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Abstract: Suture anchor fixation is a common method for securing bone and soft tissue in the body,
with proven applications in the hip, elbow, hand, knee and foot. A critical limiting factor of suture
anchors is the pull-out strength, particularly in suboptimal bone. This study introduces a novel 3D
printed threadless suture anchor with a rectangular cross-section. The titanium anchor was designed
with surface fenestration and a porous central core to improve bone ingrowth. The aim of this study
was to compare the pull-out properties of the novel threadless anchor with a traditional circular
threaded suture anchor. The anchors were inserted into a 0.24 g/cm? synthetic cancellous bone block
at angles of 90° and 135° to the surface. The sutures were pulled at 180° (parallel) to the surface
under a static pull test (anchor pullout) and cyclic load test using a tensile testing machine. Under
the static load, the greatest pullout strength was seen with the novel threadless anchor inserted at
90° (mean, 105.6 N; standard deviation [SD], 3.5 N). The weakest pullout strength was seen with
the threaded anchor inserted at 90° (mean, 87.9 N; SD, 4.1 N). In the cyclic load test, all six of the
threaded anchors with a 90° insertion angle pulled out after 18 cycles (70 N). All of the threadless
anchors inserted at 90° survived the cyclic test (90 N). In conclusion, the novel threadless suture
anchor with rectangular cross-section and traditional threaded suture anchor had similar pullout
survivorship when inserted at either 90° or 135°. In addition, the 3D printed threadless anchor has
the potential for good bone integration to improve long-term stabilization.
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1. Introduction

Fixation with suture anchors is a common method of securing bone and soft tissue
during orthopedic surgery, and is particularly prevalent in endoscopic surgery. Various
designs of suture anchor have been proposed, including different materials, shapes and
sizes, with the intent of ensuring a secure fixation between the soft tissue and bone until
healing is complete [1-3]. Although metallic suture anchors with nonabsorbable sutures
are routinely used and provide a good initial fixation, clinical studies have reported anchor-
associated complications such as migration, loosening, breakage, and interference from
surrounding tissues [4,5].

Djurasovic et al. [6] reported that 10% of fixation failures with suture anchors used
for rotator repair are associated with anchor loosening or migration. However, early bone
healing around the anchor may increase the pull-out strength and reduce migration or
loosening. Thus, 3D printing allows for the rapid development of hollow or perforated
structures which can be tailored to different orthopedic applications to improve bone
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ingrowth. MacBarb et al. [7] designed a perforated 3D printed structure with a porous
outer surface which demonstrated good bone ingrowth when implanted in an ovine model.
In a 24-month follow-up study, Patel et al. [8] reported no cases of implant breakage,
migration or subsidence in 51 sacroiliac joint fusion cases when using 3D-printed triangular
titanium implants. Wei et al. [9] used 3D-printed technology to develop a suture anchor
with barbs and their results indicated that the 3D-printed technology could make the
anchor maximum strength to hold reshaped tissue structures.

Progressing previous research on a 3D-printed triangular titanium implant [7], our
research team developed a novel 3D-printed titanium suture anchor with rectangular
cross-section, surface fenestration and a porous central core. When compared to the circle
cross-section implant, the rectangular cross-section shape minimizes rotation by the press-
fit with four corners. Moreover, the structural fenestrations and porous structure (70%
porosity and 600 um pore size) allow for bone ingrowth to the central core, leading to
permanent fixation. When inserted into a predrilled round hole, the surface roughness
of the implant and friction generated between the implant and bone allow for a press-fit
insertion, removing the need for a threaded outer surface for initial fixation strength. The
press-fit action also forces surrounding cancellous bone into the pores and fenestrations.
The small footprint of our anchor also allows for more bone stock to be preserved, which is
highly beneficial in cases of revision surgery [10]. In comparison with the traditional thread
suture anchor with circle cross-section our design concept is to provide higher anti-rotation
ability, a smaller footprint, porous structure allows for bony on growth and ingrowth.

Pull-out testing gives a good indicator of initial purchase strength after implantation,
and is a critical step when designing novel implants. The pullout test consists of applying a
tensile force until the anchor pulls out of the substrate, with the maximum force generated
being taken as the pull-out force. Loading is typically applied at 0°, 90°, and 135° relative
to the long-axis of anchor, however, a loading angle of 0° is not commonly experienced by
suture anchors in vivo [11-13]. Nagamoto et al. [14] indicated that the pull-out strength of
a threadless anchor was greatest when loading was applied at 90°.

