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Most carpal bone fractures occur in the scaphdnis Work is aimed at finding the most
suitable size of NiTi shape memory alloy (nitinolaes to heal scaphoid fractures by
comparing two commercially available compressiomplstg (DynaClip™ Bone Fixation
System, 1810 and 1414 mm). In the present study the scaphoid bone elasted for si-
mulating a model in SolidWorks software. To accuyatevestigate the effect of staple
size on the bone the scaphoid was assumed to breelétyer composite structure con-
sisting of collagen and mineral crystals. The stistributions along a path located at the
waist of the scaphoid were assessed. The finiteegieanalysis was carried out in ABAQUS
software based on the nitinol staple shape memdegctednd super-elasticity behavior.
The results indicated that the smaller size oflesapduced a more significant stress on
the central zone of the scaphoid, whereas the |aigerof staples showed a peak stress
concentration on the peripheral zones with a redwwtszss concentration at the center.
Hence, it is suggested to utilize the two of thesplss in different orientations or in
parallel with each other to improve the biomechdrbehavior of the regenerated bone.

Keywords: bone fracture, bone healing, shape memory NiTi attgple, finite element,
scaphoid, simulation.

OCKiIBKH TIEpeJIOMH 3all’ ICTHUX KICTOK Haivacriiie BifOyBarOThCS B UYOBHOMOMAIOHIM
KiCTIi, 30iHCHEHO MOIIYK HAaMBiAMOBIAHIIIOr0 po3mipy ckob 3i crutaBy NiTi (HiTHHOMY) 3
edexrom mam’ siti popmu 1t ix 3pomenst. [lopiBrsHO ABi Kommpeciiini ckobu (DynaClip™
Bone Fixation System, ¥20i 14x14 mm).3 nonomororo nporpamu SolidWorkscreope-
HO MOJieNb, o0 JeTaabHO BUBYHTH BIUIUB PO3Mipy CKOO Ha KiCTKy. BBaxkany, 110 4OBHO-
MoJ1i0Ha KiCTKA € TPUIIAPOBOK KOMITO3UTHOK CTPYKTYPOIO, SIKa CKJIAIAETHCS 3 KOJIAareHYy
MeTtos CKIHYECHHHX €JIEMEHTIB pealli3yBaHO 3a JOMOMOTOK MPOTPaMHOIo 3a0e3neucHHs
ABAQUS Ha 0CHOBI HITHHOJIOBHX KOO 3 epekToM mam’ ATi GopMH 1 HAXIPYKHUX PEXKU-
MiB. BCTaHOBIICHO, 110 32 MEHILIOTO PO3Mipy CKOO BiAYYTHIllIE AiOTH HANPYXKCHHS Ha
LEHTPAJIbHY 30HY KICTKHU, TOAI SIK 3a OLIBIIOr0 — KOHIEHTPYIOThCS Ha nepudepiiinux 30-
Hax. ToMy 3anmpOINOHOBAaHO BUKOPUCTOBYBATH 1li CKOOM B Pi3HUX Opi€HTaIlisX abo mapa-
JIETIBHO OJHA 10 OJHOI, 11100 MOMIMIUTH 6i0MEXaHIYHY IOBEAIHKY PET€HEPOBAHOI KICTKU.

Kniouosi cnoea: nepenom xicmxu, 3powents Kicmku, cniae 3 egpekmom nam’ ami popmu
NiTi, cxoba, cxinuennuii enemenm, 406HONOIOHA KicMKA, MOOEAIOBAHHSL.

Introduction. Shape memory alloys (SMAs) have been used imtetecades in
different applications such as automotive, aeraspaicd medicine [1]. The most popu-
lar SMA is nickel-titanium alloy (NiTi alloy, alsknown as nitinol) [2]. Two distincti-
ve properties of nitinol arshape memory effect and super-elasticity. The dbijyatf
these materials to recover their initial shaperdféeng subjected to large strains lies in
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the aforementioned properties, making them a pofitenaterial [3]. SMAs have two
phases called martensite (cold phase) and austgmtephase). The shape memory
effect and super-elasticity of the SMA materialadego the recovery of their initial
shape after large strains, which emerge as a rektlitese two-phase shifts in which
the crystal structures are rearranged [3, 4]

