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Ab s t r Ac t
Background: The Ilizarov method and fixator are clinically recognised for the treatment of fractures, limb salvage and deformity correction. 
There have been extensive studies determining the basic mechanism for fracture healing using this technique. It is generally accepted that 
circular frames optimise the mechanical environment by reducing shear strain across the fracture while maintaining axial micromotion so as 
to promote fracture healing. There have been several new hexapod-type frames introduced into the market over the past 20 years with little 
comparative research into their biomechanical properties and resultant effects on the fracture environment.
Questions/purposes: To investigate the biomechanical behaviours of the TrueLok-Hex (TL-HEX) and Taylor spatial frame (TSF) hexapod-type 
circular external fixators with comparison to traditional Ilizarov-type (TL-Ilizarov and TSF-Ilizarov) constructs and potential performance in vivo. 
Methods: Testing was performed on standardised four-ring TSF and TL-HEX constructs matched by identical frames using Ilizarov threaded 
rod constructs for each set of components. All frames were tested under physiological levels of axial, bending and torsional loading.  
Load-deformation properties for each construct under each mode of loading were calculated and analysed statistically using ANOVA.
Results: Under axial loading, the Ilizarov construct utilising TL-HEX components demonstrated the greatest rigidity followed by the Ilizarov 
construct using TSF components. Under bending loads, the difference in rigidity between constructs was similar but less marked. Under torsional 
loading, both hexapod frames were seen to be significantly more rigid than the Ilizarov constructs. Overall deformation around neutral loading 
was much higher in the TSF frame due to an observed significant “toe-in” laxity in the strut universal joints. The remaining deformation of both 
hexapod frames was similar with a higher level of TL-HEX rigidity in axial loading and a higher level of TSF rigidity in bending and torsion.
Conclusion: In conclusion, both hexapod frame constructs were less rigid under axial loading but more rigid under bending and torsional loads 
than their comparative Ilizarov constructs. As a result of their Cardan universal joints, the TSF demonstrated greater overall planar strain due 
to the observed “toe-in” laxity around neutral loading while the TL-HEX, with ball-and-socket universal joints, demonstrated a minimal level of 
laxity. Beyond the initial deformation due to the preloaded laxity, both hexapod frames responded to loading in a similar manner. There were 
significant differences in the frames’ mechanical behaviour under different loading conditions but further research is required to determine 
whether these translate in vivo into clinical significance.
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In t r o d u c t I o n
The Ilizarov method and fixator are clinically recognised for the 
treatment of fractures, limb salvage and deformity correction.1 
Extensive studies have described the basic mechanism for fracture 
healing using this; the frame design reduces shear strain across 
the fracture while maintaining axial micromotion so as to promote 
fracture healing.2 There have been several new hexapod-type 
frames introduced into the market over the past 20  years with  
little comparative research into their biomechanical properties and 
resultant effects on the fracture environment. This study aims to 
compare the biomechanical properties of two of the most commonly 
used hexapod frames: the TrueLok-Hex (TL-HEX, Orthofix, Verona, 
Italy) and the Taylor spatial frame (TSF, Smith & Nephew, Memphis, 
Tennessee), which have significant differences in their design.

During gait, three types of loading forces occur at the fracture 
site; axial, bending and torsional. Each of these influences the 
fracture environment especially in the early stages of healing.3  
The relationship between fracture site motion and bone formation 
is dynamic and the strain changes occurring depend on a number of 
factors including the maturation of the callus and changes of tissue 
type towards those that limit strain and promote the formation of a 
bone. Where there are high levels of elongation – more than 10% of 
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the original fracture gap – the fibrous tissue tends to predominate 
and this in itself reduces inter-fragmentary motion (IFM) thereby 
adapting the fracture environment and tending towards decreasing 
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levels of strain allowing the development of bone within the callus 
(occurring when axial elongation is <2%).3

