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Purposes: Advancements in medical technology have enabled medical specialists to resolve significant problems concerning tendon
injuries. However, despite the latest improvements, surgical tendon repair remains challenging. This study aimed to explore the capabili-
ties of the current state-of-the-art technologies for implantable devices. Methods: After performing extensive patent landscaping and
literature review, an anchored tissue fixation device was deemed the most suitable candidate. This design was firstly investigated nu-
merically, realizing a Finite Element Model of the device anchored to two swine tendons stumps, to simulate its application on a severed
tendon. Two different hook designs, both bio-inspired, were tested while retaining the same device geometry and anchoring strategy.
Then, the applicability of a 3D-printed prototype was tested on swine tendons. Finally, the device-tendon stumps ensemble was subjected
to uniaxial tensile tests. Results: The results show that the investigated device enables a better load distribution during the immobilized
limb period in comparison to standard suture-based approaches, yet it still presents several design flaws. Conclusions: The current im-
plantable solutions do not ensure an optimal result in terms of strength recovery. This and other weak points of the currently available
proposals will serve as a starting point for future works on bio-inspired implantable devices for tendon repair.

Key words: tendon and ligament injuries, tendon repair, sutureless, bio-inspired design, implantable medical device

1. Introduction

Tendon and Ligament Injuries (TLIs) are, unfor-
tunately, not an uncommon issue. On the other hand,
surgical tendon repair remains challenging despite
numerous advances in orthopaedic surgery. Current
treatment strategies fail to restore the functional, struc-
tural and biochemical properties of repaired tendons.
Although progress on this subject has been achieved,

there is currently a high rate of occurrence for several
complications during the recovery, mostly due to the
limits of the current solutions.

Among all, suture threads (of various materials and
realised with different passage and anchorage tech-
niques) remain the vastly predominant approach. The
major concerns about these conventional suture-based
approaches are: (i) the formation of adhesions be-
tween healing tendon and surrounding tissues (with
excessive formation of extrinsic scar tissue, predomi-
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nantly in small tendons, which limits the active range
of motion), (ii) the inadequate grasping of the tendon
by the suture causing slippage, (iii) knot failures, (iv)
excessive gap formation (>3 mm), (v) insufficient
tensile strength with potential rupture, and (vi) a high
infection risk [15], [19], [29], [45]. Besides, medical
conditions, including diabetes, circulation problems
or obesity, may affect surgery outcomes [11]. In-
deed, recent randomized controlled trials and obser-
vational studies on large tendons, such as the Achil-
les tendon, indicate that after surgical treatment, the
complication rate is still high, regardless of the type
of therapy, with a rupture rate ranging from 5%
to 7% [6], [31]. Similar results were also reported for
small tendons. In particular, after the flexor tendon
repair (the second tendon injury with the highest
incidence), the rate varies between 1% to 10% [8],
[42]. In Italy, opinion experts have provided recom-
mendations and guidelines about the treatments and
rehabilitation of Achilles tendon injuries, based on
scientific evidence and clinical experiences [32].
However, the same experts reported how the level of
satisfaction achieved after Achilles tendon repair is
generally unsatisfactory, concluding that there is not
yet a clear solution to restore tendon strength and
native function.

It is important to recall that different tendons pos-
sess unique anatomy, function, biomechanical prop-
erties, healing capacities, mechanisms of injury and
approaches to rehabilitation. Furthermore, they may
undergo degenerative and traumatic processes, with
different outcomes. The most common injuries in-
volve the rotator cuff, Achilles, and hand flexor ten-
dons. However, despite anatomical and size differences
among tendons, according to their locations, any solu-
tion considered for surgical treatment (sutures, barbed
sutures, implantable devices) must follow some com-
mon considerations. The ideal solution should have
suitable tensile strength and Young’s modulus of
elasticity to mimic the pristine tendon mechanical
behaviour. It should respect the tendon biological
and biomechanical functions and enable early post-
operative rehabilitation; indeed, early motion is cru-
cial after tendon repair surgery to promote intrinsic
tendon healing while reducing extrinsic adhesion
formation and preventing joint stiffness [44]. Specifi-
cally for implantable devices, all these aspects re-
quire a proper definition of their optimal geometry
and anchoring strategy.

This study aimed to demonstrate the functioning of
an implantable anchor device for tendon tissue repair.
Rose thorns and limpet teeth inspired barbs were con-
sidered.

