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Extramedullary devices are used extensively to stabilize fractures in long bones. The type of
pin–bone anchorage is a determining factor in ¯xation properties, which di®er between

mono-cortical and bi-cortical stabilizations. This computational study compares the e®ects of

mono-cortical and bi-cortical pins of a unilateral uniplanar external ¯xator on the construct

sti®ness, the early phase of bone healing, and pin loosening. Eight ¯nite element models were
established for a simple transverse tibia fracture, treated with a unilateral uniplanar external

¯xator with surgical variations in the pin-bone anchorage. Each model was subjected to a

partial body weight, and axial sti®ness was calculated. A deviatoric strain-based mechano-
regulation algorithm was applied, and tissue di®erentiation in the callus was predicted. Finally,

a strain-based failure criterion was employed to assess the risk of pin loosening. The axial

sti®nesses of bi-cortical structures were slightly larger than the results of the mono-cortical sets.

Regardless of the number of pins, bi-cortical systems produce a more uniform distribution of
di®erentiated tissue than the corresponding mono-cortical constructs. Finally, both mono-

cortical and bi-cortical groups held the critical strains of the pin–bone interface within the

acceptable ranges and provided a protected construct against the risk of pin loosening. Based on

the ¯ndings of this study, mono-cortical pins could be considered potential alternatives to
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bi-cortical ¯xations at the early stage of healing. Nevertheless, successful management of
diaphyseal fracture through mono-cortical ¯xation needs to be assessed in further studies over

the full period of healing.

Keywords: Tibial diaphyseal fracture; unilateral-uniplanar external ¯xator; mechano-biology of

bone healing; mono-cortical pins; bi-cortical pins; pin loosening.

1. Introduction

Tibial fracture accounts for a signi¯cant proportion of long bone fractures, a high

percentage of which occurs as open fractures.1,2 Surgical interventions for ¯xating

these fractures should overcome many challenges, including the risk of implant

failure, infection, instability, bone malalignment, impaired healing, and re-fracture

after implant removal.3 External ¯xation is among the common osteosynthesis mo-

dalities employed for anatomic alignment and stabilization of open or severe closed

fractures.4–6 Since the external ¯xators are placed outside the extremity, the fracture

could be immobilized without the need for open reduction.7,8 The incision made

during the surgery is limited, and the blood supply to the fracture site is less dis-

turbed.9 In this circumstance, external ¯xation is a suitable treatment for patients

who cannot endure an open procedure or su®er from hemodynamically unstable

conditions.2

The most common external ¯xator for treating long bone fractures is the uni-

lateral-uniplanar frame, which includes a side connecting rod with bi-cortical Schanz

pins and clamps.8,10 Despite its extensive clinical usage, bi-cortical ¯xation su®ers

from several devastating complications. Bi-cortical Schanz pins penetrate the near

and far cortices and pass through the medullary canal, thus causing damage to the

vascular network.4 In bi-cortical ¯xation, drilling the second cortex by self-drilling

pins may destroy the threaded entrance formerly prepared at the ¯rst cortex.11

Moreover, bi-cortical ¯xations increase the risk of thermal damage to the sur-

rounding tissue and the bone itself.12 What is more, bi-cortical pins make secondary

surgeries problematic for cases with a two-step surgery scenario. In late cases, a

primary external ¯xation is followed by an internal surgery via plating or intrame-

dullary nailing as the de¯nitive treatment. As for the secondary surgery via nailing,

bi-cortical pins must be pulled back to let the nail pass through the medullary canal,

which increases pin loosening and infection risks.8 Therefore, there has been an

emerging trend in recent orthopedic biomechanics literature toward using mono-

cortical constructs as alternatives to bi-cortical ones.8,12–14

Previous studies have shown mono-cortical ¯xation systems performed compa-

rably to the bi-cortical systems, in terms of structural strength, static stability, and

dynamic durability.4,8,13 However, quantitative mechano-biological aspects of ex-

ternal ¯xation under di®erent pin–bone anchorages have not been investigated yet.

