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HIGHLIGHTS GRAPHICAL ABSTRACT

Auxetic bone screws were designed and
explored for the first time.

The designed screw can be fabricated by
SLM 3D-printing method.

Varying auxetic structures altered the
screw's mechanical properties espe-
cially its functional properties.

The bone-screw fixation could be im-
proved by auxetic structures while it is
also affected by other design factors. I

Structural design 3D printing (SLM) Mechanical properties evaluation

1200 ssie ——-AssE  Lowdenstybone
e " aser
ASE her

80

&

= 2]
i g
Stffness (Nimm)

Micro morphology (SEM)

By 8> 88

Macro dimensions (OM)

Volume and surface area (Micro-CT)

.
Stwengen (uPa)

Pullout Force (N)
§ 8§ 8.

e
5 '
1
& |
N S
I
4]
[

00 02 04 06 08 10
Vertical displacement (mm)

Swan Analysis of auxetic bone-screw fixation
Mechanical evaluation of screws

on of unit cells

ARTICLE INFO ABSTRACT

Article history: It was supposed that auxetic structure with negative Poisson's ratio (NPR) expands under stretch and could en-
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(AS1-AS6) and one non-auxetic screw (NS) were manufactured using 3D-printing. The fabrication process
Keywords: well reproduced the original designs despite the some mismatch in the macro and micro morphologies. Tensile
Bone screw tests on specimens were conducted experimentally and computationally. The relationship between NPR and fix-
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ation strength of the screws was investigated by computationally bone-pullout test. Among all screw designs,
AS2 generated the largest stiffness and strength, and better NPR, AS5 produced the highest NPR, and smallest
stiffness and strength. Maximal pullout force within low-, mid- and high-density bone was shown in AS5

Pullout force (399.39 N), AS6 (561.07 N) and AS2 (1185.93 N) respectively. It was concluded that varying auxetic structures
altered the screw's mechanical properties especially its functional properties. The bone-screw fixation could be
improved by auxetic structures while other design factors should also be taken in account.
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1. Introduction

Bone screws are widely used in orthopedics for fracture fixation [1],
while more than 10% of fixation failure was associated with screw mi-
gration and after-implant pull-out due to weak bone-screw fixation
[2-5]. Bone cement was usually used to enhance the fixation strength
of screw in clinic, but many complications occurred usually [2,3]. The
fixation strength of bone screw could be improved by proper structural
designing without using cement. It was proposed that the fixation
strength of the screw could be improved by increasing its contact area
to the bone and optimizing the fixation mechanism in the interface
(e.g. enlarging the diameter and length of the screw or introducing
the push-fit structure based on barbed fixation mechanism) [4-6].
However, these approaches were found to risk fixation success by caus-
ing damage and absorption to the surrounding bone tissue. A novice so-
lution to the challenging problem is not yet clear.

Auxetic structure with a negative Poisson's ratio (NPR) would expand
in the transverse direction under stretch (or shrink under contraction)
[7] and thus possess the unprecedented advantage in special application
[8-13]. Bone screw with NPR property could enhance the bone-screw
fixation strength by expanding to resist pulling and resuming deforma-
tion when unloaded to avoid causing additional damage. However, the
design of auxetic bone screw was rarely investigated. The Poisson's
ratio of object could be adjusted from positive to negative by auxetic
structural designing [ 14,15]. Previously, Ren's group designed and evalu-
ated the first auxetic nail, though nails with auxetic structure were sup-
posed to exert easier push-in and harder pull-out, findings in their study
were less consistent upon repeating tests [16]. We speculated that the
design of the auxetic structure was preliminary to produce more conclu-
sive outcomes. Other studies showed that it's difficult to balance the
strength, stiffness and NPR property in the process of auxetic structure
designing [17,18]. A proper design is necessary for special application.