Factors that affect bone healing have been studied, and there 
is a strong correlation between IFM and callus formation.4 The body 
of the literature suggests that a degree of axial micromotion at the 
fracture site is desirable and that this can promote callus formation.5,6 
Conversely, excessive motion can impair fracture consolidation, and 
the degree of allowable strain across the fracture site is controversial.7,8 
Some studies have suggested that fracture healing will occur at up 
to 25% of shear strain9,10 while others suggest that strain delays or 
impairs healing.11,12 There is no clear consensus in the literature on the 
effect of torsional strain on fracture site healing although it is thought 
to be less deleterious than the effects of shear strain.12

Carter et  al. (1998) suggested that the differentiation of 
pluripotent cells in the fracture site was influenced by the early 
mechanical environment; those within a more stable mechanical 
environment differentiated into an osteogenic lineage rather than 
chondrogenic cell types.7 It follows that an axial micromotion in 
the early phase of healing will produce improved conditions and 
therefore the aim of any fixation device would be to limit shear 
strain while maintaining micromotion. There is strong evidence that 
circular external fixation using fine wires promotes micromotion  
at the fracture site while limiting the effects of shear strain13 and 
that a combination of fine wires and pins limits shear strain further.14

Additionally, there are factors in the specific design of frames 
that may influence fracture movement at the fracture site including 
strut dimensions and the type of linkage between the ring and 
struts. The TSF frame, for example, uses a Cardan type of universal 
joint as a linkage while the TL-HEX fixator uses a captive ball-and-
slotted-socket joint (Fig. 1). Other factors that affect the performance 
characteristics of the frame in vivo include the method of frame 
assembly, the number of rings used and the arrangement of 
wires and half pins to secure the bone. A combination of wires 
and half pins vs fine wires alone has been shown to increase the 
stiffness of the construct and reduce fracture site movement.14 Fine 
wires, when used in a circular frame, demonstrate beam-loading 
characteristics that lead to a low shear strain environment whereas 
half-pins tend to demonstrate cantilever bending and when 
used alone are thought to increase fracture site shear strain.14,15  
Half-pins increase the torsional stiffness of the construct and have 
the additional advantage of increasing the anatomical corridors that 
can be utilised and improve patient comfort.15,16 Fine wires have the 
advantage of being self-stiffening during increasing loading but can 
produce muscle irritation.5

The purpose of our study is to examine the biomechanical 
behaviour of hexapod-type frames with Cardan vs ball-and-socket 
universal joint of the struts in comparison to traditional Ilizarov-type 
constructs. We investigated to see whether there was any difference 
in the mechanical properties of the frames and how this was related 
to the characteristics of the ring interconnecting components used 
in the frame construct. 

MAt e r I A l s A n d Me t h o d s

Conduct of the Tests
The mechanical testing study was designed to evaluate and compare 
the resulting response of the frames with different types of ring-to-ring  
interconnecting components to axial, bending and torsional loading 
in a laboratory setting. To minimise the number of variables, the 
mechanical performance of the frames was evaluated without the 
presence of a bone model secured to the rings via fixation elements.

Four frame constructs were used in the study (Figs 2A to D).  
Two of those frames included two TSF 155-mm diameter double-ring  
blocks interconnected at 175-mm distance by either six TSF 
medium struts with Cardan-type universal joints (TSF) or four 
6-mm diameter threaded rods (TSF-Ilizarov). Similarly, two further 
frames were constructed using two TL-HEX double-ring blocks 
also interconnected by either six TL-HEX struts with slotted socket 

Fig. 1: TSF (left) and TL-HEX (right) hexapod strut design. Note the 
Cardan (TSF) and ball-and-slotted-socket (TL-HEX) type of connecting 
joint used in each of the struts