The objective of this study is to assess the axial sti®ness, risk of pin loosening, and

healing outcome of unilateral-uniplanar external ¯xator of various pin arrangements

¯xed by mono-cortical or bi-cortical pins in the treatment of the tibial diaphyseal
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fracture. To this end, by employing ¯nite element-based computational modeling, a

mechano-regulatory algorithm of bone healing and a strain-based failure criterion

were adopted to predict tissue di®erentiation and pin loosening at the early phase of

the repairing process, respectively.

2. Materials and Methods

Two groups of FE models were generated to compare healing outcomes and pull-out

strength in the early postoperative phase: mono-cortical and bi-cortical. Each group

comprised four models ¯xed by 2, 4, 6, and 8 pins (Fig. 1). Although external

(a)

(c) (d)

(e)

(f)

(b)

Fig. 1. (a) The bi-cortical group includes 2BiC, 4BiC, and 6BiC; (b) the mono-cortical group includes
2MoC, 4MoC, and 6MoC; (c), (d) illustrate vertical downward load acted on the proximal end, and

restrained boundary condition at the distal end of a sample construct with eight pins: 8BiC and 8MoC.

Distance of the nearest pin to the fracture site, the distance between consecutive pins, and rod elevation

were labeled as X, Y, and Z, respectively; (e) a zoomed view of ¯nite element mesh generated on the tibia,
rod, and pin; and (f) discretized model of central callus composed of endosteal and intercortical regions.
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con¯guration with only one pin per segment is not a clinically viable option, it was

considered to get a bigger picture of the trends. Throughout this paper, two terms,

nMoC and nBiC, were de¯ned for brevity, where n represents the number of pins,

MoC stands for mono-cortical, and BiC means bi-cortical. The di®erent numbers of

the pin were intentionally examined in this study to consider their e®ect on the

sti®ness, pin loosening, and healing responses of MoC/BiC groups.

A series of 681 computed tomography (CT) images of a 27-year-old healthy

woman's left tibia was procured, processed, and converted into point cloud (txt ¯le

format) using Mimics Innovation Suite software (V21, Materialise, Belgium). The

point cloud ¯le was transferred into the computer-aided design software of Catia

(V5. R21, Dassault Syst�emes, France) to build a three-dimensional solid model of the

intact tibia. Subsequently, a simple transverse fracture with a gap size of 3mm was

embedded in the mid-diaphyseal region of the tibia model according to AO/OTA

classi¯cation (42-A3). The geometric model of the external ¯xator was established

using speci¯cations given in the implant manufacturer catalog (DePuy Synthes Co.,

Ltd, New Brunswick, CA, USA). Accordingly, pins with 5mm diameter and 100mm

length and the rod with 8mm diameter and 350mm length were designed, assem-

bled, and virtually installed on the anteromedial side of the tibia model. The pin

threads were neglected for simpli¯cation, but their mechanical and biomechanical

e®ects were considered in the boundary constraints.15 Pins in the MoC group pen-

etrated just into the ¯rst bone cortex near the rod, while in the BiC group, they

inserted up to the second cortex, far from the rod. The transverse distance of 50mm

was set between the tibial anatomical axis and the longitudinal axis of the rod. The

distance between the ¯rst pin and the fracture site and between two consecutive pins

was 25mm and 30mm, respectively. Furthermore, the number of pins was kept

identical for proximal and distal fragments of the broken bone.

Since the external periosteal callus does not form at the early stage of healing,16

only the central callus was simulated in this study, which represented endosteal

and intercortical regions. The geometric models were then imported into Abaqus

(V6.14-5, Dassault Syst�emes, France) to generate the volumetric mesh. The mesh

veri¯cation test was carried out using the strain and sti®ness criteria, and the op-

timum mesh size for the callus converged at 1mm, while bone, pin, and rod con-

verged at 2mm. Table 1 summarizes mesh characteristics for each part in the FE

model.

After that, the volumetric mesh was imported into Mimics again to assign the

material properties to each bone element. A Houns¯eld Unit of 700 was employed to

segment cortical and cancellous bone tissue contours in CT images.19 The pin and

rod were considered to be made of stainless steel. All materials were homogeneous

and isotropic with linear elastic mechanical behavior. Material properties of the bone

and implant components are given in Table 1.