2. Materials and methods

2.1. Tendon mechanical properties

The mechanical behaviour of a tendon repair solu-
tion should match as closely as possible the one of the
pristine tissue, without being too flexible nor too stiff.
An excessively flexible device undergoes an uncon-
trolled elongation, whereas a constant diastasis <2 mm
between the tendon’s stumps is needed to ensure tis-
sue healing [35]. On the other hand, a rigid device
causes a disproportionate accumulation of mechanical
stress in the anchoring areas, causing local tissue
damage and potentially its mechanical failure.

In this sense, the tendons are composed of a hier-
archical structure based on collagen fibrils subunits
arranged in aligned fibres that are organized longitu-
dinally into fascicles [41]. The main role of the fibres
is to resist stress, allowing a certain degree of compli-
ance (i.e., reversible longitudinal deformation). Due
to the distribution of those aligned fibres through
a matrix, the tendon mechanical behaviour may be
realistically considered as an orthotropic material,
whose elastic modulus is from 350 to 850 MPa (lon-
gitudinal direction) and from 1 to 40 MPa (transverse
direction), where the variation in values is related
to anatomical locations [37]. In general, the ultimate
tensile strength (UTS) of tendons varies in the range
of 30–45 MPa with an elongation percentage of 14–18%
for children and young people; for adult tendons, UTS
is between 43 and 115 MPa with an elongation per-
centage of 10–12.5% [17]. For the numerical and ex-
perimental analyses reported in this study, the me-
chanical properties of the flexor digitorum profundus
(FDP) tendon were considered. Specifically, it was
assumed that the device must be able to sustain at
least the physiological values of the uniaxial tensile
load expected during the active rehabilitation process
(19 N, according to [38]).

2.2. Selection of the device geometry
and anchoring strategy

An extensive search was performed on EspaceNet
and Google Patent, focusing on patents for implantable
devices for tendon repair. This first, broader research
returned a total of 699 patents, involving several tech-
nology domains and considering any geographical
region, CPC class, publication date, and assignee(s).
This group was narrowed to 29 by considering only
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patents that specifically included the rems “tendons” and
“ligaments” in their claims (21 out of 29) or other sec-
tions of their text (8 out of 29). Indeed, this study fo-
cused on implantable devices since they are supposed to
overcome the well-known limitations of both classic and
knotless approaches, such as (1) being applicable with
non- or minimally invasive procedures, (2) being su-
tureless – thus less prone to mechanical failure thanks to
the larger cross-sectional area, (3) being bioabsorbable,
(4) ensuring a more uniform distribution of loads, and
(5) being overall easier to apply.

After a critical review of the remaining candi-
dates, the final shortlist reported in Table 1 was de-
fined. A comparison among these potential solutions
is graphically displayed in Fig. 1, considering the five
beneficial characteristics enlisted before and a scale
from 1 to 4, where 1 means it lacks that property and
4 means it completely fulfils it.

Fig. 1. Patent comparison graph

In conclusion, the US20050119694A1 patent was
deemed as the most suitable option. According to the
Authors’ considerations, its principal advantages are:
(i) its innovative micro-structured geometry that en-
ables natural tissue imbibition; (ii) the anchorage sys-
tem that ensures a uniform stress distribution during its
application; finally; (iii) its biodegradability strongly
reduces inflammatory response issues, as a result of
being bioresorbable during the healing process. Be-
sides, the US20050119694A1 patent was considered
for its similarity with barbed sutures. Several studies
have shown that barbed sutures have optimal mechani-
cal behaviour in comparison with classic threads [7].
The device (Fig. 2) is made up of two thin patches or
membranes, with a plurality of barbs disposed on the
interior side. These latter ones constitute the micro-
structured anchorage system surface that holds the de-
vice to the target tissue. The distance between the two
opposite sets of rows is intended to avoid anchoring
on the damaged portion of the tendon. Indeed, differ-
ently from the straight cut introduced here for these
experiments, generally large tendons (e.g., Achille’s
tendon) reach collapse due to mechanical fatigue. This
means that the severed cross-section is actually sur-
rounded by a portion of tendon tissue that may be par-
tially damaged; thus, anchoring in these nearby areas
may (1) provide non-optimal anchoring and (2) poten-
tially cause further damage.

