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The traditional external fixation has problems such as a single fixed dimension, limited application
range, long fixation time, and heavy weight. A single-function external fixation is unable to meet the vari-
ous needs of fracture fixation in scenarios involving a large number of injured patients. This paper proposes a
reconfigurable-configuration comprehensive method based on a seven-link mechanism. A new type of reconfig-
urable external-fixation frame with multi-dimensional, multi-posture, and multi-fracture scenario applicability
is formed, able to achieve rapid and stable external fixation for fractures in the femur, tibia, elbow joint, knee
joint, and ankle joint. A reconfigurable mechanism configuration design is proposed based on the comprehen-
sive configuration of the seven-link mechanism and the analysis of the working space. Human—fixator coupled
biomechanical model is established, and the mechanical and stability performance of fractures under five re-
configurable configurations are analysed based on finite-element analysis. Compared with the corresponding
single-function external-fixation frame in terms of performance, mechanics, and fixation time, a comparative ex-
periment was finally conducted based on the cross-knee joint of dogs for verification. The results confirmed that
the external fixation has the advantages of light weight, stable structure, multiple dimensions, multiple postures,
and applicability to various fracture scenarios in addition to the fact that it shortens the fixation time signifi-
cantly (< 10 min). Compared with other unilateral external fixation, the new external fixation is lighter in weight
(weighing 950 g), with a fracture displacement of 3 mm, and the load is 274.2 N, the stiffness is 952N mm~!,
and the stability is higher than that of the unilateral external fixator (237.63 N, 72.4 N mm™"). When the relative
rotation angle of the fracture end reaches 30°, the torque is 14.66 N m. This external fixation can be widely used
in temporary fracture fixation in emergency medical scenarios.

Fractures of the limbs are one of the most common and se-
vere types of injuries in trauma orthopaedics. Their rapid
treatment and stable fixation directly affect the pain control
of the injured, the prevention of further injuries, and the sub-
sequent treatment process (Medici et al., 2023). In the treat-
ment of multiple injuries, fractures of the limbs caused by

high-energy traumas such as traffic accidents and falls from
heights have a relatively high incidence (Almigdad et al.,
2022; Hoogervorst et al., 2020; Weil and Mosheiff, 2011). In
military war injury treatment, limb injuries have accounted
for a major proportion for a long time. Modern battlefield
statistics show that limb injuries account for up to 76 %—
90 % of war injuries, and about 40 % of them are severe limb
fractures (Belmont et al., 2013; Stern et al., 2019; Yun et



al., 2016). In addition, in disaster rescue scenarios such as
earthquakes, building collapses and crush impacts can cause
a large number of fracture casualties in a short period of
time (Sever et al., 2024; Wolfson et al., 2016). The common
characteristics of these scenarios are a complex environment,
scarce medical resources, and difficult transportation of the
injured. Therefore, there is a higher demand for emergency
fixation equipment: it should be portable, with a wide range
of applications, fast assembly speed, and reliable fixation, in
order to meet the urgent need for treating a large number of
injured people within a short period of time (Bliven et al.,
2019).

The external-fixation technique, due to its advantages such
as its being minimally invasive, its rapidity, and the ability
to be implemented on site, plays an irreplaceable role in the
aforementioned complex scenarios. It can achieve fracture
stabilization in the early stage, limit abnormal movement of
the fracture ends, reduce secondary soft tissue injuries, and
secure time for subsequent transfer and staged treatment. Ad-
ditionally, its open structure makes it convenient for observ-
ing the wound, changing the dressing, and conducting the
subsequent surgical procedures (Bull et al., 2025; Fernando
et al., 2021). After years of development, clinical external
fixations have formed several mature configurations, mainly
including unilateral, bilateral, circular (Ilizarov type), and
mixed basic forms. Different configurations have significant
differences in load-bearing paths, bending and torsion resis-
tance, applicable areas, and operational complexity (see Ta-
ble 1). However, the existing external fixations often have a
single fixation dimension and limited application scope, and
their specialized designs are often unsuitable for multi-site
fractures or joint fixation requirements, as well as emergency
tasks with significant variations in the patient’s body type. In
such cases, it is often necessary to replace the equipment or
to repeatedly adjust, which can result in restricted applica-
bility, complex procedures, and increased time consumption.
Therefore, for tasks with high timeliness such as large-scale
casualties and battlefield rescue, how to achieve a new type
of reconfigurable external-fixation framework with multiple
dimensions and applicability to various fracture scenarios
while ensuring mechanical stability becomes a key challenge
in the development of the external-fixation system.