The remaining FE analysis pre-processing phases were carried out in Abaqus. The

fully bonding tie constraints were implemented for describing the interactions be-

tween all surfaces in contact, i.e., pin–rod, pin–bone, and callus–bone interfaces.

T. Bayat et al.

2350101-4



Applying the tie constraint is an adequate analytical alternative to compensate for

neglected threads and clamps' mechanical and biomechanical e®ects. According to the

AO guideline, a vertical downward load case that equals 20% of bodyweight for a 75 kg

patient was applied as a uniform pressure on the proximal end of the tibia to simulate

partial weight-bearing during early post-surgery rehabilitation practice.20 All degrees

of freedomwere constrained at the distal end of the tibia to prevent rigid body motion.

Initially, the entire fracture gap was ¯lled with granulation tissue. The axial

sti®ness of each case was determined as the ratio of axial load (i.e., the partial body

weight) to interfragmentary axial displacement at the fracture site. To monitor the

early di®erentiation of granulation tissue, the deviatoric strain-based mechano-reg-

ulation algorithm was used. The algorithm has been indirectly validated for pre-

dicting the course of normal fracture healing.21 Accordingly, the deviatoric strain

("d) acts as the mechanical stimulus inside the callus and characterizes the new tissue

phenotype (Table 2),21 and de¯ned as follows:

"d ¼
2

3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð"1 � "2Þ2 þ ð"1 � "3Þ2 þ ð"2 � "3Þ2

q
; ð1Þ

where "1, "2, and "3 indicate the three principal strains at each callus element.

A custom Python script was developed to calculate the element-wise deviatoric

strain and subsequently attribute a new tissue type to each callus element.

Table 2. Properties and tissue phenotypes of callus elements are classi¯ed according to the

deviatoric strain theory.21

Deviatoric strain % ("d) Tissue type Young's modulus (MPa) Poisson's ratio

"d ¼ 100 Granulation tissue 1 0.167

5 � "d < 100 Fibrous 1–5 0.167

2:5 � "d < 5 Cartilage 5–500 0.167
0:05 � "d < 2:5 Immature bone 500–1000 0.325

0:041 � "d < 0:05 Intermediate bone 1000–2000 0.325

0:005 � "d < 0:041 Mature bone 2000–6000 0.325

"d < 0:005 Resorption ��� ���

Table 1. Mesh characteristics and material properties in the FE model.

Part Young's modulus (MPa) Poisson's ratio Element type

Cortical bone 17,000a 0.3a C3D10c

Cancellous bone 700a 0.2a C3D10
Rod 200,000 0.3 C3D4d

Pin 200,000 0.3 C3D8e

Callus 1 (refer Table 3)b 0.167 (refer Table 3)b C3D10

aRefer Ref. 17.
bRefer Ref. 18.
cTen-node quadratic tetrahedral.
dFour-node linear tetrahedral.
eEight-node linear brick.
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Finally, a strain-based failure criterion was adopted to check the potential for

bone yielding at the pin–bone interface and the initiation of pin loosening under

partial body weight. Accordingly, the tensile and compressive yield strains were

assumed to be 0.5% and �0.7%, respectively.22

3. Results

3.1. Axial sti®ness

The axial sti®ness of the bone-external ¯xator construct for BiC and MoC ¯xation

groups is demonstrated in Fig. 2 for di®erent numbers of pins (n ¼ constant). The

axial sti®ness in the BiC group is slightly higher than that attained with the

equivalent model in the MoC ¯xation. The mono-cortical external ¯xator reached

the lowest axial rigidity using two pins (n ¼ 2). Furthermore, it was found that the

axial sti®ness increased with the number of pins considerably when moving from

n ¼ 2 to n ¼ 4 pins.

3.2. The average Young's modulus (Eavg)

The element-wise Young's moduli resulted at the initial stage of healing averaged

over the callus domain in di®erent FE models are shown in Fig. 3. Eavg in the BiC

group is higher than the MoC group for each n. For both BiC and MoC groups

investigated, increasing the number of pins caused Eavg to rise in the callus. The

highest Eavg was found in the 8BiC con¯guration, while the lowest Eavg was at-

tributed to the 2MoC con¯guration.