In addition, the biocompatibility of nitinol has o it an attractive material in
biomedical fields. This material found applicatidnsvascular and nonvascular stents,
orthopedic fixations, orthodontic wires, and eaplants [5, 6]. One of the most famous
NiTi devices in orthopedic applications is the Eawhich is a common method of fixing
fractures in small bones. Some examples of usitigohistaples are scaphoid fractures,
inter-carpal fusion, patellar fractures, ligamexafion, facial fractures, and spinal pro-
cedures [7]. One of the advantages of using bamestinstead of other fixation methods
is that they reduce the time and difficulty of ssmg cause no stress shielding, unlike
other fracture fixation devices, and lead to miribwane tissue damage caused by perfora-
tion. The staple applies a compression force adiesgractured segment, increasing
the pace of bone fracture healing by preventingaessive amount of movement in
the healing process [8, 9]. Nitinol staples prodhesadequate compression needed for the
assimilation of the fracture sites [9]. Since thaphoid is the most frequently fractured
carpal bone, scaphoid fractures are the pointafdon the present study.

It is still unclear how staple size affects thenbézhanics of fractured bones as well
as the speed and quality of healing. Investigat@mmbone staples have been primarily
conducted in laboratories. The main issues witloriry experiments are their costs
and the differences in conditions that may occuedch experiment. The factors like
bone or bone substitute properties, staple matsi@ponents, fabrication defects, and
mechanical behaviors of bone and staple are ndattlgxalike in every experimental
test. Their footprints can be seen in the resdlth® tests, making them less accurate.
The mentioned problems could be minimized by désigand simulating the exact bone
and staple in SolidWorks and ABAQUS software. la gast, the mechanical behavior
of amodel was defined and known through repetitive erpnts and prototyping. To
decrease the time and increase the accuracy déste finite element analysis (FEA)
has been developed [3]. Fortunately, current coroiaér available software can be
considered suitable platforms for simulating analy@ing SMA-made models. ABAQUS
is famous FEA software that can analyze the stadsdisplacement produced by the
staple and distributed in the scaphoid waist asthgle tries to regain its initial shape.
SolidWorks software was used to design the forthefstaple and scaphoid anatomy.

Moreover, using a computer simulation, it is easied more cost-effective to
optimize the size of the staples based on theméahanical behavior and mechanical
properties. The staple size can affect the stres®uar in the position of the fracture.
Stress can affect the process of bone healing BJ0Moreover, the bone configura-
tion and mechanical properties are other factas dirtermine the stress concentration
areas and stress contour on the fracture surfa¢kelpresent study, the specific confi-
guration and properties of the scaphoid were sitedl&o investigate the biomechanics
of nitinol bone staples on cubic bone simulatichs9]. The objective of this study is
to compare the stress distribution patterns of different sizes of nitinol staples to
find the best staple size for scaphoid fracturation.

Modeling and simulation. To mimic natural scaphoid fracture fixation, a
complete modeling of the scaphoid bone and twoledaf®ynaClip™ Bone Fixation
System, 1810 and 1414 mm) in different sizes, suitable for scaphogtfures, was
performed based on DynaClip catalog data [19].

For modeling the scaphoid, a human scaphoid baoen(the Iran University of
Medical Science) was used, and 16 pictures werkiepfrom the bone every 22.5
(Fig. 1). These pictures were then utilized to mdkde exact shape of the scaphoid in
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SolidWorks. The size of the scaphoid, moreover, taken from an experiment finding
the mean size of the scaphoid from 14 cadaver siéplones [3].

Bottom /

.