Addressing this challenge necessitates the integration of
advanced reconfigurable mechanism designs. While cur-
rent research in reconfigurable mechanisms and multi-modal
robots has enabled robotic systems with remarkable adapt-
ability to diverse environments and tasks (Liu et al., 2022;
Wang et al., 2026), their application within the specific
domain of external-fixation systems remains largely unex-
plored.

The innovation of this study lies in that it does not simply
optimize the dimensions or local structure of a conventional
external fixator but also introduces a reconfigurable mech-
anism concept into the design of an orthopaedic external-
fixation system. Based on a seven-link topological frame-

work, the proposed device integrates multiple fixation modes
into a unified structural platform so that one system can adapt
to different fracture sites and fixation postures. In this way,
the proposed design differs from traditional task-specific ex-
ternal fixators and provides a new solution that combines
multi-dimensional adaptability, multi-scenario applicability,
and mechanical stability for emergency fracture fixation.

Reconfigurable and multi-mode mechanisms have been
widely investigated in robotics, deployable structures, and
adaptive mechanical systems because of their capability to
improve task versatility and environmental adaptability. By
changing configuration, topology, or motion mode, a sin-
gle mechanism can perform different functions or adapt to
different working conditions. However, in the field of or-
thopaedic external fixation, the application of reconfigurable
mechanism theory remains relatively underexplored. Most
currently available external-fixation devices are still designed
for specific anatomical regions or relatively single fixation
tasks, and few studies have systematically explored the use of
a single reconfigurable mechanism to rapidly adapt to multi-
ple fracture sites, fixation postures, and body size differences.
Therefore, introducing reconfigurable mechanism synthesis
into external-fixation system design is meaningful not only
for improving clinical applicability in emergency rescue but
also for extending the application scope of reconfigurable
mechanism theory in medical engineering.

To meet the emergency fixation needs for large-scale frac-
ture patients, this paper proposes a reconfigurable external-
fixation frame based on a seven-link mechanism, which
forms a new type of external-fixation frame with multi-
dimensionality, adaptability to postures, and applicability to
multiple fracture scenarios. It can achieve rapid and stable
external fixation for fractures in the femur, tibia, elbow joint,
knee joint, and ankle joint.

Based on the premise of overall stability, operational con-
venience, and clinical applicability, this paper systematically
designs the topological connection relationship of the seven-
link mechanism as the basic configuration unit. The final
scheme obtained from the configuration synthesis is fur-
ther mapped to five typical fixed scenarios, corresponding
to the fixation requirements of the femur, tibia, elbow joint,
knee joint, and ankle joint. Each representative configuration
shares the same basic seven-link topological framework. The
differences mainly lie in the connection mode of the links,
the expansion direction of the supporting rods, the connec-
tion position across joints, and the layout form of the fixed
units.

This mechanism is mainly composed of the central link-
age module, and it establishes a constraint relationship with
the bone tissue through the spherical joint modules at both



Comparison of traditional external-fixator types.

Unilateral external fixed
frame (Evans et al., 1979)

Bilateral external fixator

Circular external fixator
(Tresley et al., 2015;
Widanage et al., 2023)

Hybrid external fixed
frame (Seligson, 2015)

