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Purpose: The aim of this study was to assess the feasibility of using additively manufactured polymer rings as structural components
of circular external fixators for limb lengthening in pediatric patients. The analysis focused on whether such rings can provide sufficient
mechanical performance while simultaneously reducing device mass and improving radiographic transparency compared with conven-
tional metallic solutions. Methods: Two design variants of circular rings with different cross-sectional geometries were developed and
manufactured using fused filament fabrication from a thermoplastic polymer. Their mechanical behavior was assessed through numerical
finite element simulations and experimental testing. Radial and axial loading conditions corresponding to clinical use were analyzed at
the ring level. Subsequently, complete external fixator assemblies incorporating the printed rings were constructed and subjected to quasi
static axial compression tests. Comparative radiographic imaging was also conducted to evaluate the influence of polymer-based rings on
image quality relative to conventional aluminum rings. Results: The polymer rings exhibited lower radial stiffness than aluminum refer-
ence rings; however, the resulting deformations were elastic, repeatable and associated with stress levels below the material yield limit.
External fixators equipped with printed rings demonstrated axial stiffness values within the range reported for conventional circular
fixators used in clinical practice. In addition, the polymer-based configurations showed a notable reduction in mass and significantly
improved radiographic transparency compared to metallic systems. Conclusions: Additively manufactured polymer rings with appropri-
ately optimized geometry can provide mechanically acceptable performance for use in circular external fixators, while offering advan-
tages in weight reduction and radiographic assessment.
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1. Introduction

Circular external fixators, such as the classic Ilizarov
apparatus, have long represented a cornerstone in the
management of complex skeletal injuries and deformi-
ties. These devices are employed in procedures such as
limb lengthening, multiplanar deformity correction, treat-
ment of nonunions, stabilization of comminuted fractures

and the management of severe open fractures, particu-
larly those resulting from high-energy trauma often ac-
companied by substantial soft-tissue loss. A fundamental
structural component of these systems is the ring, which
whether in the form of complete or partial circular seg-
ments forms a three-dimensional fixation frame when
connected with spacer or distraction rods. In combina-
tion with bone-anchored implants, the rings constitute
a bone–fixator biomechanical construct that provides es-
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sential axial and radial stiffness, as well as resistance to
bending and torsional loads [4], [5], [15].

Decades of advancement in ring external fixation
technology have resulted in the development of suc-
cessive device generations from the traditional Ilizarov
apparatus (first generation), to hexapod-based systems
(second generation), and more recently – to emerging
multijointed configurations described as octopods (third
generation). Although the overall architecture of these
fixators has undergone considerable transformation, the
design modifications applied specifically to the rings
have been relatively modest. The existing literature
identifies three principal directions in the evolution
of ring components [4].

The first and arguably most consequential advance-
ment was the transition from single to double-ring as-
semblies, a modification that substantially enhances
construct stiffness under axial and shear loads, particu-
larly when one of the bone segments being stabilized
is short [6]. Subsequent improvements focused on the
interfaces for securing implants and connecting struts:
replacing the circumferential circular holes with longi-
tudinal slots provided greater flexibility and precision
in implant placement. However, reducing the amount
of material in the ring inevitably diminished its struc-
tural integrity, potentially compromising its mechanical
performance [13]. A third direction involved redesign-
ing ring geometry by introducing additional external
holes dedicated to the attachment of distraction rods.
While this modification expanded the range of achiev-
able fixation configurations, it also increased the over-
all spatial dimensions of the external fixator [7].

Conventional Ilizarov rings are typically manufac-
tured from stainless steel, a material that offers excel-
lent strength and wear resistance, but contributes sub-
stantially to the overall weight of the construct. Efforts to
reduce fixator mass have led to the use of lightweight
alternatives, including aluminum and titanium alloys
as well as fiber-reinforced composites containing carbon
or glass fibers, all of which provide sufficient stiffness
while significantly lowering component weight [3].