In this study, it was hypothesized that the fixation strength of bone
screw could be increased by introducing the auxetic unit cells to the de-
sign of bone screw (through radially expanding under longitudinal pull-
out load). As the strength & stiffness and NPR of structure are highly
determined by the geometrical shape of the auxetic structure, it is nec-
essary to explore more kinds of auxetic structural design for superior
performance. Besides, the porosity and pore size of auxetic structure
should be carefully designed to promote fluid transportation and im-
prove the osseointegration as a porous implant used in bone [19,20].

Different designs of the auxetic structures had been studied in liter-
ature [17,21-28]. However, most of the works were confined to two-
dimension (2D) due to the limitations of the manufacturing process.
Three-dimensional (3D) printing technique enables the fabrication of
complex structures both conveniently and accurately based on CAD
models [29-31]. The technology provides possibility for the design, fab-
rication and mechanical evaluation of auxetic bone screws with varying
designs.

In this study, six kinds of auxetic unit cells were introduced into the
design of bone screw and one typical non-auxetic unit was used as com-
parison. The tensile stiffness & strength and Poisson's ratio of designed
unit cells and screws were evaluated by tensile test and finite element
analysis (FEA). The pullout fixation strength of auxetic bone screws
(ASs), non-auxetic bone screw (NS) and hollow bone screw (HS, used
in clinic) were compared based on FEA. These preliminary investiga-
tions would give guidance to the design of anti-pullout bone screw,
which might provide new insights into solving the loosening and
pulling out problem of bone screw.

2. Design and fabrication
2.1. Design of auxetic unit cells and auxetic bone screws

Auxetic structures were classified into three types including re-
entrant structures, chiral structures and rotating structures [32]

according to geometrical shape and deformation mechanism of the
unit cells. Based on this, six kinds of auxetic unit cells (Fig. 1b A1-A6)
were designed and used in the study. One non-auxetic unit (N) was
set as the control (Fig. 1b N). The designed unit cells were planer
3 mm x 3 mm, with pore sizes of 358-1260 um, in consideration of
the ideal pore size for bone tissue engineering (300-1200 pm
[33-35]) and the precision of 3D printing. The porosity was set 0.53
and kept consistent across all designed unit cells, ensuring the good
osseointegration of the designed bone screw [36-38].

The designed bone screw was shown in Fig. 1a, with reference of the
Standard Specification for Metallic Medical Bone Screws (Designation: F
543-07).Models of tubular auxetic\non-auxetic structures (TA\TN, with
a hollow central column, and t is the wall thickness) and screw bodies
were developed using Pro/E (Wildfire 5.0, PTC, USA) (Fig. 1c and d).
Here noted that the anisotropic unit cells (A1 and A2) were used in fol-
lowing study because they have better mechanical properties in Y direc-
tion than X direction based on the FEA results (Supplementary material
Fig. 1).

2.2. Materials and fabrication process

Selected laser melting (SLM) 3D printing is a powder bed fusion
based additive manufacturing process, which was used for the fabrica-
tion of designed bone screws. SLM specimens were manufactured
using the parametric setups of 100 um laser beam spot, 200 °C preheat
temperature, and 50 um powder thickness (FS121M, Farsoon, China)
(Fig. 2b). Ti6Al4V powders were selected as the printing materials
with mean particle size of 50 um (Arcam AB, Gothenburg, Sweden)
and density of 4.5 g/cm? (Fig. 2c). The printing direction is parallel to
the layer direction in SLM processes. After printed, the specimens
were washed by isopropyl alcohol for several times and then sunk in
distilled water for half an hour in an ultrasonic cleaner to remove the
unsintered powder. Three specimens were fabricated for each of de-
signed tubular structures (t = 0.8 mm) and screws (t = 1.2 mm).

3. Experiments
3.1. Morphological characterization

The macro dimensions of the fabricated specimens were analyzed
using the optical microscope (OM). Twenty strut thicknesses and pore
sizes in random location were obtained and their average dimensions
were calculated (Fig. 2e). The micro morphology was analyzed using
the Scanning Electron Microscope (SEM) (Qoanta 250, FEI, USA), with
the voltage of 5.0 kV and the magnification of x100-x500 (Fig. 2d).
Micro-CT (SkyScan1176, Bruker, Belgium) was used to measure the vol-
ume and surface area of specimen with the tube voltage of 90 kV, tube
current of 180 pA, and resolution of 17 pm (Fig. 2f).