Structural — Integrated design — More complex structure ~ — Multi-ring structure with — Modular design
design — Unilateral axial fixation = — Frame-type bilateral transfixing fine wires and — Multi-plane fixation
— Simple structure connection connecting rods — Multiple connecting
— Single plane — Biplanar configuration — Closed three-dimensional rods and accessories
configuration frame — Complex structure
— Flexible configuration
Scope of — Midshaft simple — High-stability — Complex fracture — Broad applicability
application fracture diaphyseal fractures — Nonunion of bones — Adaptable assembly for
— Partial open fracture — Partial articular fractures — Bone defect diverse fracture types
— Deformity correction — High versatility
— Joint end fracture
Installation — Fast speed — Moderate speed — Slow speed — Moderate to slow speed
speed — Simple structure — Bilateral operation — Multiple pin insertions — On-site module
— Easy to operate — Longer duration than — Complex assembly process selection and assembly
— Complete the unilateral type — High technical skill — Time-dependent on
installation quickly requirement configuration complexity
— Time-intensive installation and operator experience
Stability — Poor — Good — Optimal — Multi-plane fixation
— Single plane fixed — Double-plane fixation — Multi-plane — Strong resistance to
— Weak resistance to — Better than the unilateral  three-dimensional fixation rotation and shear
torsion and bending type — Peak rigidity and stability
Material — Stainless steel — Stainless steel — Stainless steel — Stainless steel
— Titanium alloy — Titanium alloy — Aluminium alloy (ring — Titanium alloy
body) — Carbon fibre composite
— Titanium alloy material
Weight and — Lightweight — Relatively heavy — Bulky — Medium size
portability — Low burden on patients ~ — Poor portability — Heavy — With many accessories
— High comfort — Poor comfort — Poor portability
— Low patient compliance
Operational — Low — Medium — High — High
complexity — Easy to operate — Need professional — Need professional
personnel to operate personnel to operate
Environmental High Medium Low High
adaptability
Represent
a
Lm ol




External-fixation configuration method.

Type Configuration Number of  Adjustable

method locking points DOF
1 S-R-R-RP-P-S 5 11
2 S-R-R-P-RP-S 4 11
3 S-R-RP-R-P-S 5 11
4 S—-R-RP-P-R -S 5 11
5 S-R-P-R-RP-S 4 11
6 S-RP-R-R-P-S 4 11

ends and the Schanz screw connection modules. The connec-
tion of the two spherical surfaces can provide spatial orien-
tation compensation for the Schanz screw connection mod-
ule to enhance the adaptability to different anatomical sites
and different implantation directions of the Schanz screw.
This structure can be divided into two parts: the central main
chain and the connecting branches on both sides. The cen-
tral main chain is responsible for the main axial support, the
transmission of bending loads, and the function of configu-
ration reconstruction; the connecting branches on both sides
are responsible for adjusting the fixed position of the Schanz
screw and the transition of the end posture and spatial adjust-
ment.

To meet the reconfigurable requirements in multi-
dimensional, multi-posture, and multi-fracture scenarios, the
central main chain adopts a five-link mechanism form, con-
sisting of three rotational joints and two translational joints.
Among them, to achieve the coordinated effect of length ad-
justment and posture adjustment, the groups of serially ar-
ranged rotational joints and translational joints are equiva-
lently combined into a compound motion joint RP. There-
fore, the entire external-fixation mechanism is ultimately
composed of seven components and seven motion joints,
namely three rotational joints, two translational joints, and
two spherical joints (3R 4 2P + 2S). Based on this, the candi-
date basic configuration form of this external-fixation frame
can be obtained, as shown in Table 2.

As shown in Table 2, under the condition of using spheri-
cal joint boundary constraints at both ends, there are six can-
didate connection sequences composed of rotational joints,
translational joints, and compound motion joints. The com-
pound motion joint RP is placed at the proximal end of
the mechanism, possessing the combined adjustment capa-
bility of “angle adjustment and length compensation”. The
intermediate R—R motion joint enables the main body of the
mechanism to achieve posture transformation during the con-
figuration adjustment process. Thus, it meets the configura-
tion reconstruction, angle conversion, and spatial movement
requirements for long-bone fixation and cross-joint fixation.
At the same time, it ensures the force transmission direc-
tion and force stability of the middle part. By placing the
independent translational joint P at the other end, the de-

vice can still perform secondary compensation for the ter-
minal fixation span after completing the compound adjust-
ment and posture expansion to improve the flexibility of the
configuration. Therefore, compared to the other five config-
uration methods, the configuration S—-RP-R—-R-P-S is more
conducive to establishing the adjustment assembly sequence
and stable load path transmission and can meet the rapid fix-
ation requirements for multi-dimensional, multi-attitude, and
multi-scenario applications of temporary external fixation.
Based on the comprehensive analysis of the configuration,
the final external-fixation frame structure design is shown in
Fig. la.

In the tibia and/or femur fixation mode, the intermediate
five-link system is detached only by the screws on both sides,
as shown in Fig. 1b. The two spherical-hinge structures on
both sides are then joined and quickly secured with a single
screw, as shown in Fig. 1c. The final configuration in the tibia
and/or femur fixation mode is shown in Fig. 1d.