Figs 2A to D: Four frame constructs assembled for mechanical testing: (A) TSF; (B) TSF-Ilizarov; (C) TL-HEX; and (D) TL-Ilizarov
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demonstrating the greatest rigidity of the construct utilising 
TL-HEX components. The TSF and TL-HEX constructs with hexapod 
struts underwent a non-linear deformation with a degree of 
“toe-in” laxity observed around neutral loading between −10 N 
and 10  N in both hexapod frames. “Toe-in” laxity refers to the 
condition when the displacement of one ring of the frame 
relative to the opposing ring changes through the loading cycle 
disproportionately to the applied load. This laxity was noticeably 
less in the TL-HEX frame. The mean displacement created by 
“toe-in” of the TL-HEX and the TSF between −10 N and 10 N was 
0.07 and 0.31 mm, respectively (mean difference 0.24 mm; 95% 
CI 0.24–0.25; p <0.01). The remaining rigidity of each frame was 
calculated for the linear part of the curve in order to minimise the 
influence of this toe-in effect on the analysis of the constructs. 
Both the TL-Ilizarov and TSF-Ilizarov frames demonstrated greater 
rigidity, measured at 942.4 ± 16.3 N/mm (95% CI 929.7–958.8) and 
514.7 ± 6.7 N/mm (95% CI 509.4–520.0), respectively. The mean 
difference in rigidity was 427.8 N/mm (95% CI 416.0–438.7; p <0.01).  
There was also a statistically significant difference of 41.7 N/mm  
(95% CI 30.8–52.6; p <0.01) in the rigidity between the TL-HEX 
and TSF hexapod frames with the rigidity measured at 
407 ±  42.2  N/mm (95% CI 370.3–508.4) and 366.2 ±  4.5  N/mm  
(95% CI 362.2–370.4), respectively.

Cantilever Bending
In cantilever bending (Fig. 5), the TL-Ilizarov frame was more 
rigid than the others, showing increased resistance to angular 
deformation. The TL-HEX, TSF and TSF-Ilizarov constructs reacted 
to cantilever bending similarly although the overall angular 
deformation was higher in the TSF due to the observed “toe-in” 
laxity as seen in the axial tests. The mean displacement created by 
“toe-in” of the TL-HEX and the TSF between −5 Nm and 5 Nm was 
0.17° and 0.18°, respectively (mean difference 0.02°; 95% CI 0.01–
0.02°; p <0.01). It was also noted that the curves were asymmetrical 
between compression and tension and that this difference was due 
to the tests being performed with a horizontally positioned fixator 
in order to accommodate the frame within the testing mounts. This 
indicated that the weight of the frame “preloaded” the constructs 
and that laxity was then observed only in the direction away 
from gravity. The TL-Ilizarov was the most rigid of the frames at 
73.7 ± 5.2 Nm/° followed by the TSF at 68.6 ± 5.1 Nm/°. The TL-HEX 
and the TSF-Ilizarov had a bending rigidity of 63.3 ± 7.2 Nm/° and 
62.7 ±  3.5  Nm/°. The mean difference between the TL-HEX and 
TSF frames was 5.3 Nm/° (95% CI 1.5–9.1; p <0.01) and between the 
TL-Ilizarov and TSF-Ilizarov was 11 Nm/° (95% CI 7.2–14.8; p <0.01). 

universal joints (TL-HEX) or four threaded rods (TL-Ilizarov) using 
equivalent sizes. Each of the frame constructs underwent 10 
preconditioning cycles prior to testing followed by a loading/
unloading testing cycle, which was repeated 10 times. During each 
testing cycle, 12 separate data points were recorded producing 
120 data points total across each type of frame. The threaded rods, 
struts and rings were changed across each of the frames tested. 
In order to produce clinically relevant results, loading parameters 
were determined from a previous study in the literature which 
demonstrated that during normal gait up to 70% of ground 
reaction force is supported as axial load, 2.5% as bending 
load and another 0.75% as torsion.17 In an 80-kg person, this  
would be equivalent to 500 N of axial loading, 20 Nm of bending 
load and 6 Nm of torsional force. In order to test the frames beyond 
this level, parameters of torsional force to 20 Nm were selected 
for linearity of results. 

Measurement Equipment
We used the Bose ElectroForce 3330 system (Bose Corporation, 
Eden Prairie, Minnesota) for axial and torsional load testing and the 
MTS 858 system (MTS, Eden Prairie, Minnesota) for bending loads 
in order to accommodate the length of the frame construct. The 
most distal ring of the frames was secured to the test rigs using 
custom-built jigs. Loads were applied to the most proximal ring to 
record the resulting deformations (Fig. 3).