3.2. Tensile testing

Poisson's ratio was defined as the ratio of the transverse contraction
strain to the longitudinal extension strain in the direction of stretching
force as:

V= —g/gy )

where v is Poisson's ratio, &x and €, are the transverse contraction strain
and longitudinal extension strain. In this study, the Poisson's ratio, stiff-
ness and strength were tested using standard quasi-static uniaxial ten-
sile experiment at the speed of 1 mm/min using 10 kN Instron Machine
(AG-IS, SHMADZU, Japan) according to the ISO standard (references
here). The stress-strain curve was obtained for each specimen. Points
on the outer diameter in the middle of the screw body were marked
in order to calculate the Poisson's ratio during the tensile deformation
(Fig. 2g). The positions of these points were recorded using a
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Fig. 1. Schematic diagram of the designed screws. (a) Geometrical configurations of the designed bone screw (D; = 5.7 mm, L = 21 mm, t = 0.8 mm, P = 1.75 mm, d = 0.75 mm, e =
0.1 mm, o = 35°, 3 = 87°, 1, = 1,1, = 0.3); (b) Auxetic unit cells (A1-A6) and non-auxetic unit cell (N); (c) Designed tubular structures: TA1, TA2, TA3, TA4, TA5, TA6, and TN;

(d) Designed screw bodies: AS1, AS2, AS3, AS4, AS5, AS6, and NS.

stereomicroscope (K-400L, Motic, China), with a photographing fre-
quency of 2 Hz and a magnification of x7.5. The images were post-
proceeded in the image analysis software (I-SPEED 3 Suite software,
Olympus, Japan), which quantified the displacements of the pre-
marked points (Fig. 2g). Facilities for the uniaxial tension test were
shown in Fig. 2g. All three specimens of each type were tested to gener-
ate the averaged results.

3.3. Finite element analysis

The tensile mechanical performance of the designed tubular struc-
tures (t = 0.8, 1.2, 1.6 mm, outer diameter D; was maintained) and
screws (t = 1.6 mm) were investigated using FEA. The uniaxial Poisson's
ratio, tensile stiffness, and strength of the screws were reported by
Abaqus Explicit solver (6.14, SIMULIA Inc., USA). The model was
discretized of 844183 tetrahedral (C3D4) elements with an average
size of 0.1 mm, and there are totally 207148 nodes (taking AS1 for exam-
ple). Material properties of the screws were shown in Fig. 3 and Table 1.

The tubular structures and screws were modelled as a homogeneous
elasto-plastic material with Drucker-Prager representation. Ductile fail-
ure with damage evolution was used as the failure criterion. All the de-
grees of freedom of the bottom surface nodes. Nodes on the top surface
were constrained to only move along the longitudinal direction. Dis-
placement was defined during the simulation according to the experi-
mental test condition. The trajectories of the points on the middle of
screw body were recorded to calculate the Poisson's ratio (Fig. 2h).

In order to investigate the relationship between auxetic perfor-
mance and the fixation strength of the designed bone screws, Abaqus
Explicit solver (6.14, SIMULIA Inc., USA) was used to simulate the pull-
out processes. It was assumed that bone tissue had fully grown into
the thread of screw (but had not grown into the porous of screw,
which aims to avoid the effect of bone ingrowth). The bone was simpli-
fied as a 27 x 27 x 36 mm rectangle and meshed with 250804 C3D4 el-
ements, and the region close to the screw-bone interface was meshed
with finer elements of 0.2 mm using Hypermesh (13.0, Altair Engineer-
ing Corp, USA). The screw was meshed by C3D4 elements with an
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Fig. 2. (a) STL files of screw models; (b) Selected laser melting (SLM) 3D Printer; (c) Ti-6Al-4V Powder; (d) Micro morphology analysis (used by SEM); (e) Strut thickness and Pore size
measurement (used by OM); (f) Volume and surface area measurement (used by Micro-CT); (g) Mechanical test under uniaxial tension (points marked with red color were used to record
the deformation of the structure); (h) FEA model of the tubular structure; (i) FEA model of the screw body; (j) Pullout process simulation of bone screw.