In the joint-spanning fixation mode, the mechanism is
reconfigured into the configurations required for different
joint-spanning fixations by pre-locking selected hinges, al-
lowing it to closely conform to both sides of the diaphysis
and provide high-strength fixation. By adjusting the length
of the external fixator according to the limb length of differ-
ent patients, the system is set to the appropriate configuration
and length; after inserting the bone screws for fixation, the re-
maining hinges are locked to maintain stability at the fracture
site.

This innovative design overcomes the drawback of tradi-
tional modular external fixators, which require disassembly
and reassembly of numerous components. Only a few key
locking units need to be tightened or loosened, and the two
fixation modes can be rapidly switched using a single screw
for simple attachment and detachment. By manually adjust-
ing the configuration of the external fixator, it can meet the
fixation requirements of fractures at different sites. The en-
tire process is simple and convenient, significantly reducing
the operational burden on rescue personnel. This design is of
great value in rescue scenarios. It perfectly meets the dual re-
quirements of speed and reliability in emergency rescue un-
der special environmental conditions.

The link length parameters are defined according to clinically
common dimensional requirements and human limb length
parameters, as listed in Table 3. A kinematic analysis method
based on the D—H parameter method is adopted. By estab-
lishing the kinematic model of the mechanism and analysing
its workspace in each operating mode, theoretical support is
provided for the feasibility and effectiveness of its clinical
application (Meng et al., 2022).
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Overall configuration of the reconfigurable mechanism.

Structural parameters of the links of the reconfigurable mechanism.

Pinclamp LI L2 L3 14 LS Spherical joint
module module (single side)
Length(mm) 60 135 145 45 87 90 41

In the femur and/or tibia fixation mode, the main structure
consists of a three-link assembly connected by two spherical
joint modules, and the working space of the fixator is primar-
ily adjusted via the spherical joints on both sides.

First, to ensure safety and adaptability during clinical use,
the link parameters are defined as listed in Table 1. Second,
a numerical method is employed to compute the workspace
corresponding to all reachable positions of the links and ro-
tations of the spherical joints in this mode, as illustrated in
Fig. 2. The blue region in the figure denotes the workspace
of the link endpoint. The results indicate that, after locking
the spherical joints to reconfigure the mechanism into the fe-
mur and/or tibia fixation configuration, its workspace mainly
serves to adjust the angle and length. The maximum length of
the primary functional region for femur and/or tibia fracture
fixation is 210 mm. The workspace of the external fixator is

sufficient to meet the spatial requirements for external fix-
ation of femoral and tibial fractures in clinical practice and
allows better conformity to the contour of the limb.

In the joint-spanning fracture fixation mode, three types of
joint-spanning limb fracture fixation are realized by con-
figuration switching of the spatial reconfigurable seven-link
mechanism. As it is necessary to simultaneously ensure sta-
ble fixation of the fracture ends and satisfy the spatial re-
quirements of joint-spanning fixation, workspace analysis in
this mode is particularly critical. To quantitatively analyse
the workspace characteristics in this mode, the D—H param-
eter method is adopted to establish the kinematic equations
of the mechanism (Niu et al., 2025).
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By solving the forward kinematics (Antonov et al., 2025;
Mishra et al., 2025; Vergara-Hernandez et al., 2025), the pose
transformation matrix of the distal bone-pin connection mod-
ule is determined as follows:
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Where [ px py D2 17 is the position vector of the ori-
gin of the end-effector frame expressed in the base coor-
dinate system. The three column vectors of [ n o0 a |
are the direction vectors of the three coordinate axes of the
end-effector frame in the base frame, representing the end-
effector orientation. On this basis, incorporating the range
constraints of the joint variables, the workspace bound-
aries were systematically computed using numerical analysis
methods, as shown in Fig. 3.

The workspace of the joint-spanning external fixator is cal-
culated as shown in Fig. 3. Figure 3a represents the set of
all points that the bone-pin module at the free end can reach
via reconfiguration of the intermediate link structure from the
fixed-end module. Figure 3b, c, and d show the projections of
this workspace on three orthogonal planes. The results indi-
cate that, in the simulated configurations for the knee, ankle,
and elbow joints, the attainable workspace of the mechanism
fully covers the required ranges for fracture fixation of each
joint.

locking and virtual hinges, the configurations for elbow-
spanning, ankle-spanning, and knee-spanning fixation are
pre-adjusted. At the corresponding joint-spanning positions,
a controllable kinematic chain with a single degree of free-
dom is formed by releasing specific hinges. Functionally, this
kinematic chain is equivalent to a lockable “virtual hinge”;
by adjusting its spatial arrangement and axis orientation, it
can be aligned with the physiological axis of the human joint,
as shown in Fig. 4. This design enables the external fixator, in
its locked state, to provide both axial and torsional stability.