It is difficult to directly compare fixation techniques in cadavers and animal models
due to variations in bone quality, bone anatomy, and fixation location. Hence, the purpose
of this study is to compare the pull-out properties of a threadless rectangular suture anchor
and a traditional threaded suture anchor when inserted in a synthetic testing block at 90°
and 135°, simulating common in vivo insertion angles.

2. Materials and Methods

This study aimed to replicate implantation in a healthy human humerus. To achieve
this, synthetic sawbones (Sawbones, Pacific Research Laboratories, Vashon, WA, USA)
were used which had a similar density (0.24 g/cm?3, 15 PCF, solid polyurethane foam)
to the greater tuberosity [15,16]. The sawbones were shaped into sample blocks of size
60 mm x 40 mm x 40 mm (W x D x H). Two types of suture anchors were assessed
in this study; (i) threaded titanium anchor, outer diameter 3.5 mm and 10 mm in length
(TwinFix™ Ti 3.5, Smith & Nephew, Andover, MA, USA), and (ii) a custom-made, 3D
printed titanium alloy suture anchor of size 2.5 mm x 2.5 mm x 10 mm (W x D x H) with
rectangular cross-section and surface fenestration (Figure 1). The anchors were modeled
in Creo 2.0 (PTC, Boston, MA, USA) and these 3D CAD models were used to print the
anchors using EOS Titanium Ti64ELI powder on an EOS M290 Selective Laser Melting
Metal Additive Manufacturing Machine (EOS GMbH, Krailling, Germany). The following
machine parameters recommended by the equipment manufacturer were used: laser power
of 280 W, scan speed of 1200 mm /s, resolution of 0.02 mm, and layer thickness of 30 um.

The sawbone samples were held in a custom jig and a pilot hole of diameter 2.5 mm
and depth 10 mm drilled in each. Each anchor was inserted at angles of 90° and 135° from
the surface of the sawbone to the same depth (Figure 2). The aim of this study was to
compare the pull-out properties of different anchors, and so braided polyethylene sutures
were used for all tests to negate the potential influence of different suture materials or
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designs. The sutures were hand-tied around the pulling jig with a single surgeon’s knot and
four square knots [17]. A universal testing machine (eXpert 3910, ADMET, UK) equipped
with a custom-made pulling jig was used to perform the pullout tests (Figure 3). Each
anchor was preloaded with a 10 N force applied at 1 mm/s at an angle of 180° (parallel)
to the surface to ensure sufficient contact between the implant and bone [15,18]. This
preloading stage was immediately followed by the pull-test in the static model with the
load being applied at a rate of 1 mm/s. The fixation strength of each anchor was defined by
the maximum load recorded prior to failure by any means. Each test setup was performed
6 times with separate anchors and separate sawbone samples. Six constructs were tested for
each insertion angle. The stiffness of each anchor was determined through linear regression
modelling of the force-displacement curve for each construct ranging from 20-80% of the
ultimate load [17]. A one-tailed t test model with a significance level (a) of 0.05 was used.

10 mm 10 mm

vvvvvvvvvvvvv

AW AW AW AW AW AW AWAWAWAWA WA

Section view A-A

BB 70% porosity, 600 um pore size

Figure 1. (a) Commercially-available threaded suture anchor (TwinFix™ Ti 3.5, Smith & Nephew, Andover, MA, USA);
(b) custom-made threadless suture anchor with rectangular cross-section; (c) design drawing of the custom-made threadless

suture anchor.

Cyclic testing was performed in accordance with the protocol devised by Clevenger et al. [17].
Each specimen was cycled from 0 to 50 N for 10 cycles, from 0 to 70 N for 10 cycles, and from 0 to
90 N for 10 cycles, up to a maximum of 30 cycles at a rate of 1 Hz. The number of cycles required
to induce complete anchor pullout was recorded.
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Figure 2. Loading was applied at 180° (parallel) to the bone surface. (A) Anchor inserted at 90° from
the bone surface. (B) Anchor inserted at 135° from the bone surface. (C) Contact surface between
threaded suture anchor and pre-drilled hole. (D) Contact surface between custom-made suture
anchor and pre-drilled hole.

Figure 3. Experimental setup. The sawbone was clamped in place and the braided polyethylene lines
were tied to a custom-made pulling jig.