Data Analysis
A post hoc analysis using one-way ANOVA followed by Tukey’s 
multiple comparison test was performed using GraphPad Prism 
version 7 (GraphPad Software, La Jolla, California, USA). A p <0.05 
was considered to be statistically significant. The data were tested 
to determine the normality of distribution using the Pearson 
omnibus test, and skew was determined by Q–Q plots. The rigidity 
of each of the construct was analysed using non-linear regression 
to determine the slope in the linear-elastic portion of the graph. 

re s u lts
Comparative deformation and mean rigidity of the hexapod-and 
Ilizarov-type frames under axial, bending and torsional loading are 
presented in Table 1.

Axial Loading
During axial loading (Fig. 4), both Ilizarov-type constructs 
with threaded rods underwent similar linear axial deformation 

Fig. 3: Frame construct positioning for mechanical testing: Axial and torsional loading (left) and bending (right)
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Table 1: Comparative deformation and mean rigidity of the hexapod- and Ilizarov-type frames under axial, bending and torsional loading

Frame
Loading TL-HEX TSF TL-Ilizarov TSF-Ilizarov
Axial loading (N) Axial deformation (mm) Axial deformation (mm) Axial deformation (mm) Axial deformation (mm)
−10  0.0 ± 0.0    0.1 ± 0.0  0.0 ± 0.0   0.0 ± 0.0
0  0.0 ± 0.0    0.0 ± 0.0  0.0 ± 0.0   0.0 ± 0.0
10  0.0 ± 0.0    0.2 ± 0.0  0.0 ± 0.0   0.0 ± 0.0
500  1.6 ± 0.0    2.1 ± 0.0  0.5 ± 0.0   1.0 ± 0.0
Rigidity (N/mm) 407.9 ± 42.2 366.2 ± 4.5 942.4 ± 16.3 514.6 ± 6.7

Mean difference in rigidity 41.7; 95% CI 30.8–52.6; p <0.01 Mean difference in rigidity 427.8; 95% CI 416.9–438.7; p <0.01

Bending loading (Nm) Bending deformation (°) Bending deformation (°) Bending deformation (°) Bending deformation (°)
–5 –0.1 ± 0.0 –0.5 ± 0.0 –0.1 ± 0.0 –0.1 ± 0.0
0  0.0 ± 0.0  0.0 ± 0.0  0.0 ± 0.0  0.0 ± 0.0
5  0.1 ± 0.0  0.1 ± 0.0  0.1 ± 0.0  0.1 ± 0.0
20  0.3 ± 0.0  0.3 ± 0.0  0.3 ± 0.0  0.3 ± 0.0
Rigidity (Nm/°) 63.3 ± 7.2 68.6 ± 5.1 73.7 ± 5.2 62.7 ± 3.5

Mean difference in rigidity 5.3; 95% CI 1.5–9.1; p <0.01 Mean difference in rigidity 11.0; 95% CI 7.2–14.8; p <0.01

Torsional loading (Nm) Torsional deformation (°) Torsional deformation (°) Torsional deformation (°) Torsional deformation (°)
−5 −0.3 ± 0.0 −0.5 ± 0.0 −0.5 ± 0.0 −0.5 ± 0.0
0  0.0 ± 0.0   0.0 ± 0.0  0.0 ± 0.0   0.0 ± 0.0
5  0.2 ± 0.0   0.8 ± 0.0  0.5 ± 0.0   0.5 ± 0.0
20  0.8 ± 0.0   1.3 ± 0.0  1.9 ± 0.0   1.9 ± 0.0
Rigidity (Nm/°) 27.8 ± 2.7 31.8 ± 6.3 10.6 ± 0.2  10.2 ± 0.3

Mean difference in rigidity 4.1; 95% CI 1.7–6.4; p <0.01 Mean difference in rigidity 0.4; 95% CI −1.9 – 2.7; p = 0.97

Fig. 4: Load-deformation curves for axial loading Fig. 5: Load-deformation curves for cantilever bending. Note 
asymmetrical curve shapes due to horizontal frame positioning 
resulting in frame “preloading”