This patent was considered a viable option for sev-
eral reasons. The main aspects were that: (1) its two thin
membranes can be anchored to the upper and lower ten-
don surfaces, leaving uncovered the lateral parts of the
tendon, enabling the natural imbibition of the tendi-
nous tissue (differently for other solutions which are
completely wrapped around the tendon); (2) the ori-
entation of the two sets of barbs allowed for optimal
tensile resistance coming from the two tendon stumps;

Table 1. Shortlist of candidate patents

Patent number Name Assignee Classification

US9,149,354B2 Flexor tendon repair device Anthony E. Sudekum A6F 2/00, A6B 7/06, A6IB 7/II,
A6IF2/08

US20050119694A1 Remotely anchored tissue fixation device and
method Coapt Systems Inc. A61B17/11

US20090228022A1 Device and method for tendon, ligament or
soft tissue repair Mcclellan William Thomas A61B17/1146

US5916224A Tendon repair clip implant US Secretary of Army A61B17/1146

US5723008A Splint for the repair of tendons or ligaments
and method Gordon Leonard A61B17/1146

US20130013065A1 Tendon repair device and method INNOSPAN A61B17/1146
US5800544A Tendon and ligament repair system Omeros Medical Systems Inc. A61F 2/08

US3842441A A temporary implant and method for tendon
surgery A. Kaiser A61F 2/08

US20050197699A Tissue repair apparatus and method Coapt Systems Inc. A61F 2/08
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(3) the gap left between the two series of anchorage
barbs ensured that the tendon stumps near the injury
area are not stressed to avoid the problem of scar
tissue formation. However, further improvement of the
design retrieved from the existing literature was con-
sidered, including some modifications to the barbs
arrangement and shape. Regarding the barb shapes,
two variants were considered, following a biomi-
metic approach inspired by a rose thorn (0.45  0.45
 0.7 mm) and a limpet tooth-like [2] (0.55  0.4 
0.94 mm) shapes (Fig. 3), owing to their natural grasp-
ing function.

Fig. 2. Patent US20050119694A1 (retrieved from [43])

Fig. 3. Detail of a single barb. Rose torn- (left)
and limpet tooth-inspired (right) shapes

Fig. 4. CAD model of the implantable device,
with two membranes (Patches) with barbs arranged

in a checkerboard pattern on their interior side.
The red solids indicate the two (distal and proximal) tendon stumps

As can be seen in Fig. 4, the barbs were arranged
in a checkerboard pattern. This was done considering
the tendons’ hierarchical fibre structure along its lon-
gitudinal direction. The rationale was that by inserting
all barbs aligned in the same rows, they should have
been all anchored on the same fibres, overloading
them.

For the same reason, the barb distribution is in-
verted onto the two membranes. This way, they do not
anchor on different fibres. Moreover, the barb tips of
both sides of the device do not come into contact
during insertion.

2.3. Candidate biomaterials

As mentioned in Section 2.2, the implantable de-
vice is supposed to be biocompatible and biodegrad-
able. Exhaustive research was conducted to find the
right polymeric material.

Several biopolymers can be found in the scientific
literature, but not all of them are biodegradable. An-
other important parameter is the degradation time
because it must match with the healing time of tendon
tissue. Thus, the degradation process of the polymeric
material must start around the sixth month to guaran-
tee a complete formation of new tissue [36]. Biomate-
rials that did not satisfy this requirement were dis-
carded. In Table 2, the polymeric materials suitable

Table 2. Mechanical properties for different polymers

Material PGA PLA PCL
Density
[g/cm3]

1.5–1.7
[10], [26]

1.21–1.3
[10]

1.11–1.146
[10]

Young’s
Modulus
[GPa]

6–8.4
[10], [26]

0.35–13.8
[10], [24], [27]

0.21–0.44
[10]

Poisson’s
coefficient

0.3
[10]

0.36
[10]

0.3
[33]

Yield strength
[MPa] – 16–103

[27]
8.2–10.1

[9]
Elongation
at break

1.5–30%
[3], [10], [18], [26]

6–7%
[1]

300–1000%
[10]

Tensile strength
[MPa]

60–99.7
[10]

50–70
[1]

4.0–42
[10], [18]

Compression
strength [MPa] – 17.9–93.8

[5] –

Flexural
strength
[MPa]

– 61.8–94.7
[27] –

Tensile breaking
load [MPa]

55–890
[18], [23], [26]

16–114
[27]

10.5–16.1
[9]

Degradation
times [Months]

6–12
[3], [22], [47]

6–18
[12]

>24
[3], [47]
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for the goal of this study (medical-grade polylactic
acid (PLA), polyglycolic acid (PGA), and polycapro-
lactone (PCL) are illustrated. Their respective ultimate
stress and Young’s modulus were reported for com-
parison. These three alternatives were then tested nu-
merically to find the best candidate (Section 3.1).

