Classification of circular external fixators.  
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several planes, even in septic environments [33]. There have been 
several other 1st generation CEFs that were developed with different 
ring geometry (rectangular, oval, polygonal, etc.), ring cross-sections, 
ring materials, strut alignment, and strut articulation [23]. 

The foundation for the second generation of CEFs, the “hexapod” 
fixators, was laid when a device by a French aeronautical engineer, 
Philippe Moniot, was patented in 1985. Inspired by the original IRF and 
the Stewart-Gough platform, this device had 6 telescopic struts in place 
of the vertical struts of IRFs [25,34,35]. Another device developed in the 
Soviet Union in 1984 was patented in 1989 based on the same concept 
[34,35]. Both these devices have not been used clinically due to the 
difficulty in manual manipulation of the struts [35]. However, in 1994, 
Eng. Harold S. Taylor and J. Charles Taylor, MD developed a computer 
programme-based hexapod device, “Taylor Spatial Frame” (TSF®; Smith 
& Nephew, Inc., Memphis, TN, USA) [25,34,36]. This device reduced 
the mathematical complexity in the use of hexapod external fixators and 
was successfully used for clinical applications in 1995 by J.C. Taylor and 
Dror Paley [34]. The hexapod external fixators consist of six adjustable 
telescopic struts which allow one ring to be manipulated with respect to 
the other by moving in six degrees of freedom (DOF). In 2002, TSF was 
modified to be interfaced with cloud-based software for deformity 
correction [25,34,37]. Irrespective of its cumbersome build and 
comparatively high cost, TSF has shown excellent clinical results and 
easy application [38]. In 1999, another device incorporating the 
Stewart-Gough platform concept was developed in Germany called 
“Hexapod Ilizarov Fixator”, in the form of a configuration of IRF [39]. A 
six-axis external fixator called Ortho-SUVTM was developed in 2006. 
This device included special joints which can be used to attach the 
Ortho-SUVTM construct to other frame bases such as IRF or TSF, thus 
improving its versatility [40]. However, contrary to popular belief, the 
Ortho-SUV operates on a different unique mechanism and not the 
Stewart-Gough platform concept [35]. Several other hexapod-type CEFs 
have been published, which will be discussed in the latter parts of this 
review. 

The Adam Frame, also known as “Lambda” fixator, was developed by 
ISIN, a Turkey-based company in 2009, introducing the third generation 
of CEFs called the “octopod” fixators. This design followed the original 
four-strut model in IRF, integrated with four half-struts acting as the 
stabilizers for the vertical struts, all of which are interconnected with 
universal joints. This device combined the original biomechanical sta-
bility of using the IRF with the computer-based six-axis manipulation 
[34]. 

Components of circular external fixators 

Even though there are many types of CEFs, most of these devices 
have been derivatives of the traditional IRF. Therefore, this section will 
be primarily focused on the components of the traditional IRF, with 
occasional clarifications regarding the novel additions to the devices. 

The traditional IRF consists of several main components and sup-
porting elements. The manufacturers have developed multiple versions 
of some components and elements to improve the versatility and the 
modularity of the apparatus and to facilitate the treatment of multiple 
conditions with different device configurations [41]. The basic device 
components are described below. 

There are two transosseous elements that are used in CEFs. The most 
common type of transosseous element is the tensioned Kirschner wires 
(K-wires). SAE 316L surgical steel and titanium are widely used for 
Kirshner wires due to their biocompatibility. These wires are thin and 
smooth with one end flattened to attach to the drill, while the other end 
is pointed with a specifically shaped edge to facilitate the drilling of 
different locations of the bone. The wires are circular in cross-section 
and the diameter varies depending on the application. Generally, it is 
recommended to use wires with a diameter of 0.5-1.0 mm for digits, 1.5 
mm for pediatric and upper limb applications, and 1.8 mm or 2.0 mm for 

other applications. In cases where a lateral load is applied to the bone 
through the wire, wires with stoppers (such as a bead/ “olive” or a kink) 
are used [41]. Although the initial apparatus developed by Ilizarov was 
only intended to be used with Kirschner wires as the transfixion element, 
some other CEFs have transfixion half-pins (Schanz Screw) as the 
bone-fixator connection. As the requirement arises with different 
treatment methods, some orthopedic surgeons combine the use of wires 
and half-pins in IRFs for specific applications [25,41]. 

The main structural component in CEFs is the ring structure. The 
traditional IRFs have circular rings, made with two semi-circular ring 
elements, to enable the assembly of the apparatus. These half-rings can 
be combined with other elements to create different configurations. In 
the original IRF, the inner diameter of the ring structures varies from 
100 mm to 240 mm [41]. However, in the current versions, this range 
starts from 80 mm and differs based on the material and the thickness of 
the frame. Aluminum, stainless steel, and carbon composite materials 
such as braided carbon fibre are generally used for ring components [15, 
42]. In later developments, part rings are also used in some configura-
tions, with different fractions of a full circle, going all the way down to 
one-quarter of an arc [23]. Wire arches are a specific type of ring 
structure that is specifically used in securing wires in multiple points and 
generally used for the wires passing through the proximal femur [41]. It 
is advised to select the ring size such that a clearance of about 3.5 cm is 
kept between the skin and the ring to provide room for any 
post-operative inflammation [16]. 

The struts in CEFs play an important role in the stiffness properties of 
the fixation. These struts are available as either threaded or telescopic 
rods while some recent versions of CEFs may have different strut ge-
ometries incorporating improved stiffness properties. Threaded rods 
vary from 30 mm to 300 mm in length while telescopic rods range from 
100 mm to 400 mm [23]. Materials such as stainless steel and Aluminum 
are generally used for manufacturing the struts [42]. 