Appl. Sci. 2021, 11, 12128

50f9

3. Results

In the static test all constructs failed through screw pullout. Table 1 and Figure 4 detail
the strength and stiffness of both suture anchors. The threadless suture anchor with 90°
insertion angle had the greatest fixation strength of all test setups, having a mean pullout
strength of 105.6 N (standard deviation [SD], 3.5 N) and mean stiffness of 65.2 N/mm (4.3).
There was a statistically significant difference in failure load and stiffness between the two
groups when inserted at 90° (Figure 4).

Table 1. Mean pullout strength and stiffness for each group.

Mean Pullout Strength Mean Pullout Stiffness
N, (SD) N/mm, (SD)
90° 135° 90° 135°
Insertion Angle  Insertion Angle  Insertion Angle  Insertion Angle
Thread metallic
suture anchor 879 (4.1) 96.8 (4.3) 31.3(2.3) 64.9 (5.3)
Custom-made 105.6 (3.5) 92.9 (4.5) 65.2 (4.3) 58.6 (5.9)

suture anchor
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Figure 4. (a) Mean load to failure, showing a significant difference (p < 0.05) between the groups
with a 90° insertion angle.; (b) mean construct stiffness, showing a significant difference (p < 0.05)
between the groups with a 90° insertion angle.

In the cyclic test (Table 2 and Figure 5), all 6 threaded suture anchors inserted at 90°
pulled out after 18 cycles, and 5 of the threaded anchors inserted at 135° pulled out after
25 cycles. In the threadless group, all suture anchors with a 90° insertion angle survived
the full 30 cycles, while all 6 anchors inserted at 135° pulled out after 22 cycles.

Table 2. Percentage of specimens intact (survived) after cyclic testing.

90° 135°
Insertion Angle Insertion Angle
Cycle No. 1t0 10 11 to0 20 21to 30 1to 10 11 to 20 21 to 30
Cycled force (N) 0 to 50 0to70 0to90 0 to 50 0to70 0to 90
Thread metallic suture anchor 100% 67% 0% 100% 100% 17%

Custom-made suture anchor

100% 100% 100% 100% 100% 0%
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Figure 5. Compared to different insertion angle, cycled force and cycle numbers of
survival proportions.

There were no metal particles loosely adhered to the anchors after static and cyclic tests.

4. Discussion

Failure of suture anchors at the bone-anchor interface, such as through pullout, is not
uncommon, especially in elderly osteoporotic patients. The fixation ability is adversely
affected by poor bone quality and can be aggravated by decortication, such as migration,
loosening, or interference from surrounding tissues. However, 3D printing allows for an
open fenestrated core to be incorporated in the implant design, which increases the contact
area with bone and also provides an accessible route for bone integration [7,19]. Currently,
the technologies in 3D-printing medical device have been developed to apply in metal
and polymer materials [20]; however, the polymer materials have been considered that
have some problems such as poor implant strength, damage to soft tissue, and develop-
ment of inflammatory reactions leading to osteolysis. The literatures also indicated that
polyetheretherketone (PEEK) has been shown to be poor osseointegration [21-23]. Porosity
titanium implant have been shown excellent osseointegration property, and therefore we
choose the 3D printed titanium technology to create our anchors. In addition, our thread-
less anchor is made of Ti6Al4V ELI powder that has been satisfied the requirements of
ASTM F3001-14 which is relevant to medical devices and recognized by US FDA. In this
study, we compared the primary fixation stability of a novel threadless 3D-printed suture
anchor against a commercially available threaded suture anchor.

While the pullout strength of threaded suture anchors has been assessed in previous
studies [11,17,19,24], research has indicated that the pullout strength weakens considerably
with a larger angle between the load direction and long-axis of the anchor [17,24]. This was
also evident from the results of this study whereby inserting the threaded suture anchor at
135° gave a greater pullout strength than the 90° insertion angle. However, the opposite
was found for the threadless anchor, in that the smaller 90° insertion angle provided a
greater pullout strength than the anchors inserted at 135°. Similar results were reported by
Nagamoto et al. [14], who found that a 90° insertion angle provided the greatest pullout
strength for a titanium metal threadless anchor. The static pullout strength of the threadless
anchor was also significantly higher than the threaded anchor when both were inserted
at 90°. However, when using a 135° insertion angle, the threaded anchor had a superior
pullout strength, although the difference was not significant.