The key to achieving multi-modal reconfiguration lies
in the configuration-switching mechanism. According to
the operation specifications and screw placement require-
ments of orthopaedic external fixators (Bible and Mir, 2015;
Chao and Hein, 1988; Fragomen and Rozbruch, 2007), four
external-fixator configurations of the linkage system are pre-
designed in this study to correspond to three target joint-
spanning fixation modes, as shown in Fig. 4. For each con-
figuration mode, specific combinations of hinges are either
pre-locked or kept with designated degrees of freedom. Dur-
ing actual use, reconfiguration of the mechanism does not
require disassembly of any core links; the linkage structure
is simply adjusted to the target configuration, after which the
predefined key hinges are tightened.

In the elbow-spanning fixation mode, the upper limb is
flexed to 90° and fixed in front of the chest according to frac-
ture fixation requirements. Depending on the distance of the
fracture site from the elbow joint, two postural configurations
of the external fixator are constructed, as schematically illus-
trated in Fig. 4A and B. When the fracture site is relatively far
from the elbow joint, the external fixator is rotated 90° about
R2, and the remaining hinge angles and link lengths are ad-
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Figure 4. Design of joint-spanning fixation configurations and mechanism schematics.

justed to configuration (Fig. 4A). When the fracture site is
closer to the elbow joint, the external fixator is rotated 90°
about R1, and the remaining hinge angles and link lengths
are adjusted, folding the links to a shorter overall length to

https://doi.org/10.5194/ms-17-453-2026

achieve configuration (Fig. 4B). Both configurations can be
used for elbow-spanning fixation.

According to the requirements for knee-spanning external
fixation in long-bone fracture management, the screws are
to be inserted on the lateral side of the thigh and the medial

Mech. Sci., 17, 453-467, 2026



side of the lower leg. A schematic and structural diagram are
shown in Fig. 4C. The entire external fixator must span the
knee joint in space, with the screw fixation modules located
on opposite sides of the limb. By adjusting the spatial posi-
tion of the key hinge C, as well as the lengths and angular
positions of the various links, an asymmetric spatial configu-
ration is achieved, as illustrated in Fig. 4C, allowing the fix-
ator to span the knee joint coaxially while remaining on dif-
ferent sides of the limb. For fractures located near the ankle
joint that require ankle-spanning fixation, the corresponding
spanning configuration is shown in Fig. 4D.

Since both the tibia and the femur are non-hinged long bones
fixed in place, their structural topologies, constraint methods,
and mechanical action mechanisms are the same. The differ-
ences mainly lie in the geometric scale and load parameters
rather than the change in the configuration itself. Therefore,
the finite-element analyses of these two configurations are
classified into the same category. To verify the rationality of
the configuration design of the seven-link reconfigurable ex-
ternal fixator, finite-element analysis was performed to con-
duct biomechanical simulations for the four configurations
and to establish a static analysis environment. The cortical
bone, the cancellous bone, and all components in the four
configurations were simplified as continuous, homogeneous,
isotropic, linear elastic materials, and the corresponding ma-
terial parameters were defined for the simulations (Hadeed et
al., 2019; Leonardo-Diaz et al., 2020; Russo et al., 2018).

An oblique fracture of 20° was set in the fracture model,
with a 5 mm defect at the fracture end and a 5 mm gap be-
tween the two fracture fragments to simulate an unstable
fracture (Raja Izaham et al., 2012). The distance between the
external fixator and the bone was set to 30 mm. Since the
morphology of the bone is approximately cylindrical, par-
ticularly in the diaphyseal region, a cylinder was used to
approximate its geometric characteristics. The materials in-
volved in the simulation and their properties are listed in Ta-
ble 4.

The boundary conditions for axial loading were defined
as follows: to prevent displacement during the analysis, the
distal end of the fractured bone was fixed, and an axial load
of 1500 N was applied to the proximal end to represent axial
compressive loading (Abdul Wahab et al., 2020).