Torsional Loading
Under torsional loads (Fig. 6), the hexapod frames were 
significantly more rigid than the Ilizarov-type constructs with the 
TSF rigidity recorded at 31.8 ± 26.3 Nm/° (95% CI 13.61–38.52) and 
the TL-HEX at 27.8 ± 2.7 Nm/° (95% CI 19.84–31.91). The rigidity 
of the TL-Ilizarov was 10.6 ± 0.2 Nm/° (95% CI 10.29–10.74) and 
the TSF-Ilizarov was 10.2  ±  0.3  Nm/° (95% CI 9.89–10.36). The 
observed difference in the rigidity between the hexapod fixators 
was statistically significant with a mean difference of 4.1 Nm/° 
(95% CI 1.7–6.4; p <0.01). There was no statistical difference in the 
rigidity of Ilizarov-type constructs. The TSF frame showed “toe-in”  

laxity between −5  Nm and 5  Nm. A similar effect was visible 
with the TL-HEX curve but to a much lesser degree. The mean 
displacement due to toe-in between the TL-HEX and the TSF was 
between −5 Nm and 5 Nm was 0.53° and 1.2°, respectively (mean 
difference 0.71°; 95% CI 0.69–0.72; p <0.01).

dI s c u s s I o n
Despite the widespread use of these studied frames in the clinical 
environment, little comparative testing has been performed to 
determine the biomechanical differences that may affect their 
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in vivo, is an accurate comparator of mechanical performance and 
characteristics of the frames and constructs tested. Additionally, 
although the models were tested multiple times, only one version 
of each construct was used. This therefore carries the risk that 
any observed mechanical characteristic may be peculiar to that 
model and issues with its components or construction and may 
not therefore be representative of the frame design as a whole. 
Although the differences in frame rigidity and deformation under 
load may be considered statistically significant, in vivo these 
differences may be less marked as the addition of fixation elements 
would diminish the effects seen in our frame-only model. Other 
factors may also affect the performance in vivo, such as “preloading” 
of the frame due to soft tissue tension and muscle contraction 
during the gait cycle. Other factors are also likely to influence the 
mechanical behaviour including the design of the construct, the 
distance between the rings and the angle of the struts. The latter 
has been shown, in some cases, to cause extreme instability where 
the strut angles are less than 30° in the TSF and these should be 
avoided.19 Moreover, it has been shown that the magnitude of 
frame instability in the hexapods with the Cardan joints is inversely 
proportional to the angle between the rings and struts as well as the 
distance between the rings. Hexapod frames with ball-and-socket  
universal joints have superior frame stability independent of  
ring-to-strut angle and ring separation distance.20

Secondly, a uniform model was used in the present study but 
it must be recognised that there will be significant variation in the 
frame constructs in the clinical setting and this may have at least 
some effect on IFM, especially where the frame construct consists 
of wires only. Despite this, it has been shown in this and previous 
studies that the amount of motion is well within the parameters 
required for bone healing.14,21 Finally, the hexapod frames in the 
present study have been shown to have greater rigidity in torsion 
than the Ilizarov-type frames. In the opinion of the authors, the 
small difference in shear seen in torsional loading would be unlikely 
to have any great effect on the overall magnitude of shear at the 
fracture site14,21 compared to that seen in bending loading. 

Clinical Relevance
The findings of this study may confer guidance to clinicians in 
determining the specific directional rigidity of external circular 
fixation required in a specific clinical situation. In cases where there 
is a requirement for increased torsional stability, the hexapod frames 
may provide an advantage due to their better resistance to torsional 
loading. In cases where there is a requirement for higher axial stability, 
then the Ilizarov-type constructs may provide better tolerance to 
increased axial loading. The associated weakness of those constructs 
to torsion should be improved by replacing the long regular threaded 
rods with the Ilizarov-type telescopic rods or hexapod struts that 
have been shown, in our study, to increase the torsional resistance. 