average size of 0.2 mm. Material properties of the bone and screws were
shown in Fig. 3 and Table 1. In this study, three kinds of cancellous bones
were chosen to investigate the effect of bone density on the anti-pullout
performance of auxetic bone screw, the cortical bone was not consid-
ered because of the small contact area with the screw. The bone was
modelled as a homogeneous elasto-plastic material with Drucker-
Prager representation [39]. Ductile failure with damage evolution was
used as the failure criterion. Hard surface-to-surface contact was
assigned to the screw-bone interface, with a coefficient of friction of
0.61 [40]. All the external surface of bone was fixed except for nodes
at the top and bottom surfaces. An average displacement velocity of
15 mmy/s was applied to the screw head along the longitude axis.

4. Result
4.1. Morphological characterization

It was shown that the surface of printed specimen is roughened due
to the adhering spherical particles. The shape of the printed struts and
pores were well reproduced, but excessive material was found in the
corner of different pores (Fig. 4), especially in fabricated screws. In addi-
tion, a strut surface also displayed in Fig. 4. No inter-layer differentiation
was shown on specimens of hollow cylindrical structures and screws,
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Fig. 3. Stress-strain curve of Ti6AI4V-SLM obtained by uniaxial testing.

which indicated the complete melting of metal powder and metallurgi-
cal bonding between layers in SLM fabrication process.

The average strut, pore size, volume and surface area of the speci-
mens were illustrated in Fig. 5a and b, respectively. It was found that
the printed tubular structures were slightly different in pore and strut
size, volume, and surface area compared to the original designs.
While, for the screws this mismatch was significant. The accuracy of
SLM manufacturing was affected by the pore shape. Relative errors for
pore and strut size, volume, and surface area were shown in Supple-
mentary Material (Tables 1 and 2).

4.2. Mechanical properties

4.2.1. Mechanical properties of designed unit cells

Results of the tensile experiment (EXP) and FEA for the designed tu-
bular structures (t = 0.8 mm) were illustrated in Fig. 6a, b. In the tensile
tests, TA2 exhibited the largest tensile stiffness (4.54 4+ 0.13 kN/mm)
and strength (621.56 + 4.99 MPa) among all the screws, while TA5 ex-
hibited the smallest tensile stiffness (0.50 4- 0.06 kN/mm) and strength
(81.77 4 0.43 MPa). The detailed value results were shown in Supple-
mentary Material (Table 3). A good agreement was shown in tensile
stiffness and strength between the experiments and simulations.
There was a trend that both of the two mechanical attributes increased
as the wall thickening (0.8 to 1.6 mm) (Fig. 6¢c and d). The detailed value
results were shown in Supplementary Material (Table 5). Predictably,
TN produced a positive Poisson's ratio while those of all the TAs were
negative. Tensile strain was found influence the magnitude of Poisson's
ratio. Maximum NPR was —0.54 + 0.28, —0.83 + 0.06, —0.13 + 0.06,
—0.29 4+ 0.15, —1.20 £ 0.08 and —0.96 + 0.19 for TA1 to TA6 respec-
tively in the process of tensile deformation (Fig. 6e). Wall thickness
could increase the breaking elongation rate but had limited effects on
the Poisson's ratio (Fig. 6f).