The growing adoption of additive manufacturing (3D
printing) has prompted the emergence of studies ex-
ploring the feasibility of incorporating printed compo-
nents into biomechanical applications. Moreover, recent
finite element and experimental analyses of additively
manufactured PLA structures, including bone repair scaf-
folds, have demonstrated the mechanical reliability of
3D-printed polymeric constructs and highlighted their
sensitivity to geometry and process parameters [14].
These findings establish a relevant biomechanical foun-
dation for investigating the applicability and mechanical
optimization of PLA rings in external fixation sys-

tems. In a recent literature review, O’Connor et al. [11]
identified only nine publications on this topic, under-
scoring the limited maturity of research in this do-
main. Notably, just one of these studies included ex-
perimental mechanical testing. In that study, a clamp-
type fixator utilizing 3D-printed structural elements sat-
isfied ASTM F1541 standards and exhibited biome-
chanical performance comparable to commercially avail-
able devices [8].

Several studies have also explored the potential of
3D printing for producing patient-specific fixator com-
ponents derived from medical imaging data. Qiao et al.
[12] introduced a modification of the Ilizarov system
that incorporated a photosensitive-resin cylinder posi-
tioned between ring segments. This additively manu-
factured element contained precisely engineered chan-
nels for the placement of Schanz screws, thereby
enabling accurate fracture reduction and stable fixation.
Alqahtani et al. [1] performed a topological optimiza-
tion of a shell-type fixator, aiming to decrease overall
mass by strategically removing material from its central
region. Li et al. [9] proposed a novel external fixation
concept featuring adjustable stiffness. The design con-
sisted of a 3D-printed shell composed of Voronoi pat-
terns, whose individual elements could be selectively
detached according to finite element analysis results in
order to adjust the rigidity of the construct.

To date, the sole study evaluating the mechanical
performance of 3D-printed fixator rings is the work by
Badea et al. [2], who conducted finite element analyses
of a hybrid external fixator incorporating rings fabri-
cated from carbon-fiber-reinforced PLA. While the find-
ings highlighted the substantial potential of additively
manufactured components, the simulations also revealed
that geometric refinement of the rings is necessary, as
the applied preload of approximately 1000 N in the
Kirschner wires resulted in stress levels exceeding
permissible limits.

The scarcity of research examining the mechanical
performance of additively manufactured rings and, more
broadly, the biomechanical behavior of external fixators
incorporating these components highlights a substantial
unmet need in the current literature.

The objective of this study was to design and addi-
tively manufacture rings from the thermoplastic polymer
PLA demonstrating the mechanical performance neces-
sary for incorporation into an external fixation system
used for pediatric lower-limb lengthening. A further goal
was to reduce X-ray attenuation by the fixator compo-
nents, thereby improving visualization of the regener-
ate within the distraction gap and enhancing the accu-
racy of radiographic assessment throughout the bone-
lengthening process.
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2. Materials and methods

Two structural variants of rings produced using
fused filament fabrication (FFF) additive manufacturing
with PLA filament (F3DFilament, Katowice, Poland)
were evaluated. The ring designs were fabricated using
a desktop 3D printer (Bambu X1E, Shenzhen, China).
The variants differed in their cross-sectional geome-
try, featuring either an H-beam (H-type) or an I-beam
(I-type) profile (Fig. 1). A commercially manufac-
tured aluminum ring (alloy 7020), supplied by
MASTERMED (Kraków, Poland), served as the ref-
erence specimen. This ring had an inner diameter of
150 mm, an outer diameter of 194 mm, and a thickness
of 7 mm (Fig. 1a), and incorporated 44 uniformly dis-
tributed holes with a diameter of 7 mm. The additively
manufactured PLA rings were designed with the same
inner diameter (150 mm) and an outer diameter of
200 mm. Two height configurations were investigated:
a low-profile design (20 mm for the H-type and 28 mm
for the I-type) and a high-profile design with a height
of 40 mm. Each PLA ring included 11 holes with
a diameter of 7 mm. The high-profile variants were
intended to replicate the functional behavior of the con-
ventional double-ring configuration, which is frequently

employed in clinical practice to enhance stabilization of
longer bone segments [6].

The study was conducted in two stages. The first
stage involved numerical finite element analyses
(ANSYS Workbench) aimed at evaluating deforma-
tion patterns and stress distributions in the tested ring
designs under applied loading conditions. In the second
stage, experimental testing was performed on physical
models of three external fixators assembled using con-
ventional metallic rings as well as additively manu-
factured PLA rings of H-type and I-type design.