Fig. 1. Scaphoid bone images, captured from thebee at every 22°5

Bone smulation. For modeling the scaphoid material, bone was densd a
two-phase composite in which the mineral and celtagyere bound in a complex man-
ner [20]. At the nano-structural level, the bona ba considered a platelet-reinforced
composite material consisting of hydroxyapatite eréth crystals (reinforcement phase)
distributed within organic collagen fibrils (comgfit matrix phase), whose properties
are reported in Table 1 [21]. The scaphoid is tlstrfrequently fractured carpal bone,
often occurring after a fall onto an outstretchatich As some epidemiological infor-
mation indicates, 15% of acute wrist injuries ai®dd6of all carpal fractures are dedi-
cated to the scaphoid bone. Most scaphoid fractcesr at the waist (65...68%) and
37% of total fractures are in transversal orientatat the waist of the scaphoid. To
specify the mandatory research on the scaphaidnitbe mentioned that the major and
minor blood supplies enter the scaphoid from défifedocations and supply 80% and
20% of the scaphoid via retrograde blood flow, eesipely. These blood supplies con-
sequently create a poor fracture healing envirotinmetine bone [22]. After a scaphoid
fracture, disruption in these supplies causes mifgignt rate of nonunion. Nonunion
may disrupt blood flow and cause additional proldesuch as inflammation and pain
for the patient [22, 23]. Accordingly, the scaph@D averaged bone density model
displayed a specific volumetric bone mineral dgn$itBMD) distribution pattern.
Three zones are identified, demonstrating higlerinediate, and low vBMD values.
High-density values are located in the peripheoalezof the scaphoid, corresponding
to areas with the dense cortical and subchondred.zbhe intermediate zone, with four
different sub-regions, has been categorized insideperipheral zone. The properties
of these parts of the bone are summarized in TAble can be seen that the lowest
vBMD values are observed at the center of the sudji4].

Table 1. Mechanical properties of composite phases

Material Young’s modulug, GPa Poisson ratio
Hydroxyapatite 114 0.28
Collagen 1.2 0.35
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Table 2. Mechanical properties of the scaphoid six zones (including sub-regions)

Bone Viotah mgHA HA, HA, Ecomps v

zone mm® cm® g vol.% GPa comp.
Peripheral zone 726.83 549.4 0.39 17.37 20.79 0/33
Medial subregion 315.01 376.2 0.118 11.85 14.56 40.8
subregion near | e 79| 3790 | 0.174 11.85 14.67 0.34
the proximal pole
Subregion near | 4 45 | 3465 | 0.151 10.92 13.51 0.34
the distal pole
Lateral subregion] 248.05 389.1 0.0¢9 12.24 15.0 403
Center zone 1280.19 225.6 0.26 7.11 9.2p 0.34
Total 3468.29 — 1.226 71.44 — —

The modeling procedure in which the scaphoid idgiesl in SolidWorks was

then improved in ABAQUS by modeling the three-patructure of the scaphoid and
assigning different mechanical properties to th&he data on their mechanical pro-
perties were calculated by the mixture law fromirth@neral and collagen matrix per-
centages. Moreover, the volume of these parts wasrdined separately and propor-
tional to the simulated model (see Table 3).

Table 3. Mechanical properties of the three zone of the bone simulated ABAQUS

Bone zone Viotas MNT Young’s modulug, GPa Poisson ratio
Center 1280.19 9.22 0.34
Intermediate 1461.27 14.35 0.34
Peripheral 726.83 20.79 0.33

Since the mechanical properties of@ p
the bone highly depend on its mineral™~
composition, the scaphoid model was
defined in three parts (Fig. 2), each with
different mechanical properties. A bone
like scaphoid consists of three types 01,<
bones with different mechanical proper- .
ties, thus the stress made from NiTi staple
can vary in different parts of the bone
and cause a non-unified stress distribu-
tion alongside the fracture surface. This
phenomenon can affect the regenerated
bone mineralization and change the ini-
tial structure of the bone, causing the creatiopassible fracture areas. Moreover, in
order to evaluate the potential damage to the bplastic deformation data for the
average trabecular bone, which has the most simihanical properties to the middle
part of the scaphoid, was used.

Staple simulation. For simulating the staple, the first step wasgiesg its shape.
The models were derived from the commercially a@dd nitinol staples (DynaClip™
Bone Fixation System), usually used in fracturatibn of the scaphoid. In the guide
catalog of these staples, the suitable staple feiz¢his fixation was determined as
10x10 mm, 1212 mm, and 1414 mm, so in this research, thex10 mm and 1414 mm

Fig. 2. Centerd), intermediately)
and peripherald) zones of scaphoid.
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staples were subjected to comparison (Fig. 3).dilmensions of the staple were given
in the brochure data (MedShape, Inc., 2019) [19].