Table 1
Material properties of bone and Ti6AI4V.
Bone [41-43] Ti6Al4V-SLM

Young's modulus (MPa) 48.75 200 400 120
Poisson's ratio 0.25 0.25 0.35 03
Density (10~* g/mm?) 2 2.6 35 45.1
Fracture strain (%) 4 23 10 4
Yield stress (MPa) 1.95 2.5 4 1124
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(a)

Fig. 4. SEM images of pore morphology and micro structural surface characteristics. (a) Unit cells of the fabricated tubular structures (A1, A2, A3, A4, A5, A6, and N); (b) Unit cells of the

fabricated screw bodies (S-A1, S-A2, S-A3, S-A4, S-A5, S-A6, and S—N).

4.2.2. Mechanical properties of designed bone screws

Results of EXP and FEA for the designed screws (t = 1.6 mm) were
illustrated in Fig. 7. A good agreement was found between the experi-
ments and simulations for the mechanical evaluation of different
auxetic screws, in spite that values in tensile stiffness, strength, and
Poisson's ratio were different, while this different was acceptable as de-
scribed in previous studies [47-49]. AS2 exhibited the largest tensile
stiffness (EXP: 3.04 4+ 0.19 kN/mm, FEA: 5.78 kKN/mm) and strength
(EXP: 286.87 + 8.62 MPa, FEA: 578.66 MPa) among all the screws.
AS5 exhibited the smallest tensile stiffness (EXP: 0.39 + 0.04 kN/mm,
FEA: 0.86 kN/mm) and strength (EXP: 63.08 4+ 4.31 MPa, FEA:
102.90 MPa) (Fig. 7a and b). The detailed value results were shown in
Supplementary Material (Tables 4 and 5). NS produced a positive
Poisson's ratio while those of all the ASs were negative. Maximum
NPR was EXP: —0.28 + 0.001, —0.66 + 0.13, —0.15 + 0.07, —0.16 +
0.03, —1.09 + 0.21 and —0.69 4 0.0.06, FEA: —0.38, —0.83, —0.22,
—0.24, —1.14 and —0.86 for AS1 to AS6 respectively under tensile load-
ing (Fig. 7c). Besides, cutting thread decreased the tensile stiffness &
strength and breaking elongation, while had almost no effect on auxetic
behavior compared screws (t = 1.6 mm) to tubular structures (t =
1.6 mm).

4.3. Pullout force

The pullout force vs. pullout vertical displacement (PVD) plots
(Fig. 8) demonstrated a similar trend across all tested screws—as dis-
placement progressed, the pullout force gradually increased until
reaching its peak midway due to the broken bone tissues. The pullout
force then declined to zero and evened out as displacement continued.
In regardless of screw types, the average magnitude of pullout forces
was positively proportional to bone density. AS1-AS6 had higher pull-
out forces than NS and HS in all three bone-density groups. The maxi-
mum pullout in low-, mid- and high-density bones were shown in
AS5 (399.39 N), AS6 (561.07 N) and AS2 (1185.93 N) respectively. The
detailed value results were shown in Supplementary Material
(Table 6). It was also found that PVD of bone screw was affected by
the bone fracture strain, the larger the strain was, and the greater the
PVD was. Besides, different screws had different fracture PVDs, AS5
had the largest fracture PVD among all three bones.

5. Discussion

Bone screw composed of auxetic unit cells was supposed to enhance
the bone-screw fixation. Moreover, bone screws composed of auxetic
structure would show good porosity, which could bring better bone-
implant integration than solid screw [44-46]. Therefore, auxetic struc-
tures could be a prospective direction of bone screws. However, biome-
chanical investigations on the structure design are still lack. A study is
necessary to demonstrate the mechanical merit of auxetic bone screws
possessing auxetic behavior.