Functional analysis of the rings

Numerical simulations were performed to evaluate
the structural integrity of the proposed ring designs. In
clinical applications, bone fragments in limb lengthening
procedures are connected to the external fixator frame
using two primary types of implants: Kirschner wires
and Schanz screws. Accordingly, two distinct loading
configurations were considered. The first configuration
represented radial loading corresponding to the preten-
sion force FR generated by a Kirschner wire. Bound-
ary conditions were defined by restraining three degrees
of freedom at nodes located within a localized region of
the ring. A radially oriented load, directed toward the
ring axis, was applied to nodes situated on the outer

Fig. 1. Three-dimensional models of the investigated rings: (a) reference ring, (b) H-type ring, and (c) I-type ring

Fig. 2. Schematic representation of the applied load and boundary conditions
used in the radial stiffness simulation, shown for the H-type ring
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surface of the ring on the opposite side (Fig. 2). Given
the intended use of the designed rings in paediatric
external fixation systems, the applied force magnitude
was assumed to be FR = 500 N.

The second loading scenario considered an axial
force applied along the ring axis to the free end of the
Schanz screw. The implant was attached to the ring by
means of a dedicated connector (Fig. 3). In this con-
figuration, the primary region of interest was the vicinity
of the ring–Schanz screw interface, where the highest
levels of deformation and stress were anticipated. To
reduce model complexity and computational cost, a half-
-ring model was employed. Boundary conditions were
applied at the nodes located on the two cut surfaces re-
sulting from sectioning the ring. One surface was fully
constrained, with all translational degrees of freedom
suppressed, whereas the opposite surface was con-
strained in the x and y directions, while displacement in
the radial (z) direction was permitted. An axial load
was applied to the nodes located at the free end of
the Schanz screw. The applied force magnitude was set
to 200 N, corresponding to the mean force generated by
the tensile response of soft tissues surrounding the
lengthened bone, as reported in the literature [5], [15].
To ensure a realistic representation of mechanical inter-
actions, appropriate contact definitions were imple-

mented. A nonlinear, frictionless contact (μ = ∞) al-
lowing separation was assigned between the connector
and the ring hole, whereas a linear bonded contact was
defined between the Schanz screw and the connector
(Fig. 3). The material properties adopted for all com-
ponents included in the numerical models are listed in
Table 1.

Determination of external fixator stiffness

In the second stage of the study, external fixators
were assembled using the additively manufactured rings
in a configuration representative of clinical applications
for the treatment of tibial length discrepancies. The ref-
erence fixator, incorporating conventionally manufac-
tured aluminum alloy rings, consisted of a single proxi-
mal ring and a distal assembly composed of two rings.
The distal rings were interconnected using short rods,
providing an inter-ring spacing of 40 mm, while the
proximal ring was connected to the distal assembly by
four distraction rods. Two additional fixator configu-
rations were constructed analogously using PLA rings
fabricated by additive manufacturing. In the fixator
employing H-type rings, a proximal ring with a height
of 20 mm and a distal ring with a height of 40 mm
were used. For the fixator incorporating I-type rings,

Fig. 3. Schematic representation of the applied load and boundary conditions
used in the axial stiffness simulation for the I-type ring

Table 1. Mechanical properties of materials used in the numerical models

Component Material
Young’s
modulus

[GPa]

Poisson’s
ratio
[–]

Yield
strength
[MPa]

Density
[kg/m³]

Aluminum ring Al 7020 alloy 70 0.33 140 2780

Additively manufactured
rings

PLA 2.8 0.33 56.8 1292

Schanz screw Ti–6Al–7Nb 110 0.37 800 4507

Schanz screw fixation
components

AISI 304L
stainless steel

193 0.33 190 7900



Mechanical evaluation of additively manufactured polymer rings for circular external fixators 153

ring heights of 28 mm (proximal) and 40 mm (distal)
were applied. In all configurations, four fully threaded
M6 distraction rods were used, identical to those in the
reference construct. Across all three fixator variants,
Schanz screws with a diameter of 5 mm served as the
bone–frame connecting implants. Three screws were
inserted at each fixation level in the spatial arrangement
illustrated in Fig. 4. The overall height of all tested fixa-
tors was maintained constant at 230 mm. The assem-
bled fixators were mounted on a polypropylene (PP)
tubular element, with an outer diameter of 32.5 mm,
an inner diameter of 21 mm, and a length of 400 mm.
To simulate the fracture or distraction gap, the tube
was sectioned at its midpoint, creating a 10 mm gap.