3.3. The pattern of tissue di®erentiation

During the early stages of bone repair, healing domains in all numerical model

variations were turned into tissue with Young's moduli between 1Mpa and 5MPa,

Fig. 2. The overall axial sti®ness for eight FE models in BiC and MoC groups.
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corresponding to the range of ¯brous tissue phenotype (Fig. 4). For all the con¯g-

urations investigated, Fig. 4 discloses that the highest and lowest Young's modulus

regions were produced at the near and far cortex, respectively.

The deformed shape of the bone-¯xator structure due to axial force with a scaling

factor of 11 is shown in Fig. 5. For all specimens, the displacement of the fracture site

toward the far cortex is greater than that of the near cortex, which a®ects the callus

tissue di®erentiation.

Fig. 4. Young's modulus (MPa) contour plot in callus for ¯xation models: (a) 2BiC, (b) 4BiC, (c) 6BiC,
(d) 8BiC, (e) 2MoC, (f) 4MoC, (g) 6MoC, and (h) 8MoC.

Fig. 3. The average Young's modulus of callus elements in eight FE models in BiC and MoC groups.
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3.4. The uniformity of tissue di®erentiation

The uniformity in tissue di®erentiation was evaluated by calculating the di®erence

between the maximum (Emax) and minimum (Emin) Young's moduli at the repair

tissue and is reported as Edif in the last row of Table 3. A lower value of Edif indicates

more uniform tissue di®erentiation. The BiC ¯xation resulted in a slightly more

uniform di®erentiation than the MoC ¯xation for each n. For n ¼ 4, 6, and 8 pins,

Edif was below 0.4MPa across all tested groups. In contrast, at n ¼ 2, Edif exceeded

1MPa.

3.5. The risk of pin loosening

Figure 6 shows the distributions of maximum principal strain (top row) and mini-

mum principal strain (bottom row) in the bone segments. The highest principal

strains arise at the pin insertion sites near the fracture zone, as identi¯ed by a

4-point star.

Figure 7 shows that under the axial load of 20% of the body weight, which

resembled the partial body weight in the initial days after surgery, neither bi-cortical

Table 3. Di®erence between the minimum and maximum Young's modulus among the callus

elements.

Young's modulus (E) 2BiC 2MoC 4BiC 4MoC 6BiC 6MoC 8BiC 8MoC

Emin (MPa) 3.524 3.519 4.271 4.264 4.293 4.286 4.297 4.283

Emax(MPa) 4.527 4.53 4.669 4.663 4.667 4.661 4.666 4.657

Edif (MPa) 1.003 1.011 0.398 0.399 0.374 0.375 0.369 0.374

Fig. 5. Near and far cortex callus elements realize di®erent displacements due to the bending induced in

the fractured bone.
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nor mono-cortical groups reached the maximum allowable tensile or compressive

strains at the pin–bone interface. Meanwhile, bi-cortical cases show lower interfacial

strains than mono-cortical cases. For both BiC and MoC groups, the critical strain

decreased as the number of pins was increased.

(a) (b) (c) (d) (e) (f) (g) (h)

(i) (j) (k) (l) (m) (n) (o) (p)

Fig. 6. The top row shows the maximum principal strain distribution in the bone for (a) 2MoC, (b) 2BiC,

(c) 4MoC, (d) 4BiC, (e) 6MoC, (f) 6BiC, (g) 8MoC, and (h) 8BiC. The bottom row shows the minimum

principal strain distribution in the bone for (i) 2MoC, (j) 2BiC, (k) 4MoC, (l) 4BiC, (m) 6MoC, (n) 6BiC,
(o) 8MoC, and (p) 8BiC. The 4-point star indicates the critical location.
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4. Discussion

Comminuted fractures associated with soft tissue injury and high contamination

should be ¯xed immediately to minimize post-traumatic complications.23 In these

cases, external ¯xators are used as temporary or de¯nitive treatment.24,25 This nu-

merical study aimed to assess the biomechanical and mechano-biological distinction

between the bi-cortical and mono-cortical groups of varying pin con¯gurations to

treat diaphyseal tibial fractures using unilateral-uniplanar external ¯xators.