An important component in CEFs is the wire fixation clamp or bolt 
that is used to secure the wire to the ring. The tension of the wire plays 
an important role in maintaining the stiffness characteristics of the CEF 
in a desirable manner [25]. Thus, the clamping effect generated by this 
wire clamp should be sufficient to maintain the wire tension. The 
commonly used wire fixation method is the use of wire fixation bolts. 
The two types of wire fixation bolts that are commercially available are 
“cannulated bolts” and “slotted bolts”. The cannulated bolts have a hole 
drilled laterally through the shank of the bolt while the slotted bolts 
have a groove on the bottom surface of the bolt head which can be used 
to clutch the wire in between the bolt head and the ring surface beside 
the shank of the bolt [43]. Due to their high contact surface, slotted bolts 
are found to have a high clamping effect in comparison with the can-
nulated bolts [44]. Different types of wire fixation clamps are also 
commercially available. The clamping effect in the buckle clamp is 
deemed to be very low due to the asymmetric clamping resulting from 
the use of two individually tightened bolts. Open-frame and solid-frame 
wire fixation clamps are also available in the CEF systems [41]. How-
ever, in the clinical setting, the most common practice is to use wire 
fixation bolts due to their simple application and light weight. 

In addition to the above-mentioned main components, there are 
many other components that are used in the construction of the different 
configurations of the CEFs. Specifically, connection plates of various 
geometries and posts are crucial in the external structure of most CEFs. 
Fastening elements such as nuts, bolts, and washers are also important 
for the CEF construct. The articulated configurations and hexapod/ 
octopod devices include revolute, universal, and bolt and socket joints, 
facilitating the movements among the structural components. In the 
instances where half-pin elements are used, pin clamps are also incor-
porated [23]. Depending on the type and configuration of the CEFs, the 
different types of auxiliary components that are used may also vary. 
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Methods 

To provide a comprehensive analysis on the CEF designs, this review 
was performed following the guidelines set forth by the Preferred 
Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) 
2020 statement [45]. A preliminary literature search was performed on 

the SCOPUS database and Google Scholar search engine to identify the 
requirement of this review. Upon screening several related papers 
including review papers on CEFs, the keywords used to distinguish and 
classify the CEFs were identified. The keywords were divided into cat-
egories based on the “type”, “device”, and “application”. These key-
words are denoted in Table 1. 

Methodology for research papers 

The above keywords were used in the SCOPUS database to search for 
the research papers relevant to the identified scope of this review. 
During the search, the categories (type, apparatus, and application) 
were combined with AND operators while the keywords in each cate-
gory were connected with OR operators. The last search was carried out 
on the 26th of July 2022 and is summarised in Fig. 2. The retrieved 
results were further narrowed down by identifying and excluding the 
keywords that yielded unrelated research papers. 

Table 1 
Keywords Used in the Database Search.  

Type Ilizarov, circular, ring, hexapod, Taylor Spatial Frame 

Apparatus fixator, fixation 

Application Design, development, device, technique, apparatus, frame, 
configuration, mechani* 

Note: “∗” Represents the wildcard symbol for the truncation of keywords during 
database search.  

Fig. 2. PRISMA flow diagram for research selection.  
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The identified records of the research papers were manually screened 
by the title and abstract. The papers that are focused on the following 
aspects were excluded since they fall out of the scope of the review.  

• Veterinary applications  
• Case studies  
• Surgical techniques  
• Sociological/physiological/psychological effects of undergoing CEF 

treatments  
• Clinical trials  
• Clinical applications of CEFs  
• Review papers on CEFs 

The screened records that were retrieved were assessed for eligibility 
by full-text reading, resulting in further exclusions due to being out of 
scope. Biomechanical studies were also excluded; the focus of this study 
was on CEF components and design. Papers reporting on the design of 
supporting equipment such as wire-tensioning devices [46] and 
wrenches [47] are not considered for this review. Furthermore, the re-
ports on integrated software, pre-operative planning systems [48], and 
the methods of bioelectric simulation of the fracture interfaces [49] are 
excluded. 

In addition to the database search, additional records were identified 
from citation searching and were subjected to the same screening pro-
cess described above, resulting in further inclusions. 

Upon identifying the device and component designs of CEFs, the 
research papers were analyzed and tabulated considering the factors 
outlined in Table 2: Research Papers. 

Methodology for patents 

In order to identify the patents related to the design of CEFs and their 
components, a search was carried out on “Google Patent” using the 
keywords identified earlier. The last search was carried out on the 26th 
of July 2022. The patents in the same patent family were identified as 
duplicates and were filtered using the in-built filtering feature in Google 
Patents, such that only the unique records were collected. 

The collected records were screened by their title. Patents with titles 
that suggested they were not relevant to external fixators were removed. 
Later, the screened patents were filtered by referring to the patent 
document. The same exclusion criteria that were used in the selection of 
research papers were also employed in this regard. The patents that were 
deemed eligible from this step were classified into two categories: 

‘device designs’ and ‘component designs’. However, due to the limited 
availability of the types of information in the patents, only the basic 
information is tabulated (Table 2: Patents). 

Analysis of the eligible records 

The resulting information collected from the research papers and 
patents was then analysed to identify the trends in the design of CEFs 
with respect to mechanisms, materials, and adjustment methods. 

Upon identification of the records to be included in the review, the 
bibliometric data of these reports were also analyzed based on the au-
thors, affiliations, geographical data, and keywords. These data were 
used to identify the trends and special features in the field of developing 
the CEFs and the upcoming research interests. 

Methodology for bibliometric analysis 

The geometric distribution of the related research outputs was 
analyzed by considering the country of affiliation of the first authors (in 
the case of research papers) or the country of affiliation of the first in-
ventors (in the case of patents). 

The bibliometric information of the selected paper publications was 
visualized using VOSviewer software [50]. The collaborations between 
author groups and countries were analyzed. Furthermore, 
co-occurrences of author keywords with a minimum occurrence of two 
were visualized. 

Results 

Review 

A summary of included research on CEF device design and compo-
nent design identified through the searching of research papers is given 
in Tables 3 and 4. Furthermore, a similar summary of research identified 
through the searching of patents is given in Tables 5 and 6. 

The resulting records selected for this review include patents and 
research papers published after 1981 only, even though the first CEF 
developments took place decades before that in Kurgan, Soviet Union [6, 
25,51]. 

A total of 25 unique device designs and 22 unique component de-
signs were identified among the included research papers. Additionally, 
35 device designs and 21 component designs were identified among the 
included patents. 

The first commercial IRFs in the Western world were developed by 
MedicalPlastic srl (Milan, Italy) in the 1980s [42] and the first thorough 
description of IRFs in the English language was published by Ilizarov in 
1992 [52] with some prior publications by others discussing the 
development of CEFs based on the IRF [51,53]. 