Physical models of the external fixator–bone frag-
ment assembly were mounted in a universal testing sys-
tem (MTS 858 Mini Bionix, Minnesota, USA), which
allowed for force measurement with a resolution of
0.1 N and displacement measurement with a resolu-
tion of 0.01 mm. The specimens were fixed using two
spherical joints, enabling free rotation about three or-

thogonal axes (Fig. 5). The constructs were subjected to
quasi-static axial loading. In the first loading step, an
axial load was applied to induce a relative displace-
ment of 0.5 mm between the bone fragments. Subse-
quently, the displacement was increased by an additional
4.5 mm. Upon reaching the prescribed displacement
level, the loading direction was reversed, and the rela-
tive displacement was reduced back to 0.5 mm. This
loading protocol was repeated for a total of 20 cycles.

Radiographic imaging assessment

To assess the influence of additively manufactured
PLA rings on radiographic image quality, X-ray images
of the physical models of the external fixator–bone frag-
ment assemblies were acquired. Radiographic imaging
was performed using a GMM EIDOS RF 439 system
(Seriate, Italy) with the following acquisition parame-
ters: tube voltage of 73 kV, dose–area product (DAP)
in the range of 0.22–0.25 mGyꞏcm2, and a current-time
product of 0.8 mAs.

Fig. 4. Schematic illustration of the Schanz screw fixation between the rings and the tubular element

Fig. 5. External fixator–bone constructs mounted in the universal testing machine:
(a) reference configuration with aluminum rings, (b) fixator with I-type rings, and (c) fixator with H-type rings
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3. Results

Finite element analyses of the tested rings under
a radial load of FR = 500 N were performed to evaluate
the resulting deformation fields (Fig. 6) and the distribu-
tion of von Mises equivalent stress (Fig. 7).

Fig. 7. Distribution of von Mises equivalent stress illustrated
for the H-type low ring under radial load

Based on these results, the radial stiffness kR was
determined and defined as the ratio of the applied radial
force FR to the corresponding deformation of the ring
measured in the load direction (Table 2).

The results demonstrate that the radial stiffness of
the aluminum alloy ring was approximately one order
of magnitude (5–10 times) higher than that of the PLA

rings. Among the additively manufactured designs, the
H-type rings exhibited superior radial stiffness com-
pared with the I-type configuration. Although relatively
large radial deformations were observed ranging from
1.06 to 1.34 mm for the H-type rings and from 1.72 to
1.94 mm for the I-type rings the deformation response
remained fully elastic. This behaviour was confirmed
by experimental tests in which the rings were subjected
to repeated radial loading and unloading cycles in the
force range of 200–900 N (Fig. 8). The force–displace-
ment curves revealed a clear overlap between the load-
ing and unloading paths over five successive cycles,
indicating the absence of permanent deformation. Fur-
thermore, the maximum von Mises equivalent stresses
induced under these loading conditions remained be-
low the yield strength of PLA (Table 2).

Table 2. Radial stiffness of the rings determined by finite element
analysis and the maximum von Mises equivalent stress values

Model
Radial stiffness

(FEA)
[N/mm]

maximum von Mises
equivalent stress values (FEA)

[MPa]

Reference ring 2520.2 57.27

I-type high 251.6 55.57

I-type low 291.3 25.42

H-type high 469.5 27.78

H-type low 372.4 39.50

Fig. 6. An example of the displacement field in the Z direction for the H-type low ring under radial load
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Fig. 8. Force–radial displacement relationship of the rings
under cyclic loading conditions

In simulations involving axial loading applied through
the Schanz screw, the highest equivalent stresses were
observed at the screw–connector interface and within
the fastening screw securing the connector to the ring.
The interaction of these components with the ring
generated equivalent stresses in the immediate contact
region that remained below the yield strength of PLA.
The maximum von Mises equivalent stress reached
approximately 45 MPa for the H-type rings, whereas
for the I-type rings the stress levels were substantially
lower, not exceeding 20 MPa (Fig. 9).

The overall deflection of the rings was additionally
evaluated and measured on their inner surfaces (Fig. 10).
Maximum deflection was observed at the implant–
ring interface. For each ring type, the magnitude of de-

flection was dependent on the ring height. Specifically,
for the H-type rings, the taller variant exhibited a de-
flection of 0.31 mm, whereas the shorter variant reached
0.84 mm. In contrast, the I-type rings displayed lower
deflections, all remaining below 0.5 mm.