The boundary conditions for torsional loading were de-
fined as follows: the distal bone end was fixed, and the prox-
imal bone end was subjected to a torque (7 = 15 Nm).

Using finite-element analysis software in combination
with SolidWorks for the 3D model, the total deformation and
overall stress distribution of the four configurations under ax-
ial load and torque were analysed, as shown in Fig. 5, and the
corresponding numerical results are presented in Table 5.

It is well known that, for ductile materials, yielding oc-
curs when the stress reaches the stress limit (Abd Aziz et al.,
2020). The stress distribution and deformation of each fixa-
tion configuration under axial load and torque are shown in
Fig. 5.

According to the specific values in Table 5, under an ap-
plied axial load of 1500 N and a torsional moment of 15 N'm,
the total deformation and equivalent stress of the external fix-
ator were evaluated for different fixation configurations. For
the femur/tibia configuration, the total deformation ranged
from 0 to 4.99 mm, and the equivalent stress ranged from
9.55 x 1078 to 952.52MPa. For the elbow joint configu-
ration, the total deformation ranged from 0 to 16.95 mm,
with equivalent stress values ranging from 2.49 x 10711 to
377.84 MPa. For the knee joint configuration, the total de-
formation ranged from 0 to 4.59 mm, and the equivalent
stress ranged from 2.65 x 10719 to 678.11 MPa. For the an-
kle joint configuration, the total deformation ranged from
0 to 11.03 mm, with equivalent stress values ranging from
1.72 x 107 to 680.72 MPa. The highest stress in the external
fixator in this study is concentrated at the interface between
the bone pins and the bone. However, the maximum stress in
each mode is lower than the allowable stress of the titanium
alloy, indicating that the stability of the designed external fix-
ator is acceptable.

Under the applied ultimate load and torque, the overall de-
formation remains within a range that allows the external fix-
ator to be used for temporary fixation. In summary, based on
finite-element simulations of the four modes under loading,
although the biomechanical performance of the proposed ex-
ternal fixator is slightly inferior to that of a circular external
fixator, it provides sufficient stability and structural rational-
ity for temporary fixation.

Based on the above theoretical analysis, the final configura-
tion dimensions were determined. A prototype of the external
fixator was processed and fabricated using titanium alloy ma-
terial to ensure its biocompatibility and mechanical proper-
ties met clinical requirements, as shown in Fig. 6a. The com-
plete external-fixation system consists of one external fixator,
four bone screws, and a universal wrench.

The prototype was applied to a high-fidelity skeletal model
to systematically verify its effectiveness in fracture fixation
at different anatomical locations. The experiments simulated
mid-shaft fractures of the tibia and femur, as well as com-
plex fracture fixation scenarios spanning the knee, ankle, and
elbow joints, as shown in Fig. 6a—f.

The installation time required for all fixation configura-
tions of the proposed system was compared with the assem-
bly time of the corresponding single-function external fixa-



Material properties of different models.

Material properties Young’s modulus  Poisson’s

(GPa) ratio

Cortical bone Homogeneous in all directions 7.3 0.3
Cancellous bone  Linear elasticity 1.1 0.3
External fixing Homogeneous in all directions 110 0.3

frame (TC4) Linear elasticity
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Equivalent stress and total deformation of each mode. (a) Femoral/tibial fixation. (b) Elbow joint fixation. (¢) Knee joint fixation.

(d) Ankle joint fixation.

tor. The fixation procedures of the proposed external fixator
were completed within 10 min, whereas the installation time
for the Orthofix external fixator was less than 20 min.

The results demonstrated that the seven-link reconfig-
urable external-fixation system exhibited excellent clinical
adaptability across all five fixation modes. For tibial and
femoral fixation, the system provided stable, rigid fixation
using a simplified single-joint configuration. In cross-joint
fixation, by precisely adjusting the spatial configuration, the
system maintained stable fixation of the fracture ends while
effectively avoiding interference with periarticular soft tis-
sues and bony prominences.

All fixation procedures were completed within the in-
tended design time; configuration transitions were smooth,

and the locking mechanisms functioned reliably. These ex-
periments fully confirm that the external-fixation system can
meet the fixation requirements of fractures involving the ma-
jor long bones of the limbs and the surrounding joint regions,
thereby achieving the design goal of “one device, multiple
applications” and providing practical support for its use in
clinical settings, particularly in emergency and rescue sce-
narios.