All three generations of CEFs were included in this review. While 
most CEFs are first-generation, many second-generation CEFs are also 
presented. There is only one third-generation CEF included, the Lambda 
Fixator / Octopod. The concept of a CEF which cannot be categorized 
into these three generations has also been introduced in [54]. This de-
vice was based on the compliant mechanism concept, which was 
inspired by the DNA condensation mechanism. Research and patent 
outputs on CEF design have grown significantly over recent decades 
(Fig. 3). 

The following subsections summarize the findings pertaining to 
different design features of CEFs. These include component-based fea-
tures such as ring design, strut design, strut-to-ring connection, and 
clamping mechanisms, and function-based features such as automation 
and adjustment methods. Additionally, the results relating to the ma-
terials and evaluation methods of CEFs are also discussed. 

Ring design features 
When considering the ring configurations of the first-generation 

Table 2 
Information collected on the individual designs included in the systematic 
review.  

Research Papers 

Designs of Devices Designs of Components 
Device name Device name 
Stage of development Generation of CEF 
Country of Origin Modified Component 
Affiliation Modification 
Generation of CEF Method of evaluation 
Device type  
Ring material  
Strut material 
Software 
Method of evaluation 

Patents 

Designs of Devices Designs of Components 

Patent ID Patent ID 
Device name Country of origin 
Country of origin Industrial affiliation 
Industrial affiliation Generation of CEF 
Generation of CEF Modified component  
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Table 3 
Summary of the designs of devices selected from the research papers included in the systematic review.  

Device Designs - Research Papers 

Device Name Stagea Countryb Affiliation Gen.c Type Ring Material Strut Material Evaluation References 

Ilizarov and 
Soybelman- 
based: Uni. of 
Rome 

Res Italy University of 
Rome 

1 Ilizarov-based 
fixator 

Duraluminum Alloy NA Clinical [51] 

Ace-Fischer 
External Fixator 

Com United 
States 

Hennepin County 
Medical Center 

1 Ilizarov-based 
fixator with 
universal joints 

Titanium and 
Aluminum Alloy 

NA Clinical [53] 

Sequoia Circular 
Fixator 

Clinical 
Tests 

France Centre 
Hospitalier 

1 Ilizarov-based with 
wire tensioning 
springs 

Composite Carbon Stainless Steel Clinical [114] 

Ilizarov Apparatus Com Russia Kurgan All-Union 
Center 

1 IRF NA NA Clinical [52] 

Ilizarov-based: 
Laboratory for 
Biomaterials 
Technology, 
Istituto Rizzoli 

Res Italy Istituto Rizzoli 1 Ilizarov-based 
automated fixator 

radiotransparent 
composite material 

Carbon Fibre NA [65,97] 

Hexapod Ilizarov 
Fixator by Litos, 
Hamburg 

Com Germany Trauma Centre - 
Hamburg 

2 Ilizarov compatible 
hexapod modular set 

NA NA Clinical [58,66, 
115–118] 

Ilizarov half-frame 
fixator for ankle 
joint 

Res United 
Kingdom 

Nuffield 
Orthoped. Centre 
NHS Trust 

1 Ilizarov-based half- 
ring configuration 
for ankle 

NA NA Clinical [62] 

Ilizarov-based 
Economic Device 

Res India Pravara Rural 
Hospital and 
Rural Medical 
College 

1 Ilizarov with 
economical material 
and manufacturing 
methods 

Aluminum Stainless Steel Clinical [112] 

Ilizarov-like 6DOF 
fixation device 

Res Italy University of 
Ferrara 

1 Fixator with 6 DOF 
Flat-3(PSP) 
kinematic pairs 

NA NA Analytical [105] 

Taylor Spatial 
Frame 

Com United 
States 

Smith & Nephew 
Inc. 

2 Taylor Spatial Frame 
- foot and ankle 

Aluminium Alloy Stainless Steel NA [60,67,68, 
119] 

Parallel Robotic 
Mechanism: 
Sharif University 
of Technology 

Con Iran Sharif University 
of Technology 

2 Hexapod NA NA Kinematic [106] 

TrueLok Ring 
Fixation System 
by Orthofix 

Com Germany Ruhr University 
Bochum 

1 Ilizarov-based 
modern fixator with 
special wire fixation 
bolts 

Aluminum NA Experimental [84] 

Ilizarov-based: 
Technical 
University of 
Ostrava 

Con Czech 
Republic 

Technical 
University of 
Ostrava 

1 Ilizarov-based 
fixator 

Reinforced plastic Reinforced 
plastic 

FEA [102] 

Precision Hexapod - 
Litos 

Com Germany Trauma Centre - 
Hamburg 

2 Hexapod Robot NA NA Optical 
Tracking 

[108] 

TSF-based parallel 
fixator design - 
Harbin 

Res China Harbin Institute 
of Technology 

2 TSF-like parallel 
fixator with screw 
theory 

NA NA NA [69] 

Q-Fixator Res China Xi’an Jiaotong 
University 

1 3D-printed Ilizarov- 
based foxator 

Metal, supported by 
3D printed 
Structure 

Metal Clinical [63] 

Spider Frame Com Turkey Tasarim Medikal 2 Hexapod NA NA Clinical [70] 
Ilizarov-based CEF: 

Afyon Kocatepe 
Res Turkey Afyon Kocatepe 

University 
1 Ilizarov-based 

fixator with 
compression springs 
at struts 

Aluminum Alloy 
(7075,T6) 

316 LVM 
Stainless Steel 

FEA [75] 

Ross’s Frame Com United 
States 

Orthofix SRL 2 Hexopod TSF-like 
frame 

Aluminum 6061 NA FEA [59,60] 

Ilizarov-based 
Adaptive Bone 
Fracture Fixation 
System 

Res South 
Africa 

University of 
Cape Town 

1 Ilizarov-based 
fixator 

NA NA Experimental [61] 

Ilizarov-based: 
Tomas Bata 
University 

Res Czech 
Republic 

Tomas Bata 
University in Zlin 

1 Ilizarov-based 
fixator 

Epoxy matrix with 
Carbon Fibre 

Epoxy matrix 
with Carbon 
Fibre 

FEA [56] 

PDA-Uos Res China Beijing 
University of 
Technology 

2 2 SPU struts and 3- 
axis hinged frame for 
correction 

NA NA Analitical and 
Numerical 

[96,120] 

Bioinspired 
Compliant CEF 

Con Brazil University of 
ABC 

NA Twisted compliant 
structure 

Acrylonitrile 
Butadiene Styrene 

Acrylonitrile 
Butadiene 
Styrene 

FEA Analysis [54] 

(continued on next page) 
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CEFs, i.e. IRFs, one significant modification has been the introduction of 
the Twin-Ring construct. This has been implemented in the Orthopaedic 
and Trauma Department of the “Tzanio” General Hospital of Piraeus, 
Greece since 2002 as a solution for the difficulty in applying the tradi-
tional IRF in the presence of short metaphyseal bone fragments. Under 
biomechanical evaluations, the stiffness of the twin-ring construct dur-
ing both shear loading and axial loading has shown to be more favour-
able when compared with the traditional single-ring apparatus [55]. 