Axial compression tests of the complete fixator as-
semblies were conducted to evaluate the relationship
between the axial force FA  and the corresponding dis-
placement of the bone fragments (Fig. 11). From these
measurements, the axial stiffness kA of the compared
fixators was calculated. The reference fixator exhibited
the highest axial stiffness at 48.06 N/mm. Fixators in-
corporating H-type and I-type polymer rings demon-
strated comparable axial stiffness values of 37.17 and
35.25 N/mm, respectively (Table 3).

Table 3. Axial stiffness of external fixators assemblies:
reference, I-type, H-type

External fixator
configuration

Axial stiffness
[N/mm]

Reference with aluminum rings 48.06

I-type rings 35.25

H-type rings 31.17

In comparative radiographic assessments, the pro-
posed Ilizarov fixator designs featuring thermoplastic 3D-
-printed rings demonstrated superior radiolucency rela-
tive to the reference fixator with aluminum rings. Both
configurations employing printed rings, especially I-type
rings configuration showed enhanced radiographic trans-

Fig. 9. Equivalent (von-Mises) stress of I-type low ring and H-type low ring under axial load.
The regions of maximum stress in the rings are highlighted with a red square in the figure
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Fig. 10. Total deflection measured along the inner edge of the I-type low ring and the H-type low ring

Fig. 11. Force–axial displacement relationship of the external fixator assemblies over 20 loading cycles
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parency and fewer visible structural components of the
fixator on X-ray images compared to the conventional
aluminum-ring configuration (Fig. 12).

4. Discussion

The present study aimed to evaluate the feasibility
of employing FFF 3D-printed PLA rings in the fabri-
cation of external fixators for the management of
lower limb bone shortening and deformities in pedi-
atric patients. Finite element simulations and experi-
mental testing were used to characterize the mechani-
cal properties of the FFF-manufactured rings and to
assess the axial stiffness of fixators assembled from
these rings.

The obtained results indicate that the radial stiff-
ness of the aluminum ring is 5–10 times greater than
that of the PLA rings. Despite relatively substantial

radial deformations 1.06–1.34 mm for H-type rings and
1.72–1.94 mm for I-type rings the rings exhibited elastic
behavior and maintained repeatability over successive
loading cycles. Notably, the equivalent stresses ob-
served in these loaded rings remained below the yield
strength of PLA.

The axial stiffness of fixators incorporating FFF
3D-printed rings ranged from 35.25 to 37.17 N/mm,
depending on the ring type, representing a 23–27% re-
duction relative to the reference fixator. These values are
comparable to those reported in our previous investiga-
tions of conventional Ilizarov fixators, where axial stiff-
ness varied between 29.53 and 35.96 N/mm depending
on the implant configuration [10]. Similarly, Badea et al.
[2] assessed PLA–carbon fiber composite rings as alter-
natives to metal rings, observing a 21–25% decrease in
axial stiffness in their hybrid fixator while maintain-
ing stresses within allowable limits under defined test
scenarios. This suggests that polymer-based FFF-manu-
factured rings, when appropriately designed, can pro-

Fig. 12. Radiographic images of the fixators in anteroposterior (AP, top) and mediolateral (ML, bottom) orientations:
(a) aluminum rings, (b) I-type rings, (c) H-type rings
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vide effective axial load transfer and satisfactory sta-
bilization of bone fragments.

It is important to note that literature reports display
substantial variability, reflecting differences in the tested
fixators, material properties, and experimental protocols.
O’Connor et al. [11] discuss this issue, emphasizing that
such diversity limits direct comparisons and generali-
zations, and warrants caution when translating specific
laboratory results into clinical practice. Nonetheless,
these studies suggest that it is feasible to achieve biome-
chanical performance in fixators constructed from
thermoplastic rings produced via additive manufactur-
ing. Further refinement of manufacturing parameters
and optimization of both the ring and overall fixator
geometry are, however, required to maximize perform-
ance.