Among these options, the PLA was presumptively
considered the most probable choice, due to its
Young’s modulus. In fact, an elastic modulus in the
range of 1–2 GPa is optimal. This consideration was
made to avoid excessive stress concentration or elon-
gation during loading. If the polymeric material had too
high stiffness, a high rate of stress was situated in the
tendon tissue near the contact zone; otherwise, a mate-
rial with low Young’s modulus broke or underwent
too large deformations.

2.4. Numerical investigation:
the finite element analysis (FEA)

The aims of both the numerical and the experimental
tests were to verify (1) the bio-inspired, microstruc-
tured anchorage system and (2) the tendon stumps-
implantable devices ensemble. Specifically, the whole
device at its global scale and the single barb must be
able to resist the physiological loads expected during
the post-operative rehabilitation process (active and
passive motion). The finite element analysis (FEA)
was performed using the ANSYS® Mechanical Work-
bench™ software, importing CAD models developed
using the Rhinoceros® software. A free mesh of TED10
10-node tetrahedral elements [20] was applied for all
the structures with 414 243 elements in the upper

membrane, 413 934 in the lower membrane, 234 155 in
the proximal tendon stump and 234 996 in the distal
tendon stump. This enabled reproducing the curved
surfaces and edges properly. A non-separation nonlin-
ear contact was imposed between the tendon and de-
vice surfaces. In Table 3, the mechanical parameters
considered for the FE tendon model are reported. For
the reasons explained in section 2.1, a linear elastic
orthotropic behaviour was assumed. To model the size
and geometry of the two tendon stumps, it was con-
sidered that the adult FDP tendon has a cross-section
area of 19 ± 6 mm2 in correspondence with the meta-
carpophalangeal annular pulley A1 [46]. For the de-
sign of its geometry, a ratio of 1:5 was maintained
between thickness and width.

Table 3. Mechanical parameters
for the elastic orthotropic tendon model [37]

Poisson’s ratio [–] 0.350
Fibril modulus [MPa] 1.70
Matrix modulus [MPa] 1.00
E1 [MPa] 4.75
E2 [MPa] 4.75
Ea [MPa] 962.99
V12 [–] 0.253
V13 [–] 0.023
V23 [–] 0.023
G12 [MPa] 1.18
G13 [MPa] 45.64
G23 [MPa] 45.64

This static analysis (Fig. 5) assumed one of the
tendon stumps proximal to the tendon-bone junction
and considered it acting as a fixed support. The other

Fig. 5. Boundary conditions: a fixed support was applied on the distal surface of the first tendon stump
that mimics the tendon-bone junction, with the axial force applied to the other tendon stump
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stump, consequently assumed to be proximal to the
myotendinous junction, was subjected to an axial load
of 50 N, representing the muscular force transmitted
during finger flection. This is known to exert a force
in the range of 40–50 N during active movement [7].

The mechanical properties of the device de-
pended on the selected biopolymer. According to the
range of values reported in [10] and in Table 2, a den-
sity  of 1.25 g/cm3, Young’s modulus E of 2.00 GPa,
and a Poisson’s ratio v of 0.360 were considered for
PLA. For PGA,  = 1.60 g/cm3, E = 8.40 GPa, and v =
0.300 were set. For PCL,  = 1.13 g/cm3, E = 0.44 GPa,
and v = 0.300 were utilised.