In this study, six kinds of auxetic unit cells were designed and eval-
uated, and then introduced to the design of bone screw body. Tensile
tests on the designed tubular structures composed of the above units
were conducted experimentally and computationally. It was found
that re-entrant structures (A1, A2) had higher tensile stiffness and
strength due to the von Mises stress distribution of these structural
types was more uniform under tensile loading. Rotating structures
(A5, A6) had better auxetic behavior due to the instability under tensile
loading would easy to cause large deformation (Fig. 9). Besides, the re-
sult that TA4 composed of had smaller auxetic deformation was in line
with those of Ren et al. [16]. These findings suggested that the mechan-
ical properties of the auxetic structures could be partially predictable
upon their structural types. This would provide supportive evidence to
selecting suitable auxetic structure base on specific application pur-
poses. The mechanical properties of tubular structures with varied
thicknesses were evaluated. It was found that tensile stiffness &
strength and breaking elongation increased as the wall thickened
(from 0.8 to 1.2 mm), while the Poisson's ratios were almost not
changed. To improve stiffness and strength of tubular auxetic structure
without affecting its auxetic deformation, wall thickness could be in-
creased appropriately.

Six auxetic bone screws were designed and fabricated, then tensile
mechanical properties and pullout fixation strength were evaluated.
Auxetic deformation was observed among all designed auxetic screws
in the tensile test experimentally and computationally. A good combi-
nation of stiffness, strength, and auxetic behavior was found predictably
in AS2. Super auxetic performance was found in AS5, while poor stiff-
ness and strength were also found. These indicated that the auxetic be-
havior of bone screw could be obtained by introducing auxetic unit cell
into screw body, and type of unit cell is the most important factor that
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Fig. 5. Details of SLM manufactured structures with different unit cells in comparison to original designs: (a) fabricated tubular structures; (b) fabricated screw bodies.

affected the auxetic performance of designed screw. Besides, although by FEA is higher than EXP values. Actually, studies of Li et al. [47], Pei
prediction and assessment by FEA results were consistent with EXP re- et al. [48] and other researchers [49] also had found this phenomenon.
sults, but it also indicated discrepancy between FEA and EXP for the In this study, morphologies characterization of specimens might pro-
specimens of screws: stiffness, strength and Poisson's ratio calculated vide some reasons for the abovementioned phenomenon. The original
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(t=0.8,t=1.2,t = 1.6 mm) obtained by FEA; (e) Poisson's ratio (t = 0.8 mm) obtained both by EXP and FEA; (f) Poisson's ratio (t = 0.8,t = 1.2, t =

1.6 mm) obtained by FEA.
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Fig. 7. Mechanical properties of bone screws (t = 1.6 mm): (a) Tensile stiffness obtained both by EXP and FEA; (b) Tensile strength obtained both by EXP and FEA; (c) Poisson's ratio
obtained both by EXP and FEA.
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Fig. 8. Pulling forces of bone screws: Pullout performances in Low-density bone, Mid-
density bone, and High-density bone.

designed screws were not well reproduced by 3D printer, some mis-
matches in the macro and micro morphologies were found. Thread of
designed screws with a lot of small geometric features, which were
not accurately manufactured due to limitations of metal 3D printing
technology. This mismatch would inevitably affect the mechanical
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properties of screw. Therefore, the accuracy manufacture is necessary
to assure the mechanical properties of the designed screws.

The fixation strength of designed bone screws was evaluated by sim-
ulating the bone-pullout process computationally. It was found that
auxetic deformation of the auxetic bone screw would increase the
bone-screw fixation. But the auxetic deformation was depended on
not only the NPR and stiffness of screw, but also the density of surround-
ing bone. To explain this phenomenon, the behaviors of bone and de-
signed screws during the pullout process were analyzed in detail. AS2
and AS5 in three kinds of bones were taken as an example. The von
Mises stress and shear stress contours of the bone at the peak load
were showed in Fig. 10a and b respectively. It was seen that the bone ex-
perienced significant shear stress around the thread during screw pull-
out. The stress distributed of bone almost equally among the threads of
AS2 (compared with AS5), which finally failed at the same time before
the screw was completed pulled out. AS5 with the lowest stiffness
was easily elongated under tensile load, which caused high stress con-
centrated at the thread root. Those stress concentration regions reached
the yield point and failed (locations firstly failed were shown in the red
dotted box), which would reduce the anti-pullout property of screw.
This might be the reason why AS5 had better auxetic performance
than AS2 but lower pullout force than that of AS2 in bones with mid-
and high-density. The radial displacement of AS2 and AS5 increased
with the increasing of bone density, showing better and better auxetic
performance (Fig. 10c). It was indicated that high-bone-density could
provide good anchor to distal screw, which might be a prerequisite for
showing auxetic performance of auxetic bone screw. While increasing
of bone density might inhibit the auxetic deformation by preventing
the screw from expanding. To assure the auxetic deformation of auxetic
screw, novel designs were needed to improve the distal fixation for var-
ious bone-density conditions. Besides, how does the strength, stiffness
and surrounding bone density affect the auxetic deformation of the
auxetic bone screw under pullout load should be further studied
urgently.