In addition to providing acceptable mechanical
performance of rings produced via additive manufactur-
ing and enabling their use in the construction of spatial
fixators with programmable mechanical properties, other
functional advantages were observed. The use of a low-
density material such as PLA results in reduced X-ray
attenuation compared to rings made of aluminum or
austenitic steel. During limb lengthening or axis cor-
rection procedures, qualitative assessment of bone re-
generate through radiographic imaging is crucial, par-
ticularly in the context of limb shortening treatment.
Ilizarov fixators, especially in cases of multi-planar or
multi-level deformity corrections, often exhibit com-
plex three-dimensional architectures. The intricate spa-
tial configuration and the large number of metallic com-
ponents including rings, connectors, threaded rods,
Kirschner wires, and Schanz pins can partially or sub-
stantially hinder radiographic evaluation and the moni-
toring of lengthening and axis correction processes.
This issue is particularly relevant when applying Ilizarov
fixators to relatively small limbs, such as in pediatric
patients or individuals with short stature, where radio-
graphic assessment of bone regenerate and deformity
correction may be further complicated. For orthopedic
surgeons performing treatment with the Ilizarov method,
accurate evaluation of radiographs during the course
of therapy is essential to assess the quality of bone
regenerate formation and monitor progress in limb
lengthening and deformity correction. It is well estab-
lished that X-ray attenuation depends on both the ma-
terial’s chemical composition and its density. Metals
exhibit high X-ray attenuation, whereas polymers, with
densities approximately four times lower than aluminum
alloys and composed of low atomic number elements
such as carbon, hydrogen, and oxygen, display signifi-
cantly lower attenuation. Moreover, the attenuation of
PLA is lower than that of bone tissue. The rings pro-

duced in this study may therefore offer advantages over
standard aluminum or steel components in Ilizarov
treatment. Additively manufactured rings can provide
diagnostic benefits by facilitating clearer and more com-
prehensive radiographic evaluation. Clinically, these rings
may improve the precision of limb lengthening and de-
formity correction monitoring, as well as enable more
accurate assessment of bone regenerate formation. Col-
lectively, these advantages have the potential to en-
hance treatment outcomes and reduce the risk of com-
plications associated with Ilizarov therapy.

Another significant advantage is the reduction in the
mass of the fixator components achieved by replacing
the dual-ring module made of aluminum with a high
H-type or I-type ring. The mass of these rings, 264 g and
302 g, respectively, is lower than that of the two locked
aluminum rings comprising the conventional dual-
ring module (396 g). Importantly, the functional capa-
bility of the dual-ring module is preserved, allowing the
spatial configuration of the implants to be adjusted ac-
cording to the specific clinical requirements of individual
patients. The reduction in external fixator mass is par-
ticularly relevant in the context of pediatric applications.

5. Conclusions

The results of the study confirm the potential for
the effective use of plastic rings produced via FFF ad-
ditive manufacturing for the construction of external
fixators. Rings with the proposed H-type and I-type
cross-sectional geometries exhibit mechanical proper-
ties that provide a favorable stress distribution under
the loads typically encountered during the treatment of
limb shortening, particularly in pediatric patients. The
stresses observed do not exceed the material’s allowable
yield stress. External fixators constructed with such rings
demonstrate axial stiffness comparable to that of con-
ventional circular fixators. Additionally, they offer a real-
istic opportunity to reduce the overall mass of the
fixator, which is especially important in pediatric appli-
cations.

Due to the low X-ray attenuation of polymers, im-
aging parameters can be optimized to achieve more
effective visualization of the developing bone regen-
erate and to assess its biological quality. Although this
aspect was not specifically addressed in the present study,
the potential functionality that has not previously been
exploited in external fixators, namely, the ability to de-
sign rings tailored to the individual needs of specific
patients is worth noting. Additive manufacturing en-
ables rapid and efficient production of such customized
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rings. Our observations align with trends reported in the
literature, indicating that additive manufacturing tech-
nologies offer promising benefits, including reduced
costs and personalization potential, while requiring care-
ful material and geometric optimization and thorough
mechanical validation prior to clinical application.

Further studies are warranted to evaluate the appli-
cability of 3D-printed rings in Ilizarov treatment, in-
cluding the assessment of a wider variety of printed ring
designs and the determination of their durability under
prolonged, cyclically varying loads. Definitive veri-
fication of the potential benefits related to enhanced
radiographic imaging of the elongation site and newly
forming bone tissue requires testing on cadaveric limb
models.
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