The initial pullout resistance is primarily influenced by friction generated by the axial
component of the applied force. Most commercially available threaded anchors have a
smooth surface and so the resistance capability is related to the thread design. However,
the 3D printed anchor with rectangular cross-section generates friction through the surface
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roughness and the press-fit force. When the pullout force was aligned normally with the
long axis of the anchor (90° insertion angle), the threadless anchor had a better initial
stability than the threaded anchor, with the resistance to pullout mainly arising from the
overall contact area and the press-fit force of the rectangular shape to reduce movement or
tilting. The maximum displacement (structural stiffness) of the threadless anchor was less
than the threaded anchor for the 90° insertion angle, demonstrating its resistance to tilting
and migration.

No failures were reported for the threadless anchor constructs with a 90° insertion
angle, but the threaded anchors showed signs of gross loosening after about 21-30 cycles.
For the 135° angle, the two anchor groups showed a similar trend to failure. No displace-
ment data were recorded during the cyclic testing, but it was noted by inspection that the
threaded anchors had become more displaced from the starting position. Inserting the
threaded anchor into a pre-drilled hole may not provide adequate bone purchase around
the distal region of the screw, which can lead to screw loosening as the distal threads move
relative to the secured shaft within the proximal block (Figure 3). We propose that using a
predrilled hole increases the risk of developing a windshield-wiper effect and subsequent
anchor loosening. Strauss et al. [25] indicated that fixed anchors placed under cyclic loading
succumb to a windshield-wiper effect, which increases motion at the bone-anchor interface,
leading to loosening. The threadless suture anchor developed for this study was fixed into
a predrilled tunnel by press-fitting, generating greater friction at the bone-implant interface
and thus improving the fixation strength to prevent excessive interfacial micro-motion.
Excessive micro-motion at the bone-implant interface may impair long-term bone ingrowth
and ongrowth [26]. Similar 3D printed threadless implants have been successfully used for
sacroiliac joint fusion [27-29], and in-vivo experiments have indicated that incorporating a
porous surface can improve biological fixation and implant stability [7]. By referring the
previous literatures related to the processing of the selective laser melted (SLM) machine
used in this study, our anchor was designed to have porosities of 70% and pore sizes of
600 um. Fuduka et al. [30] evaluated the osteoinduction of SLM titanium implants and
found the superior osteoinduction property was observed when the pore sizes were in 500
and 600 pm. By an in-vivo experiment by Taniguchi et al. [31], it indicated that the Ti6Al4V
device with porosity of 65% and pore size of 600 pm had more comparable mechanical
strength with the bone and significant bone ingrowth than those with pore size of 300 or
900 um.

Overall, the 3D printed suture anchor presented in this study has the potential to
improve initial implant stability and long-term fixation, demonstrated by the significantly
greater pullout strength and implant stiffness at a 90° insertion angle. According to our
results, the greatest pullout strength for the threadless anchor occurred at a 90° insertion
angle, and therefore we would recommend surgeons to maintain this angle when using
threadless anchors. Because our threadless anchor is prototype, we only evaluated the
feasibility of pullout and stability performance of our threadless anchor as our pilot study.
Further studies including the mechanical and biocompability tests (cytotoxicity test, sen-
sitization test, intracutaneous irritation test, etc.) according to ASTM and ISO standards
respectively shall be performed to validate the design in this study.

The current study has some limitations to be considered. Synthetic bone blocks are
intended to replicate the properties of bone, but cannot truly represent the anisotropic
and viscoelastic material properties of human bone. However, synthetic bone does have
some notable advantages, including negligible inter-specimen variability, low cost, readily
available, and minimal specimen preparation. The use of synthetic bone compliments the
aims of this study to compare the pullout properties of different suture anchors [11,19,24].
It should also be recognized that this study only used one commercially available suture
anchor for comparison against the novel 3D printed threadless anchor. Future studies
should consider a wider range of anchor designs. Regarding the test setup, the loading
conditions applied in this study did not accurately represent physiological loading, and
the models did not account for the mechanical environment at a specific repair site or
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using different implantation methods. In addition, the characteristics of the sawbone
post-testing were not presented in this study because the failure region is irregular and
not easy to quantify. Future work may consider methods for evaluating the sawbone
samples to further assess anchor loosening and associated failure modes. The 90° and 135°
implantation angles are also two potential angles for application, but a wider range of
angles under different conditions should be considered in follow-up studies.

5. Conclusions

The novel threadless suture anchor presented in this study had a significantly greater
pullout strength and stiffness than the threaded anchor when inserted at 90°, while the
two anchors had comparable results when inserted at 135°. In addition, while it has not
been assessed in this study, the fixation strength of the porous 3D printed structure would
likely increase over time as the bone integration process develops, improving the long-term
viability of the suture anchor.
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