This study shows that the BiC ¯xations are more conducive to higher axial

sti®ness than the MoC designs (Fig. 2). It stands to reason that the pins in BiC

¯xation are anchored at two cortices, and bone fragments are displaced less than the

MoC group under the applied load. The ¯nding for the relation between the anchored

length of the pin and the construct sti®ness is consistent with the current literature.

Varady et al.8 performed a clinical test on the porcine tibia ¯xed by an external

¯xator and came to the same conclusion. Ochman et al.26 used locking and

(a)

(b)

Fig. 7. The maximum strain at the pin–bone interface in the initial days after surgery: (a) tensile and

(b) compressive.
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nonlocking plates to treat metacarpal fractures in domestic pigs and showed that the

axial sti®ness provided by mono-cortical screws is smaller than bi-cortical types. As

well, the results observed by Bonner et al.27 in treating the distal tibial extra-ar-

ticular fracture were similar to those found here. Of note, the axial sti®ness obtained

for the MoC system was slightly smaller than the BiC, but both are in the same range

(Fig. 2). This result correlates well with that seen in the in vitro experiment by

Mladenovic et al.4 who found that external ¯xators mounted by uni-cortical and

Schanz pins almost exhibit the same stability in the mediolateral direction. The same

conclusion was also reported in studies of other extramedullary devices that showed

no remarkable di®erence in construct sti®ness comparing the use of bi-cortical and

mono-cortical screws.28,29 Although adding pins makes the construct sti®er, more

than four pins did not substantially improve the sti®ness (Fig. 2). Even though there

is always a tendency to employ more pins to create a more stable construct, it should

be kept in mind that increasing the number of pins elevates the risk of infection

around the pin insertion area.8

Figure 3 indicates that the mean Young's modulus of the tissue obtained

throughout the callus increases by adding pins and enhancing the sti®ness of the

construct. This e®ect is rooted in the coherence between the construct sti®ness and

the pathway of bone healing applied by the mechano-regulation theory used in this

study.30 Accordingly, the negligible di®erence between the axial sti®ness of MoC and

BiC groups (Fig. 2) is projected onto the mean Young's modulus of corresponding

di®erentiated tissue. The most noticeable di®erence was found between the ¯xators

with 2 and 4 pins, which can be explained by the axial sti®ness reported for these two

models (see Fig. 2).

Fibrous tissue produced at the fracture gap in all models indicated that granu-

lation tissue elements experienced high magnitudes of mechanical stimuli at the

initial stage of healing (Fig. 4). This result is con¯rmed by the ¯ndings of other

studies, which showed that mechanical stimulus is higher at the central callus, and

¯brocartilage tissue is expected to emerge at the early stage of healing.30–32 In ad-

dition, Fig. 4 shows that for a similar number of pins, the distribution of Young's

modulus throughout the callus is accordant in both MoC and BiC cases, given the

identical mechanical sti®ness provided by both ¯xation systems.

Although the entire construct is under an axial downward load, an asymmetric

con¯guration and sti®ness mismatch between implant and bone induce bending at

the fracture site (Fig. 5). In this circumstance, the neutral axis is moved outside the

bone section, close to a component with higher sti®ness, i.e., the external ¯xator.

Because of this factor, callus elements far from the neutral axis tend to be displaced

higher than near-cortex elements close to the neutral axis (Fig. 5). Based on the

mechano-regulation algorithm of bone healing employed in this study, the di®erence

in axial displacements leads to regions with higher and lower Young's modulus at

near and far cortices, respectively (Fig. 4). The ¯ndings of this study correspond to

those of Bottlang et al.,33 who conducted a histological evaluation of fracture healing
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in a sheep tibia and found that minimal gap motion at the near cortex suppresses

¯bro-cartilage callus formation.

The results of tissue regeneration comparing di®erent pin con¯gurations dem-

onstrate that at least four pins are required to achieve a uniform di®erentiation and

an even distribution of tissue phenotypes across the callus (Table 3). Besides, it can

be observed that changing the MoC to BiC ¯xation did not substantially improve the

uniformity of biological response throughout the callus.