2.5. Experimental investigation

2.5.1. Device manufacturing

Several manufacturing technologies were consid-
ered to find the production techniques that make it
possible to accurately model the geometry of the de-
vice. Additive manufacturing in general, FDM and the
Photopolymer Jetting 3D-printing technology in par-
ticular were deemed as the most suitable options con-
sidering the selected material and the geometric ac-
curacy required. However, the commercially available
FDM 3D printers use non-medical-grade biopolymers
that have different mechanical properties than their
counterparts of interest here. Moreover, even if the

accuracy of this technology reaches a layer height of
100 µm, it is still not satisfactory, as the smallest de-
tails of the geometry designed in the CAD software
cannot be well replicated. Thus, an Objet30 3D-
-printer, with Polyjet® technology, was used. This al-
lowed for high manufacturing accuracy (almost 15 mi-
crometres). Among the resins available for this printer,
the VeroWhite Plus RGD835 was considered as the
most appropriate owing to its PLA-like mechanical
properties: elastic modulus E = 2.00 GPa and ulti-
mate tensile strength equal to 65 MPa [40], very
close to the values generally considered for PLA
(50–70 MPa [1]). In Figure 6, an example of the
printed device is shown.

Fig. 6. 3D-printed devices (limpet tooth-inspired shape,
VeroWhite Plus RGD835 resin)

Fig. 7. The four-steeped application process: a) first tendon stump grasping, b) first tendon stump upper surface grasping,
c) second tendon stump grasping, d) second tendon stump upper surface grasping
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The selected resin was intended for laboratory tests
only. This material, while biocompatible, is not intended
for the manufacturing of implantable devices, also due to
its high moisture absorption (over 1%) [30].

2.6. Swine tendon samples

The porcine deep flexor tendons have been used as
a model for the human tendon, as suggested by the
scientific literature ([4], [14], [21], [28], [39]). The
similarities in strength and size between swine FDP
and human hand flexor tendons have been deeply
utilised for tendon repair studies [25]. The FDP ten-
dons were extracted from six disarticulated anterior
swine trotters. Importantly, only recently slaughtered
pigs were employed. Fresh (not frozen) FDPs ex-
tracted from recently slaughtered swine specimens
were used to ensure unaltered biological conditions.
The technique described in [17] for FDP harvesting
was followed. The skin, subcutaneous tissues, and
FDS were excised. Finally, the FDP tendons were
isolated and extracted. Subsequently, a tendon injury
was simulated by making a transverse cut, dividing
each tendon into two separate stumps.

2.7. Tendon stumps-device ensemble

The application process presented in Fig. 7 con-
sists of the following steps. First, one tendon stump
was snagged on the multiple sites for grasping on the
lower supportive backing component; subsequently, the

upper component was applied on the upper surface.
The application process was repeated for the second
tendon stump, considering having the minimum gap
between them.

3. Results

3.1. Numerical analysis

Two parameters were deemed as the most relevant
in this study: the equivalent (von Mises) stress, to
verify that the maximum mechanical stress was below
the ultimate resistances of the tendon stump tissue and
the device, and the uz axial displacement, essential to
verify whether the diastasis between tendon stumps in-
crease during the load since, as mentioned before, opti-
mal healing of the tissue occurs if diastasis remains con-
stantly smaller than 2 mm. The results shown in Table 4
were obtained for the two bioinspired barb designs.

Table 4. Maximum von Mises stress and uz displacements
for the two barb geometries

Von Mises Stress [MPa] Displacement uz [mm]
Model Patch

max.
Tendon

max.
Model Patch

max.
Tendon

max.
Rose thorn 70 80 Rose thorn 0.11 0.10
Limpet teeth 38 91 Limpet teeth 0.12 0.13

By comparing the two designs, it is evident that the
limpet teeth shape returns the best mechanical response

Fig. 8. Von Mises stress distribution throughout the patch (limpet teeth-like shape).
The tendon stumps are ghosted for better visibility; the shape of the membranes is shown as deformed under the applied load
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in terms of lower maximum stress in both the two
patches and the tendon stumps, even if at the cost of a
slightly larger axial displacement (which is still well
under the threshold considered here). Therefore, only
this second design was considered for the second phase
(i.e., the experimental tests). In Figure 8, the simulation
results for this design is shown. As expected, the maxi-
mum tensile stress was found at the base of the barbs
in the row closest to the severed tendon cross–sec-
tion.

At the same time, the equivalent stress is almost
uniformly distributed throughout the device. This high-
lights the capabilities of the microstructured anchoring
system to reduce the stress accumulation at one or a few
points, differently from the (barbed or classic) suture
threads, thus avoiding local damage and/or failure to
the tendon fibrillar structure.