Hexapod frames, with reference to the results presented 
here, may have a particular advantage in bone formation, i.e. 
in the early phases of fracture healing. Certain levels of axial 
micromotion are required in the early part of healing in order 
to stimulate the formation of callus.3,6,22 Some studies have 
suggested that the healing environment is dynamic and that 
decreasing levels of motion at the fracture site is required as 
healing progresses to allow maturation of the bone.23,24 The 
amount of inter-fragmentary movement in a fracture gap is 
dynamic and is also influenced by the type of tissue formed as a 
response to the strain across a fracture gap.3 The fibrous tissue 
tends to occur where the strain is greater than 10% of the original 

performance in vivo. The primary aim of this study is to answer the 
question: are there differences in the mechanical properties of  
the hexapod frames with different types of struts and how are these 
affected by substituting the hexapod struts by traditional Ilizarov 
components (threaded rods)?

The result of the biomechanical testing presented here 
demonstrates that an Ilizarov-type frame configuration, with 
four threaded rods, is significantly more rigid than a comparative 
hexapod construct under axial and bending loading. The TL-Ilizarov 
construct was observed to be 83% more rigid than the TSF-Ilizarov 
frame under axial loading and 18% under bending loading. This 
is almost certainly due to dimensional differences between the 
TL-HEX and TSF rings in width (15.5 and 15.0  mm, respectively) 
and height (9.5 and 8.0 mm, respectively). In a comparative study 
using a simulated bone fracture model,18 a similar pattern of 
characteristics was observed with frame constructs using Ilizarov 
components showing higher rigidity in axial and bending loading. 
Similarly, the 6-telescopic strut hexapod frames in the present study 
demonstrated 2–3 times greater rigidity in a study than 4-threaded 
rod Ilizarov-type frames in torsion with no significant difference 
between the TL and TSF Ilizarov-type constructs. This weakness 
may be considered clinically by replacing the long regular threaded 
rods with Ilizarov-type telescopic rods or hexapod struts to increase 
the torsional rigidity of the construct.

Biomechanical testing of the hexapod frame configurations 
demonstrated 12% greater rigidity of the TL-HEX frame under axial 
loading compared to that of the TSF. Under bending and torsional 
loading, however, the rigidity of the TSF frame was greater than that 
in the TL-HEX frame by 8% and 14%, respectively. In addition, the TSF 
frame demonstrated a greater level of overall ring displacements 
under all three loading modes (Figs 4 to 6) due to the “toe-in” 
laxity seen around neutral loading. This laxity may be explained 
by the strut design of the TSF hexapod frame utilising very flexible 
Cardan universal joints. Conversely, the TL-HEX struts utilise more 
stable ball-and-socket universal joints, and though similar “toe-in” 
laxity was observed in TL-HEX frames, the degree of deformation 
produced by this was minimal.

Study Limitations
There are several limitations to the current study. Firstly, the design 
of the model, although not truly representative of performance  

Fig. 6: Load-deformation curves for torsional loading
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fracture gap and this itself will influence inter-fragmentary 
movements,3 thereby adapting the fracture environment and 
tending towards decreasing levels of strain. Although the results 
have not been tested on a fracture or animal model, conversion 
of any of these frames from the hexapod configuration, 
following any deformity correction, to an Ilizarov-type  
construct increases the fixator rigidity. This may reduce the overall 
IFM which, in turn, may benefit the progression of the fracture 
from fibrous tissue to bone.24

co n c lu s I o n
In conclusion, this study demonstrated a difference in the 
mechanical properties of the Ilizarov- and hexapod-type 
circular external fixation frames, in keeping with the findings 
of other studies in the literature. Ilizarov-type frames provide 
higher rigidity in axial and bending loading while the hexapod 
frames are more rigid in torsional loading. Hexapod frames with 
cardan-type universal joints of their struts, such as the TSF, are 
characterised by a significant “toe-in” laxity under axial, bending 
and torsional loading modes. This is observed around transitional 
loading from compression to tension. Hexapod frames utilising 
ball-and-socket universal joints demonstrate minimal levels of 
laxity. Beyond this initial deformation, due to laxity in the struts, 
both hexapod frames responded to loading in a similar manner. 
There was greater rigidity under axial loading demonstrated in 
the ball-and-socket joints of the TL-HEX and greater rigidity under 
bending and torsion with the Cardan joints of the TSF. The next 
obvious step in this area of research would be the introduction 
of the frames into a fracture/human model to determine whether 
these observed differences correlate with fracture motion and 
subsequent healing. 
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