Finally, there are still some limitations in this study. The bone-
pullout processes were conducted only by computational simulation.
The pullout force might differ from the actual force values, but this did
not affect the comparison of forces between different screws. It is

Fig. 9. Von Mises stress distribution of tubular structures (t = 0.8 mm) under tensile loading (600 N): Tubular structures (TA1-TA6, and TN); Unit cells (A1-A6, and N) of tubular structure

(unit cell locations were shown in the red box).
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Fig. 10. The anti-pullout performances of AS2 and AS5 in three kinds of bones (at the peak pullout force): (a) Vertical-sectional views through the bone showing the von Mise stress
distribution; (b) Vertical-sectional views through the bone showing the tresca stress distribution; (c) Radial displacement distributions of AS2 and AS5.

difficult to control the additional factors that influence the pull-out force
in the pullout test on real auxetic screw. More suitable test method was
needed to design in the future research. In addition, the evaluations of
torsion of bone screw were not conducted in this study. Auxetic bone
screw would shrink under contraction caused by the NPR property,
which would lead to unprecedented interactions between bone and
screw. To explore this interesting and meaning possible phenomenon,
a series of tests and simulations would be conducted carefully in follow-
ing research. Besides, the designed auxetic bone screw could present
well performance in stiffness & strength, but still less than solid and hol-
low bone screw used in clinic. The stiffness and strength of auxetic bone
screw would be improved by the in-growth of bone tissue. Therefore,
the evaluation to the strength and stiffness of auxetic bone screws dur-
ing the osseointegration is necessary in future studies. Finally, due to
limitations of 3D printing technology, the fabricated auxetic bone
screws showed lower stiffness, strength and auxetic deformation than
that calculated used by verified FE models. The study of the accuracy
fabrication of the auxetic bone screws is urgent to promote the clinical
application. The fabrication accuracy of auxetic bone screw might be im-
proved by 1) optimizing unit cell shape (such as smoothing the sharp
corners) and SLM printing parameters (including scanning speed and
path); 2) exploring different materials, such as biocompatible photo-
sensitive resin that available for the nanoscale 3D printers (resolution

of ~10 pm).

6. Conclusion

In this study, the novel design of auxetic bone screws were proposed
to help improve the bone-screw fixation. The feasibility of auxetic bone
screws was explored by evaluating the tensile performance and fixation
strength of screws composed of different auxetic structures. The follow-
ing conclusions could be drawn:

(1) Auxetic bone screws can be obtained by introducing auxetic unit
cells to the design of screw body.

(2) The designed screws could be fabricated by SLM rapid
prototyping process. The molten layers of printed screws were
metallurgical bonding without interlayer delamination.

(3) Changes of auxetic structure type altered screw's mechanical
properties especially its functional properties. Auxetic bone
screw composed of re-entrant structures (A1, A2) and chiral
structures (A3, A4) had better tensile stiffness and strength,
and that composed of re-entrant structures (A1, A2) and rotating
structures (A5, A6) had better auxetic performance.

(4) The bone-screw fixation could be improved by auxetic structures
while it is also affected by other design factors (including screw
strength and stiffness, the density of surrounding bone). In the
high-density bone, AS2 owning better NPR and the best stiffness
had the best anti-pullout performance. In the low-density bone,
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AS5 owning the best NPR and smallest stiffness had the best anti-
pullout performance.
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