The next step of the simulation was defining th&iNshape memory alloy
material for the designed staple in ABAQUS. Theadatjuired for this definition were
collected at ary of 37°C and are shown in Table 4 and Fig. 4.

g
7/
91847 293/ 31/

5 10 15 20 25 30 35 40 45 50 55 ¢
T,°C
Fig. 3. Fig. 4.

Fig. 3. 110 mm nitinol stapled), 14x14 mm p) nitinol staple.

Fig. 4. Stress vs. temperature curve of nitidek martensite end® — martensite start;
3 — austenite start — austenite endi — T, = 37°C.

Table 4. Mechanical properties of nitinol [25]

Mechanical properties Value
E,, MPa 26300
En . MPa 63000
M;¢ ,°C 9
Mg, °C 18.4
A, °C 29.3
As,°C 37

Cy » MParc 8
Ca, MParc 13.8
ol , MPa 100
of , MPa 170
& 0.067

The meshing type of the bone was tetrahedral {lifathe whole model except
= 0.3 mm belt in the fracture site, the waist of gtaphoid where the fractures are
most likely to occur, and it is the case of studythis research, which was quadric).
The meshing type for staple was linear tetrahedral.

The procedure was simulated in two steps. In ttst §itep, the staple legs were
subjected to uniform pressure, causing them to leaeeigh displacement to enter the
bone. In the second step, the force was deactivatetithe contact between bone and
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staple legs was defined. Simultaneously, the teatper rose from 21 to 38, causing
the total phase transformation in the staple froantemsite to austenite and gradually
regaining its initial shape. In an attempt to restthe original shape, the staple is
pushed inside the bone and compresses both sidke e€aphoid bone. This pressure
was illustrated in the path located at the waisthef scaphoid, parallel to the staple
legs. To simplify the computations, the drill holegre modeled with rectangular
cross-sections instead of circular ones. The effé¢his can be negligible since the
position of evaluation is in the waist of the bohaying a significant distance from the
drill holes. Moreover, the surface of the stapld bane was considered smooth.

Results and discussion. All simulations were conducted with the “Statier@&@ral”
solver in ABAQUS. The results are time-independant] the variants are temperature
and pressure applied to the staple legs. Thesdifsoaiions are the same in both ana-
lyses. Simulation processes and steps were dedsdk clinical process of setting NiTi
bone staples in the fractured scaphoid. After tirsgthe deformed staple in the drill
holes of the bone and increasing the temperatu8y°C), the staple starts to return to
its original shape and, by doing so, produces cesgion forces alongside the bone.
The scaphoid has a unique shape with a concaveargawaist, making compression
pressure distribution different on its waist. Thare two reasons why it is important to
have a unified stress distribution on the fraceudace. The first is that contact healing
is desired for fracture healing. Healing procedumesdivided into two major groups:
direct (primary) and indirect healing (secondaimgylirect fracture healing is the most
common form of fracture healing, consisting of betifdochondral and intramembra-
nous bone healing. By contrast, direct (the ainthefcurrent study) healing does not
commonly occur in the natural process of fractwgaling, and it is the goal of applying
fixations to the fracture site [26]. Primary hegliis the kind of healing that happens in
the NiTi staple bone fixation method [7]. The otheason is that unified pressure dis-
tribution creates a similar healing environment ttoee fracture surface. Some studies
have shown that compression force can alter thenamecal properties and mineral
density of the regenerated bone [27]. Moreovetydysdemonstrated that compression
force significantly altered bone morphogenic pmot2i(BMP-2) secretion in large bone
defect repair by increasing bone formation and rtaithg tissue organization and
differentiation [28, 11].

In the first simulation, the investigations wererimal out on the smaller staple
(DynaClip™ Bone Fixation System, 200 mm). The visualization of the simulation is
shown in Fig. & and the Von Mises stress produced by the stapiiselistance from
the staple bridge alongside its legs is illustratedrig. 2. The maximum amount of
stress is in the center of the bone, where thetteeiseast amount of mineral composi-
tion. This amount decreases as the evaluation esgméripheral zones.