The rings of CEFs have also undergone some geometric modifications 
throughout history. One major advancement has been the introduction 
of slotted rings in place of separate holes to connect the struts and/or 
wire clamps [56,57]. This modification is favourable in terms of light-
weight and increased attachment points for wires and struts. However, 
in such devices, a high consideration should be given to the ring stiff-
ness, since there’s a possibility of the stiffness being affected. 

Another type of geometric deviation that can be seen in the ring 
designs is the placement of the mounting point of the strut. Although the 
original IRF was designed with the mounting points aligned with holes 
for the wire-clamping bolts, some later models incorporated the 
mounting points at the outer edge of the ring so that more manoeu-
vrability is achieved [58–60] when using ball joints for linking the ring 
and struts. In [61], the ring is modified such that there are 
strut-mounting points at the outer edge of the ring to be connected with 
universal joints. Although such modifications reduce the compactness of 
the device compared with the original IRF, having strut mounting points 
that do not interfere with the mounting points for the wire clamps im-
proves the flexibility in selecting wire configurations. 

Strut design 
The two primary functions of the struts of CEFs are to transfer the 

loads between the two bone segments and perform distraction during 
the treatment period to facilitate osteogenesis in the fracture interface. 
Also, since the structural stiffness of the CEF plays an important role in 
the healing of fractures, the struts must have stiffness in compression, 
shear, torsion and bending. 

The traditional IRF used a set of threaded rods which allows the 
distraction in axial direction [52,62]. While this is still being used in 
some recent designs due to its straightforward and simplistic nature, it 
restricts the degrees of freedom in the device [55,63,64]. However, 
there are some devices which still use threaded rods for their simplistic 
nature. 

When the universal joints came into play, a different approach was 
needed to achieve distraction. For this purpose, telescopic rods have 
been introduced [53,58,65–74]. 

Some researchers have investigated the possibility of incorporating 
compression springs into the strut in order to provide mechanical 
stimulation to the fracture surface [75]. Pre-loading and spring coeffi-
cient are identified as the most effective parameters on such devices in 
terms of stress distribution on the fracture surface. 

Struts are also designed with revolute joints in cases of applying the 
first-generation CEFs to the regions spanning the joints of the limbs, thus 
resulting in articulated CEFs. In [76], a strut has been developed using a 
spring-hinge, to provide the necessary stiffness characteristics to the 
structure. 

Strut to ring connection 
The connection between the strut and the ring determines the CEF’s 

structural integrity as well as adjustment capabilities. 
The original IRF utilized a screw joint using a threaded rod as the 

strut. The later designs have incorporated joints which have higher 
degrees of freedom, such as universal joints [53,61,68–70] and ball 
joints [58,59,77–79] to facilitate high manipulation of the bone seg-
ments with greater precision and flexibility. However, this very high 
level of flexibility introduces practical issues of requiring complex ad-
justments in all planes simultaneously. In some designs, this has been 
addressed by enabling adjustment in individual planes separately [53]. 
However, one such approach resulted in compromising the structural 
integrity of a first-generation CEF [61]. 

This increased flexibility also necessitates the locking of all joints 
once the adjustments are made, adding complexity to the procedure. 
However, in the Hexapod devices, this is not required since the stability 
is achieved by the structure itself [58]. The same problem is addressed in 
[80] using a modified connection made with a spherical plain bearing. 

Universal joints are also said to have a play in the connection so that 
a characteristic rattling sound is present in most hexapod devices. 
Additionally, this play can lead to mechanical instability in the CEFs. In 
the TrueLok Hexapod system, the slotted ball joints have been imple-
mented to minimize the play between the strut and ring elements, thus 
reducing the rattling and maintaining favourable stiffness characteris-
tics [77]. 

Wire clamping methods 
The transosseous element is one of the most crucial elements in CEFs. 

Although some CEFs use Schanz screws as the transosseous element [53, 
70], most CEFs, including the original IRF, are applied with Kirschner 
wires as, through tensioning, they can achieve the desired stiffness. 
However, wire tension is usually affected by wire slippage and plastic 
deformation [43,64,81–83]. Therefore, it is important to implement a 
proper wire clamping mechanism to mitigate these effects. 

The most commonly used clamping mechanism is the wire fixation 
bolt. In the original IRF, these are the slotted bolts with either hexagonal 
or elongated heads with a groove underneath [52]. Another common 
type of wire fixation bolt is the cannulated bolt, which has a 
through-hole passing across the shank of the bolt just below the bolt 
head [84]. However, the plain and smooth groove surface in such bolts 
might reduce the actual contact area between the bolt and the wire. As a 
solution to this, the bolts have been modified such that they have either 
a riffled surface or a sandblasted surface at the groove [84]. 

Table 3 (continued ) 

Device Designs - Research Papers 

Device Name Stagea Countryb Affiliation Gen.c Type Ring Material Strut Material Evaluation References 

Remote Centre of 
Motion Parallel 
Mechanism 

Res China Beijing 
Information 
Science and 
Technology 
University 

1 Ilizarov based - with 
virtual motion 
centre 

NA NA Motion 
Analysis 

[121] 

Semicircular 
Locking External 
Fixator 

Res Turkey Istanbul 
University 

1 Ilizarov based 
semicircular fixator 

Aluminum Alloy 
(7075,T6) 

Stainless Steel Dynamic Load 
Test 

[122] 

a Stage of development: Res - Research stage, Con - Conceptual design stage, Com - Commercial device. b Country names that were used in this table are the current 
name of respective countries and may have been different at the time of publication of the design. The country name is selected based on the country of affiliation of the 
first author. c Generation of CEF. Note: “NA” represents the information which was either not available, or not applicable for the situation.  
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Table 4 
Summary of the designs of components selected from the research papers included in the systematic review.  