According to the overall mechanical performance test for
external-fixation frames specified in the bone pin connector
mechanical test methods of YY/T 1782-2021 “Mechanical



Equivalent stress and total deformation values of each mode.

Mode Total deformation (mm) ‘ Equivalent stress (MPa)

Maximum Minimum Average ‘ Maximum Minimum  Average
Femoral/tibial fixation 4.99 0 1.61 952.52 9.55x 1078 13.48
Elbow joint fixation 16.95 0 7.50 377.84 249 x 1071 6.03
Knee joint fixation 4.59 0 1.54 678.11 2.65x 10710 597
Ankle joint fixation 11.03 0 3.75 680.72 1.72 x 1079 9.84
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external fixation frame

(d) Femoral Fixation

Prototype of the external fixed frame.

testing methods for orthopaedic external-fixation frames”, a
simulated fracture model was created, and the external fixa-
tor was mounted on a test rod and secured on the test bench to
evaluate the global mechanical performance of the construct,
as shown in Fig. 7a.

The external fixator was installed on a bone surrogate test
rod, and axial and torsional loads were applied, respectively.
The results are shown in Fig. 8b and c. Under axial loading,
when the relative displacement at the fracture site exceeded
3 mm, the applied load was 274.2 N, corresponding to a stiff-
ness of 95.2Nmm™"!. In the torsion test, when the relative
rotational angle at the fracture site exceeded 30°, the applied
torque was 14.6562 N m.

These mechanical test results indicate that the external fix-
ator provides mechanical performance sufficient to meet clin-
ical fixation requirements.

In addition, the prototype of the newly developed external-
fixation system was compared with a currently marketed and

{b) Knee joint Fixation

(e) Tibial Fixation

(c) Elbow joint Fixation

(f) Ankle joint Fixation

clinically used imported single-arm external-fixation system
(Orthofix) of the same type. Mechanical tests were per-
formed using the same methods, and the results are shown
in Fig. 8. When the relative displacement at the fracture site
exceeded 3 mm, the applied load for the Orthofix external
fixator was 237.63 N, corresponding to a structural stiffness
of 72.4N mm~!. When the relative rotation angle at the frac-
ture site exceeded 30°, the applied torque for the Orthofix
external fixator was 10.4025 N m.

A comparison of the mechanical test results between the
prototype and the Orthofix system indicates that, under both
axial loading and torsional loading, the mechanical perfor-
mance of the proposed external-fixation prototype is slightly
superior to that of the imported Orthofix single-arm external-
fixation system.
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Figure 8. Mechanical test of Orthofix single-arm external fixator.

5.3 Animal experiment

To evaluate the fracture fixation performance of the proposed
external fixator, an animal experiment using a Beagle dog
lower-limb fracture model was designed and conducted. Per-
cutaneous pin placement was employed for temporary fix-
ation to assess the stabilization effect of the external fixa-
tor on a canine femoral fracture model. In addition, a distal
traction-loading test was performed to evaluate and compare
the anti-traction load capacity of the external fixator, while
the relative displacement of the fracture ends was measured
with the assistance of X-ray imaging.

Three adult male Beagle dogs (n =3), weighing 10.3,
11.3, and 11.5kg, were used in this study. All animal ex-
periments were conducted in accordance with the National
Institutes of Health (NIH) guidelines for the care and use of
laboratory animals and were approved by the Ethics Commit-
tee for Experimental Animals of Naval Medical University
(approval number). A control group was also established us-
ing a commercially available and clinically applied external
fixator of the same type (Orthofix, n = 3).

https://doi.org/10.5194/ms-17-453-2026

Displacement (mm)

Angular displacement (%)

Due to the limited bone size of dogs, both the experimental
group and the control group adopted a trans-knee external-
fixation configuration. In the control group, the left or right
limb was randomly selected for fracture fixation, as shown
in Fig. 9. During the experiments, the relative displacement
of the fracture ends was measured under X-ray guidance, and
the anti-traction performance of the prototype and the control
external fixator under axial-traction loading was compared.

After model creation, fracture reduction, and fixation,
axial-traction loads of 1.5, 3, 4.5, 6, 7.5, and 9kg were se-
quentially applied to the distal end of the fracture. A portable
X-ray imaging system was used to capture fracture- end
displacement under each loading condition, and the corre-
sponding relative displacement values were measured and
recorded. External-fixation failure was defined as a relative
fracture end displacement exceeding 3 mm.