It can be seen from Fig. 6 that there are fouratinuities between the first and
last points of the path. The reason for which thappen is the border between two
zones of the bone with different materials. Inde®BAQUS has identified one node
related to two elements in non-identical zoneshEame has its own specified Young's
modulus, whereas both of them have the same st#aira result of these statements
and according to Hooke’s law, two different strassere calculated and reported for
the node.

In the second simulation, the investigations wesdgsmed on the larger staple
(DynaClip™ Bone Fixation System %44 mm, Fig. B). Since the staple legs are
longer in this staple, the area of the bone on lwthie staple makes contact in the first
place is further from the staple bridge, causirgriteximum amount of stress on the
peripheral zone. It is shown in Figo hat the stress distribution decreases on the part
near the staple bridge. Although the maximum st#s§4x14 mm staple is lower
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compared to the smaller staple, the area subjeéctde compression stress is larger in
the second investigation.

S, Mises
(Avg: 75%)

+1.123e+02

S, Mises

(Avg: 75%)
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Fig. 5. Visualization of 1810 mm @) and 1414 mm §) staple (stress line is in MPa).

The maximum stress in the larger staple occurdiénfurthest peripheral zone
from the staple bridge, and it decreases as theai@ becomes closer to the staple
bridge in a linear path. This stress fades in teasnear the staple bridge (Fib).at
can be anticipated that the bone regenerationitiigpwould not be uniform along the
fracture surface. As mentioned, stress can affectrtechanical properties of regenera-
ted bone. The magnitude of stress and strain candagtermine the type of healing: in-
tramembranous and endochondral ossification [1018JL Some studies demonstrated
that constant high magnitudes of stress can hagative impact on bone healing [27,
29]. On the other hand, some claimed that loadmgdcelevate the secretion of che-
mical signaling factors for osteogenesis [17]. Tihiermation demonstrates the value
of researching fixation technigues and the meclahoimnditions they produce for frac-
tured bones.

o, MPa o, MPa
i @ 016, ®
0.15
0241 013
0.21 0.12
0.18} 0.10
0.15 0.09
0.12 0.07
0.09} g-gi
0.06 0.03
0.03 &
0 2 4 6 8 10 d,mm 0 2 4 6 8 10 d,mm

Fig. 6. Stress vs distance from staple bridge cfov&0x10 mm @) and 1414 mm ) staple
alongside a similar path.

Studies have also shown that some of the Ti fixatican provide the fracture site
with a degree of motion, which accelerates theihgglrocess [18]. The NiTi alloy
used in this study has less rigidity than Ti, mgkiha more suitable material for the
fabrication of fracture fixation devices.

A study on mouse tibia osteotomies healing undiéerdnt external loadings de-
monstrated the effect of load on regenerated beopepties. It was reported that a
moderate external loading could increase the cathength, while higher loadings had
adverse effects. It was also mentioned that a prdglay for applying fixations is well
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desired to improve the mechanical strength of élgemerated bone. The proper amount
of external load and delay for human scaphoid @ra@cthealing have not yet been
estimated, and thus further investigation is needekdis area [27]. The values of com-
pression stress obtained here are of the same asd#ata reported in the literature for
an in vitro study of SMA staples for internal fixat [30]. To simplify the software
analyses and shorten the runtime, two parts obdme where the study was performed
were ignored. The reason for which this assumptias made is that the article approach
is to evaluate the biomechanical behavior of theehander stress produced by the staple.
Hence, the parts that are above the staple legotihave a significant effect on the
obtained values. Therefore, the analyses were dorthe parts of the bone between
the staples leg and the other parts were omitted.

CONCLUSION

In the present study, a computational comparisos made between two NiTi
staples of different sizes, suitable for scaphoittiire fixation. The scaphoid bone,
NiTi staples, and the applied stress at the fractites were simulated and analyzed
using SolidWorks and ABAQUS software. The small@pke caused higher stress
concentration in the center and little or no sti@sscentration in the peripheral zones.
On the other hand, the larger staple exhibited ak pgress concentration in the
peripheral zones in the furthest areas from thelestaridge, with a reduced stress con-
centration at the center. Based on the simulagsnlts, uniform stress distribution did
not appear in any of the staples, and therefocant be anticipated that proper bone
regeneration is unlikely to occur. Further investigns are needed to design staples
that produce uniform stress along the fractureasexf
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