Component Designs - Research Papers 

Device Name Stagea Countryb Affiliation Gen.c Component Modification Type of modification Evaluation References 

Ilizarov Res Russia Kurgan All-Union Center 1 Distractor rod Motorized - single motor attached to each 
distractor rod assembly by a wire 

Control NA [89] 

Ilizarov Res United 
States 

University of Michigan 1 Hinge Inclined hinge mechanism Whole Component Mathematical analysis, 
Prototype testing 

[123] 

Ilizarov Res Croatia University of Zagreb 1 Ring Graphite/Epoxy polymer composite Material NA [98] 
Ilizarov Res India National Physical Laboratory - New 

Delhi 
1 Ring Carbon fibre reinforced composite Material NA [99] 

Ilizarov Res South Korea Seoul National University 1 C Ring carbon fiber/epoxy prepreg Material Tensile test, compressive 
test 

[100] 

Ilizarov Res Singapore NUS 1 Ring knitted aramid fiber fabric reinforced epoxy and 
random short carbon (RSC) fiber reinforced 
epoxy 

Material Compressive tests, 
Radiography test 

[101,124, 
125] 

Ilizarov Res United 
States 

Duke Health Center 1 Footplate Footplate made of Polypropelene to support 
weight bearing 

Whole Component Clinical [109] 

Ilizarov Res United 
States 

University of Texas Medical Branch 1 Footplate Introducing footplate to offload the foot 
completely 

Whole Component Clinical [110] 

Ilizarov Res Portugal Polytechnic Institute of Leiria 1 Ring “A sandwich composite (carbon fibbers filled 
with epoxy resin with hollow glass micro 
spheres)” 

Material Traction test, dynamic 
load test, FEA 

[103] 

Ilizarov Res Greece Tzanio General Hospital of Piraeus 1 Ring Using a twin-ring module for cases with short 
bone fragments closer to the joints. 

Configuration Stiffness tests, clinical 
tests 

[55] 

TSF Res United 
States 

Brooke Army Medical Center 2 Footplate Footplate made of Aluminum H-plate, carbon 
fibre, and orthopedic crepe. 

Whole Component Clinical [111] 

Ilizarov Com United 
States 

Rubin Institute for Advanced 
Orthopedics 

1 Distractor rod Motorized distraction device Whole Component Clinical [90] 

Ilizarov Res Greece University of Patras 1 Clamp Wire gripper (tapered spring rings) with 
integrated load cell 

Whole Component Wire slippage test, 
Dynamic load test 

[85,126] 

Ilizarov Res Greece University of Patras 1 Clamp Clamping with a threaded wire Whole Component Dynamic load test [64] 
Ilizarov Res Russia National Research Tomsk 

Polytechnic University 
1 Distractor rod Motorized - with electric stimulator for bone 

interface 
Control NA [91] 

Tomas Bata Uni. 
Device 

Res Czech 
Republic 

VŠB-Technical University in 
Ostrava 

1 Ring Modified ring with epoxy resin Geometry, Material, 
Manufacturing process 

Failure tests and FEA 
analysis 

[57] 

TSF Res Indonesia Sebelas Maret University 2 Strut-ring joint Spherical plain bearing is designed Whole Component FEA [80] 
TSF Res United 

States 
Nationwide Children’s Hospital 2 Shoulder Bolts Modified shoulder bolt to allow axial 

micromotions 
Whole Component Dyncamic load test, 

infrared tracking 
[107] 

TSF Res Indonesia Universitas Sebelas Maret 2 Ring 3D printed polycarbonate Material FEA [104] 
TSF, MaxFrame Res Israel Tel Aviv University 2 Adjuster Automated adjusting system Whole Component Clinical [92] 
Ilizarov Res Brazil Pontifícia Universidade Católica Do 

Paraná 
1 Dynamization 

device 
Dovetail joint to allow dynamization in struts Whole Component FEA [95] 

TrueLok 
Hexapod 
System 

Res Germany Berufsgenossenschaftliche 
Unfallklinik Murnau 

2 Strut-ring joint Slotted ball joints Whole Component Stiffness tests, Motion 
tracking 

[77] 

a Stage of development: Res - Research stage, Con - Conceptual design stage, Com - Commercial device. b Country names that were used in this table are the current name of respective countries and may have been different 
at the time of publication of the design. The country name is selected based on the country of affiliation of the first author. c Generation of CEF. Note: “NA” represents the information which was either not available, or not 
applicable for the situation  
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As discussed in Section Background, the original IRF also utilized 
several other types of wire fixation clamps such as open-frame and 
closed-frame clamps [52]. 

There are several clamping mechanisms that are designed with in- 
built wire tensioning capabilities. In [64], a threaded clamping 
method is used such that the wire ends are threaded and a modified nut 

is used to hold and tension the threaded end. This system incorporates a 
buckle as well, to hold the nut seated on the side of the ring. The design 
proposed in [85] uses a tapered spring ring to securely clamp the wire by 
axisymmetric compression while allowing the patients themselves to 
monitor the slippage and re-tension the wire. A clamp patented with an 
assembly of a modified bolt system also has been designed with in-built 
adjustment capabilities [86,87]. 

Another clamping method, which retains the wire in a bent groove to 
avoid slippage is suggested in [88]. 

Automation of CEFs 
Although the IRF was initially designed to be manually adjusted to 

perform distractions, there have been attempts to automate the 
distraction or adjustment processes of CEFs. Prof. G.A. Ilizarov himself 
engaged in developing a version of his device with automated distrac-
tion methods in the 1980s, following his observations of better-quality 
bone formations induced by the distraction occurred in highly frac-
tionated frequencies [89]. In 2014, Paley published his findings on 
motorized distraction applied to the IRFs [90]. However, his research 
has shown that no significant improvement is achieved in terms of 
time-to-bone-union when using a motorized distraction method and 
might incur additional costs and increased weight. 

Blynskiy presented a control method which can be used to automate 
the distraction. This encompasses electrical stimulation of bone tissue 
formation while using an inductance sensor to measure the distraction 
[91]. 