Statistical analysis was performed using SPSS 24.0 (IBM,
USA), and comparisons between the two groups were con-
ducted using a paired ¢ test. As shown in Fig. 10, when the
axial-traction load was greater than or equal to 4.6 kg, the rel-
ative displacement at the fracture ends in both the prototype

Mech. Sci., 17, 453-467, 2026
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(c) Preoperative X-ray image showing normal anatomy of the dog's lower limb
(d)X-ray image of the dog's femoral shaft fracture model with complete transection
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Figure 9. Axial-traction comparison experiment of external fixators.
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Figure 10. Results of the axial-traction resistance experiment (ns — not statistically significant; * — statistically significant (p < 0.05)).
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group and the control group gradually exceeded 3 mm. No
statistically significant difference was observed between the
two groups in terms of the traction load at which external-
fixation failure occurred (p > 0.05), indicating that the pro-
totype and the control external fixators exhibited comparable
performance in resisting axial-traction loads and maintaining
limited temporary fracture stability.

With further increases in traction load, the fracture end dis-
placement in the prototype group tended to be smaller than
that in the control group, suggesting that the prototype may
provide enhanced stability under higher loading conditions
and may help reduce the risk of pronounced fracture dis-
placement under large axial loads.

This paper aims to solve the problems of the traditional ex-
ternal fixator, such as a single fixed dimension, limited appli-
cation range, long fixation time, and heavy weight. A single-
function external fixator is unable to meet the various needs
of fracture fixation in scenarios involving a large number of
injured patients. Therefore, this paper proposed a reconfig-
urable external fixator based on a seven-link mechanism. The
configuration of the seven-link mechanism was comprehen-
sively analysed, and a configuration design was proposed.
A human-fixator coupled biomechanical model was estab-
lished, and finite-element analysis was conducted to analyse
the mechanical and stability performance of fractures in five
typical reconfigurable configurations under an axial load of
1500N and a torsional load of 15N m. The finite-element
simulation mechanical analysis shows that, under the action
of 1500 N axial load and 15N m torsional load, all config-
urations can control the relative displacement of the frac-
ture ends within the clinical allowable range, and the overall
structure remains stable. Subsequently, the performance, me-
chanics, and fixation time of this reconfigurable external fixa-
tor were compared with those of the single-function external
fixator, and, finally, a comparative experiment was conducted
based on dogs to verify. When the relative displacement of
the fracture end reaches 3 mm, the load required by this re-
configurable external fixator is 274.2 N, and the correspond-
ing structural stiffness is 952N mm~!, both of which are
higher than those of the Orthofix external fixator (237.63 N,
72.4Nmm™"); when the relative rotation angle of the frac-
ture end reaches 30°, the required torque is 14.66 N m, which
is also superior to the control device. The comparison results
of fixation time further indicate that the overall fixation time
of this system is less than 10 min, significantly shorter than
that of the traditional single-function external fixator. The re-
sults of the dog cross-knee joint experiment verified the fixa-
tion stability of this external fixator under axial-traction load
at the experimental level.

Overall, the seven-link reconfigurable external fixator pro-
posed in this paper achieves rapid adaptation in multiple di-

mensions, multiple postures, and multiple fracture scenar-
ios while ensuring structural stability and fixation reliability.
By integrating multiple fixation modes into a unified topo-
logical framework, this design reduces the reliance on in-
strument replacement and module reconfiguration in emer-
gency scenarios to a certain extent, providing a new struc-
tural path for improving the efficiency of temporary frac-
ture fixation under complex conditions. At the same time,
beyond its direct clinical application value, this study also
demonstrates the feasibility of introducing reconfigurable
mechanism concepts into orthopaedic external-fixation sys-
tem design. Although reconfigurable and multi-mode mecha-
nisms have been widely studied in robotics, deployable struc-
tures, and adaptive mechanical systems, their application in
external-fixation devices remains relatively underexplored.
Therefore, the proposed seven-link reconfigurable external
fixator can also be regarded to be a new application case
of reconfigurable mechanism theory in medical engineering,
which helps extend the application scope of reconfigurable
mechanism design in orthopaedic fixation systems.
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