The location of maximum strain in the bone indicates that the loosening of pin

contact with the surrounding bone mostly initiates from the entrance holes near the

fracture site (Fig. 6). Our ¯nding concerning the critical pin location is consistent

with those of previous studies, which found that the pin–bone interface at the en-

trance site in the vicinity of the ¯rst fastener demonstrates the most proximity to

yielding.22,34 Nonetheless, Figs. 7(a) and 7(b) show that during the ¯rst days after

the insertion of pins, the bone strain around the pins do not go beyond the yield level,

and subsequent pin loosening for either group BiC or MoC would not be a matter of

concern. However, the smaller interfacial strain in bi-cortical groups indicates that

their holding power in compact bone persists longer than in mono-cortical pins.

Furthermore, as shown in Figs. 7(a) and 7(b), increasing the number of pins reduces

the critical strain at the pin–bone interface due to the larger contact area. This can

decrease the extent of localized bone yielding and the risk of subsequent pin loos-

ening. Our ¯nding con¯rms the results of previous studies, in which the volume of

yielded bone and ¯xation instability were substantially reduced by employing

extra pins.22,35

The present computational research incorporated some assumptions and limita-

tions that should be considered when interpreting the results. First, the models did

not realize the pins' threads but assumed smooth surfaces tied to the bone tissue at

pin–bone interfaces. Considering the fair corroboration that the FE model showed

with previous research, this simplifying assumption was inappreciable. Therefore, it

cannot be regarded as a signi¯cant source of error in the sti®ness determination and

mechanobiological part of this study. Nevertheless, the local e®ects of pin threads on

the strain distribution across the bone cortices await further studies. Second, this

study utilized the FE bone model of a healthy adult tibia, which exhibited a dense

cortical thickness and did not su®er from osteoporosis. However, the complication of

pin loosening depends on the quality of pin–bone interaction and could be exacer-

bated in patients with skeletal disorders, where the risk of cortical bone thinning is

escalated.36 Therefore, comparing the BiC and MoC ¯xations in pin loosening

requires a deeper consideration of bone quality. The third parameter that can in-

°uence the analyses of this study was the simple transverse fracture geometry with

perfectly °at surfaces and a gap size of 3mm. A broader study that considers the

fracture severity and complexity, e.g., oblique, butter°y, and comminuted fractures

with irregular shapes and various gap sizes, could increase the robustness of the FE

models and the accuracy of the predicted healing. Fourth, healing simulations were

limited to the immediate phase, in which the granulation tissue presents at the
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fracture gap. According to Nourisa and Rouhi,37 we concluded that this limitation

does not invalidate the overall reliability of the current results. They showed that the

predicted tissue phenotype in the early bone healing stage correlates with the ulti-

mate healing outcome. Nevertheless, extending the investigations to the entire course

of healing and implying periosteal callus formation may likely yield a more rigorous

comparison between BiC and MoC ¯xations. Finally, this study was limited to

monitoring the tissue di®erentiation and failure of the pin–bone interface under the
axial downward load of 20% body weight, which was applied as a uniform pressure.

However, it is known that the partial body weight is transmitted to the tibia through

the knee joint and is shared between medial and lateral condyles by 60% and 40%,

respectively. Evaluating the strength and stability of the mono- and bi-cortical

constructs subjected to higher loads and various loading scenarios applied at the

actual locations may contribute to more accurate results.

5. Conclusion

The results of this study at the initial stage of healing indicated that MoC ¯xation is

almost equivalent to BiC ¯xation in treating transverse tibial diaphyseal fractures

under the unilateral-uniplanar external ¯xator. Furthermore, the absence of bone

yielding and subsequent pin loosening in the MoC cases recommended them as stable

fracture ¯xations in the immediate postoperative days. It appears to be a promising

alternative to shift toward using MoC pins in the external ¯xators to discard the

potential drawbacks of BiC ¯xations, e.g., deep infection, damage to surrounding

tissues, and high amount of heat by passing through the bone cortices. Nonetheless,

to transfer the ¯ndings of this study to a clinical arena, further examinations should

be made for BiC versus MoC constructs based on other aspects of safe and satis-

factory ¯xation, which were not addressed here.
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