Auto-strut is a system developed to automate hexapod devices using 
motorized struts. This can adjust in all 6 degrees of freedom based on the 
treatment plan of the patients [92]. 

Analysing available automated distraction methods, it is clear that 
many systems use the motors as the actuator while there are a few 
outliers such as shape memory alloys [93]. 

Other adjustment mechanisms 
In addition to the adjustments made to the CEFs by means of struts 

developed as distraction rods (e.g. Telescopic struts, threaded rods, etc.) 
and the strut-ring joint manipulation, there are some other components 
that have been developed for dynamization or adjustment. 

IRF adjustments and distraction have been proposed by using a screw 
mechanism in the middle of the struts [94], the use of shape memory 
alloys [93], and a dovetail-based mechanism [95]. This dovetail mech-
anism avoids the separation of the parts during angular or torsional 
movements while softening the axial movements using a silicone 
damper. 

While rotation of the rings is mostly achieved by changing the 
orientation of the struts, in [96], a worm and wheel mechanism is used 
in a CEF designed to correct foot deformities (PDA-Uos). This provides 
straightforward manoeuvrability and reduces the steps involved in the 
kinematic analysis. However, adapting this method to correct the long 
bone issues is difficult, since this requires a revolute joint acting on the 
transverse plane of the limbs. 

Materials 
There is much focus on material selection in the literature. The most 

common materials are stainless steel for the struts and aluminium for the 
rings. Material selection has mainly focused on optimising stiffness and 
minimising weight. However, the application of CEFs results in 360-de-
gree obstruction of the view of the fracture/surgical site, which makes 
the accurate reading of radiographs difficult. Therefore, the ability to 
use radiolucent materials for the development of CEFs has been inves-
tigated since 1990s [56,65,67,97–104]. As for the ring material, carbon 
composites have been applied in many occasions and it has shown sig-
nificant improvement in features such as the stiffness and radiolucency, 
and also the re-usability due to their linear load-deformation response 
[99]. 

The engineering analysis of material properties has included 

Table 5 
Summary of the designs of devices from the patents included in the review.  

Device Designs - Patents 

Patent ID Countrya Affiliationb Gen. References 

DE3720242A1 Germany NA 1 [127] 
CN2030476U China NA 1 [128] 
DE3802743A1 Germany NA 1 [129] 
CS272870B1 Czech 

Republic 
NA 1 [130] 

DE3936182A1 Germany NA 1 [131] 
WO9106253A1 Germany NA 1 [132] 
CN2080829U China NA 1 [133] 
DE4421223A1 Germany NA 1 [134] 
DE4428518C2 Germany NA 2 [135] 
DE4113083C2 Germany NA 1 [136] 
US5728095A, 

EP1063933A1 
United 
States 

Smith & Nephew 
Inc. 

2 [137,138] 

CN2507412Y China NA 1 [139] 
CN2533825Y China NA 1 [140] 
US2005215997A1 United 

States 
Smith & Nephew 
Inc 

2 [141] 

CZ298334B6 Italy Orthofix SRL 1 [142] 
WO2008002992A1 United 

States 
Smith & Nephew 
Inc. 

1 or 
2 

[143] 

WO2011026475A1 Germany NA 1 [144] 
DE102009015987B4 Germany NA 1 [145] 
US8430878B2 United 

States 
Orthofix SRL 2 [146] 

WO2013172800A1 Turkey Hexagon 
Teknolojik 
Üretim A.Ş. 

2 [147] 

WO2014163591A1 Turkey NA 1 [148] 
SI24702A Slovenia NA 1 [149] 
WO2016159901A1 Turkey NA 3 [150] 
DE202016106698U1 Germany NA 1 [151] 
ES2595369T3, 

US10349981B2 
United 
States 

Stryker 
European 
Holdings LLC 

1 [152,153] 

EP2895090B1 Italy NA 1 [154] 
US9808288B2, 

AU2019203532A1, BR- 
112016000505-B1, AU- 
2020286244-B2 

United 
States 

Wright Medical 
Technology, Inc. 

1 [155–158] 

CZ307595B6 Czech 
Republic 

NA 1 [159] 

CN208851609U China NA 1 [160] 
IL265711D0 Israel NA 1 [161] 
GB2573000A, 

WO2021069078A1 
United 
Kingdom 

Metlase Ltd 1 [162,163] 

US2019343557A1 United 
States 

Globus Medical, 
Inc. 

1 [164] 

BR202013009751Y1 Brazil Hexagon Ind E 
Comercio De 
Implantes 
Ortopedicos Ltda 

1 [165] 

US10485679B2 United 
States 

NA 1 [166] 

WO2021069078A1 United 
Kingdom 

Metlase Ltd 1 [163] 

a Country names that were used in this table are the current name of respective 
countries and may have been different at the time of publication of the design. 
The country name is selected based on the country of affiliation of the first in-
ventor. b The “Affiliation” is included in this table only in the cases where an 
organization or an institute has applied for the relevant patent. Note: “NA” 
represents the information which was either not available, or not applicable for 
the situation  
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analytical approaches that have shown that there are some geometrical 
limitations to using carbon-fibre reinforced composite materials for the 
ring [100]. There are also cost implications with the use of these 
composites. 

Methods of evaluation of CEFs 
The literature shows that there are several stages for evaluating the 

performance of CEF designs. These methods are discussed below. 
In the early design stages, most designs, especially the ones with 

multiple degrees of freedom, are subjected to analytical evaluations to 
check whether the designed systems can achieve required motions [96, 
105,106]. 

Finite Element Analysis (FEA) is commonly used in the design stages 
of CEFs to numerically solve the system under given loads and con-
straints [56,60,75,102]. FEA can then be used to optimise design pa-
rameters [75]. The contact types used in the clamp-wire and bone-wire 
interfaces, mesh sizes, and mesh types are some of the important factors 
that should be considered when developing the finite element model. 

Once the prototypes are developed, it is essential to test the devices 
under laboratory conditions. There are many methods that are used. One 
common experimental method is to use a universal testing machine to 
test the biomechanical characteristics of the CEF under controlled con-
ditions. Axial, bending, shear, and torsional stiffnesses are tested to 
validate that they are within a favourable range [55,61,77,100]. Wire 
slippage tests are performed using extensometers or displacement 
inductive transducers to assess the ability of the device to retain the 
pretension of the wires [84,85]. Dynamic loading tests are also common 
in experimental methods to check the performance of the CEF under 
cyclic loading [64,85,103,107]. Motion tracking, infrared tracking, and 
radiography tests are also used as evaluation methods to test the per-
formance of CEFs under controlled conditions [77,101,107,108]. 

The most important and final step of the evaluation process is clinical 
testing, where the device verified under laboratory conditions is applied 
to patients, enabling the whole process to be tested. During the clinical 
testing, information such as success rates, time-to-heal, and pin-site 
infection rates are collected to compare and analyse the performance 
of the CEFs [51–53,55,58,62,63,70,90,92,109–112]. 

The evaluation methods are highly regulated, so any review should 
note that current regulations must always be followed. In the European 
Union this includes following the Medical Device Regulations, and in the 
United States of America, the Food and Drug Administration regulations. 

Bibliometric analysis 

There are significant features when considering the evolution of the 
field of research with regard to CEFs. 

When considering the geographic locations at which the related 
research took place, it can be seen that the United States has published 
most in the design of CEFs, with Germany following. However, China, 
Italy, the Czech Republic and Turkey have also shown a promising 
number of research outputs in this area. This geometric distribution of 
research interest is demonstrated in Fig. 4. The authors cross-referenced 
the countries which have done related research with low-income 

Table 6 
Summary of the designs of components from the patents included in the review.  

Component Designs - Patents 

Patent ID Countrya Affiliationb Gen. Component References 

US-5074866-A United States Smith & Nephew Richards Inc 1 Translation/Rotation device [94] 
US-5746741-A United States Worcester Polytechnic Institute Tufts 

University 
1 or 2 Pin-to-ring clamp [167] 

EP-1153576-B1 Italy NA 1 Multi-purpose clamp [168] 
US-2006276786-A1 United States NA 1 Alignment Jack apparatus [169] 
WO-2008002992-A1 United States Smith & Nephew Inc. 1 or 2 Ring [143] 
DE-102007026404-A1 Germany NA 2 Distraction actuator [93] 
US-8057474-B2 Switzerland NA 1 Telescopic strut [72] 
EP-2085038-B1 Switzerland NA 1 Ball joint [79] 
US-8080016-B2 United 

Kingdom 
NA 1 Wire retainer for tensioned wires [88] 

US-2012078251-A1, US-2008051685- 
A1 

United States NA 2 Coupling linkage [170,171] 

US-2013041288-A1 United States Smith & Nephew Inc. 2 Healing monitoring method [172] 
US-8506566-B2 United States NA 1 or 2 Adjustable strut [71] 
US-2017340357-A1 Switzerland NA 1 Telescopic strut [73] 
US-10376286-B2, AU-2017203351-B2 United States Wright Medical Technology, Inc. 1 or 2 Wire fixation clamp [86,87] 
US-2021290270-A1, WO-2021191046- 

A1 
Italy Orthofix SRL 2 Telescopic strut with radiolucent 

material 
[74,173] 

WO-2020194293-A1 Israel NA 1 or 2 Wire guide [174] 
US-2020397481-A1 United States Orthofix SRL 2 Strut-ring connectors [175] 
US-2020397480-A1 United States Depuy Synthes Products Inc. 2 Polyaxial strut [78] 
US-2021177464-A1 United States Texas Scottish Rite Hospital for Children 1 Spring-hinged strut [76] 
US-11045241-B2 United States RMD ENTPR Group LLC 1 or 2 Wire [176] 
US-2022211414-A1 United States DePuy Synthes Products, Inc. 1 Strut-ring connectors [177] 

a Country names that were used in this table are the current name of respective countries and may have been different at the time of publication of the design. The 
country name is selected based on the country of affiliation of the first inventor. b The “Affiliation” is included in this table only in the cases where an organization or an 
institute has applied for the relevant patent. Note: “NA” represents the information which was either not available, or not applicable for the situation  
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countries and lower-middle-income countries according to the World 
Bank data [113]. Analysis showed that only 4.8% of the total included 
research is from lower-middle-income countries while no included 
research has been done in low-income countries. 

The co-authorship analysis depicting the collaborations among the 
authors is shown in Fig. 5(a). The co-authorship network of the authors 
has 42 separate clusters indicating 42 independent research groups with 
the total number of authors engaged in related research being 185. 

The co-authorship distribution of the countries in Fig. 5(b) shows 
that the authors of the research papers have affiliations in 22 different 
countries. This network has 19 clusters out of which 16 are isolated 
while three clusters clearly show collaborations. This suggests that 
collaborative research in this field is limited. 

The co-occurrence analysis of the author keywords of included 
research papers is given in Fig. 6. The network of keywords included 4 
major clusters comprised of 19 keywords altogether. “external fixator” is 
the most common keyword with “external fixation”, “Ilizarov external 
fixator”, “hexapod”, “Ilizarov” and “distraction osteogenesis” closely 
following. 

Discussion 

Design considerations 

According to the features discussed in the previous section, it is clear 
that the mechanical design aspects of CEFs determine the optimal 
biomechanical characteristics provided by them. Especially, the stiffness 
of the overall device has a high impact on the operational performance 
of CEFs. This has been a primary consideration of many designs as 
observed by the evaluation techniques employed in most works. The 
inability to achieve the expected stiffness characteristics has been one 
reason for the reduced popularity of some design features such as using 
radiolucent materials. 

However, in addition to the biomechanical considerations, the us-
ability of the device should also be highly regarded for the designs. This 
includes the usability during medical intervention as well as the us-
ability concerning the patients’ quality of life. 

The usability during medical interventions stems from practical as-
pects of the medical procedures such as adaptability to individual cases, 
ease of assembly, ease of adjustments, and ease of monitoring. For 
improved adaptability, many CEFs retain modularity in the design of 
their components, while some incorporate geometric features to 
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increase the number of options for different wire configurations. The 
modular components also account for the ease of assembly during sur-
gical procedures. However, the number of steps involved in the CEF 
fixation procedures still remains high along with the requirement of a 
higher number of medical professionals. Automation of the devices has 
been used to improve the adjustment and monitoring capabilities at the 
later stages of the clinical intervention. This reduces the workload on the 
medical professionals. However, the cost implications of automated 
devices remain an obstacle in this aspect. 

The users of CEFs should be able to walk while the devices are affixed 
to the body. Therefore, the usability of the CEFs concerning the patients’ 

quality of life is mainly governed by the stability, weight, and 
compactness of the device. The stability is dependent on the strength of 
the structural components and degrees of freedom introduced by the 
strut-to-ring joints and is experimentally tested in devices using 
compression tests or dynamic loading tests at the end of the design stage. 
The weight and compactness are also highly regarded in designing CEFs 
to ensure the patients’ comfort. This is often reflected in the material 
selection for the components as well as the geometric optimizations. 

Trends in research interest 

When analysing the research interest towards each CEF generation, it 
is clear that the research interest towards the development of the first 
generation CEFs has significantly increased in the last decade. However, 
interest towards second-generation CEFs has not undergone such 
remarkable growth. 

It can be theorized that the high interest towards the second gener-
ation devices during the 2000s stemmed from the novelty of the struc-
ture at the time; as novelty waned, research outputs were reduced. 
Although there is no sufficient data to analyze the reasons for this, the 
authors believe that this can be due to the complexity of the device, 
increased weight from a large number of struts, sub-optimal stiffness 
characteristics when compared with the IRF, and the high costs incurred 
with the relevant software. 

Although the development of radiolucent materials has been there 
since the early days, there are no commercial devices that use this, 
suggesting that factors such as stiffness, strength and production cost 
may be insurmountable issues. 

Research gaps and future directions 

This review revealed numerous designs that address many structural 
and biomechanical issues in the traditional CEFs. However, this review 
did not identify a significant focus on ease of assembly. Since such ap-
plications are performed in a surgical setting by the orthopaedic or 
trauma surgeon, it is important that the procedure is simplified suffi-
ciently by minimising the number of connections and adjustments. 
Many designs, especially the wire clamp designs that were seen in this 
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review have either a high number of assembly steps or require multiple 
people to handle the apparatus when assembling. Therefore, the authors 
have identified that there is a lack of consideration towards the ease of 
applicability of the devices. 

During the course of treatment, the application points of the wires 
and rings differ according to each patient’s case and the surgeon’s 
preference. While the current modular designs allow for good flexibility 
of the wire configurations, there can still be certain limitations in 
achieving the desired wire placement. Very few attempts have been 
made to develop customized structural components to match the pa-
tients’ needs [63]. This area is open for further research to investigate 
the possibility of developing customised CEFs using technologies such as 
3D printing. 

From the beginning of the development of CEFs, the wire fixation 
method that has been utilized the most is friction clamping, where the 
wire is either laterally, or radially compressed to retain it in a tensioned 
position. Yet, the issue of tension loss due to slippage is still apparent in 
many designs. Only a few research studies have been focused on 
developing a wire fixation method that uses a screw connection for the 
retention of the wire. Yet such devices encompass a high number of 
elements in the clamping components, thus increasing the cost, the 
weight of the CEF, and complexity during the assembly. Hence the field 
is open for researchers to focus on a more effective wire clamping 
method. 

One commonly encountered challenge in the long-term treatment 
process is monitoring and restoring the desired tension level in K-wires 
of the CEFs. The patients are generally required to visit their orthopaedic 
surgeon for regular sessions. However, fewer efforts have been made to 
modify the CEFs to include built-in patient monitoring capabilities [85]. 
Online patient monitoring systems are desirable for many reasons, 
including the minimization of hospital visits during the COVID-19 
pandemic, or where travel distances are too great. Therefore, the au-
thors believe that future research can be targeted towards this purpose. 

The review reveals that the research articles on developing octopod 
devices are very limited. However, since these third-generation CEFs are 
said to have better stiffness characteristics and yet also provide the 
maneuverability of hexapods, further investigations should be made into 
octopod devices. Their design can be used as inspiration when devel-
oping improved CEFs in the future. 

From the bibliometric data, it is apparent that the relevant research is 
mainly based in upper-middle and high-income countries. This has 
likely resulted in the lack of significant focus on economic aspects; only 
one device found to have considered low-cost as a design requirement. 
Yet, the highest proportion of external fixator needs is in conflict zones 
in low and lower-middle-income countries, suggesting that cost- 
effectiveness is a design requirement that is yet to be adequately 
addressed. 

One significant feature that can be seen in co-authorship analysis 
results is the lack of collaborations in the field. While the United States, 
Germany, China, Singapore, United Kingdom, and Austria show in-
terconnections based on co-authorship, all the other countries are in 
isolated clusters depicting a lack of international collaboration. Even the 
collaborations among the authors are very limited, which is apparent by 
the 42 different clusters in the co-authorship distribution. However, the 
authors of this review believe that collaborations are highly essential for 
a research field to evolve. The sharing of knowledge and technologies 
can avoid re-creating the same designs and making the same mistakes 
while accelerating the advancement of CEFs. Therefore, it is suggested to 
build interconnections and collaborations among researchers from 
different countries and institutions when developing CEFs in the future. 
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external fixator. In: Dössel O, Schlegel WC, editors. World congress on medical 
physics and biomedical engineering, September 7, - 12, 2009, Munich, Germany. 
IFMBE Proceedings, vol. 25/5. Springer Berlin Heidelberg; 2009. p. 115–8. 
https://doi.org/10.1007/978-3-642-03904-1_33. 

[117] Seide K.. The robot fixator. 2009. http://www.scopus.com. Trauma und 
Berufskrankheit, 11, 65–70, (SUPPL.1). 

[118] Seide K, Gerlach U, Wendlandt R, Weinrich N, Müller J, Jürgens C. Intelligent 
external fixator for fracture treatment and deformity correction. Trauma und 
Berufskrankheit 2007;9(2):109–16.http://www.scopus.com 

[119] Morandi M. Taylor spatial frame. Minerva Ortopedica e Traumatologica 2003. 
[120] Zuo S, Dong M, Tao C, Jiao R, Li G, Li J. Configuration synthesis and structural 

design of lower-mobility parallel external fixators based on corrective degree-of- 
freedom classification. Mech Mach Theory 2022;168:104593. 

[121] Su P, Li S, Lai Y, Zhang L, Li J. Configuration and motion analysis of orthopedic 
external fixation mechanism with virtual motion center. International conference 
on mechanical design. Springer; 2022. p. 1767–80. 
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