These preliminary numerical analyses brought satis-
factory results; however, by looking at the distal part
of the device, it can be observed how the last few barb
rows do not grip the tendon stumps. This is due to the
deflection of the device during loading. Experimental
validation was deemed necessary to address this spe-
cific issue.

In addition, two other numerical simulations have
been made using the other candidate biomaterials re-
ported in Table 2 (PGA and PCL).

Finally, PLA was identified as the most suitable
option, due to its mechanical properties (see its lower
maximum von Mises equivalent stress in Table 5), its
degradation time, and also considering its well-known
extensive use for the manufacturing of medical im-
plants.

Table 5. Maximum von Mises stress
for different biomaterials

Maximum von Mises stress [MPa]
Patch Tendon

PLA 44.68 34.15
PGA 62.69 33.66
PCL 47.40 65.21

3.2. Experimental tests

3.2.1. Insertion test

The first test aimed at establishing the feasibility
of the application procedure, as shown in Fig. 7. The
aspects considered were: (1) the easiness of penetra-
tion through the tendon tissue; (2) a visual inspection
of the structural integrity of the device after compres-
sion; (3) a visual inspection of the structural integrity

of the surrounding biological tissues after insertion.
The device with limpet teeth-like barbs successfully
passed this phase. These were only preliminary tests.
For more reliable results, cadaver tests are needed,
with the device implanted under the skin while per-
forming passive mobilization of the limb.

3.2.2. Tensile test
of the device-tendon ensemble

Uniaxial tensile tests were carried out according to
the UNI EN ISO 527 standard, with an MTS INSIGHT®

machine set as follows: 1000 N load cell, speed of
0.3 mm/s, and a sampling frequency of 20 Hz.

Since the experimental validation was performed
on swine tendon specimens (to avoid using human
tissues), it was considered that the ultimate stress for
the FDP tendon is 55 ± 19 MPa [34]. This was set as
the holding power that the tendon stumps-device en-
semble should ideally provide.

During traction of the tendon-device ensemble, the
distal barbs of the device started decoupling from the
tendon stumps due to deflection because of load ap-
plication. This confirmed the risk of unhooking sug-
gested by the numerical analysis reported in Fig. 8.
This phenomenon was observed after the application
of relatively small loads, which can naturally occur
during the active rehabilitation process, thus, invali-
dating all the operating principles of the anchorage
system. Importantly, the peak uniaxial tensile load
value (6.44 N) was lower than the threshold defined
according to these expected physiological values (19 N
as explained previously in Section 2.1). This issue can
be even worsened in real-life scenarios, where more
complex movements could also involve shear forces
acting on the device.

The maximum load attained with the original de-
sign was limited because of the unlocking of the teeth
at the distal ends. To increase the holding power, the
ends of the device were tethered. By fixating the ends,
the maximum load was increased but at the cost of
modifying (complicating) the design. Two bands were
positioned in the distal and proximal portions of the
device. This avoided completely the unhooking prob-
lem; it might be also considered feasible in a surgical
procedure, even if not ideal due to the need for a fur-
ther step when operating in a small, sensitive envi-
ronment. However, even in this case, the peak load
value (18.49 N) was still lower than the considered
threshold (even if only by a small margin). In Figure 9a,
the initial positioning of the tendon-device ensemble
during the tensile tests is shown. The device deflec-
tion and consequential unhooking are clearly visible
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in the box in the bottom right corner. In Figure 9b, the
same tests when performed on the device with the two
bands are shown.

(a) (b)

Fig. 9. (a) Tensile test of the device inserted on swine tendons
stumps and the deflection of the device by applying small loads;

(b) Tensile test of the device with two bands

In Figure 10, an example of a load [N] – extension
[mm] curve as obtained from the uniaxial tensile
tests is shown (both configurations, with and with-
out bands, are reported). These experimental results
highlight how the device cannot stand the physio-
logical load presented during passive rehabilitation,
thus losing its final purpose.

Fig. 10. Load – extension curve for the device-tendon stumps
ensemble with (solid red line) and without (dot-dashed blue line)

the constraining bands

4. Discussion

The finite element analysis highlighted how the use
of a plurality of hooking microstructures makes the

stress distribution more uniform. Therefore, it success-
fully eliminates the concentration of stresses which char-
acterizes suture threads.

During the insertion test, it was observed that the
system has good penetration capacities, piercing the
tendon tissue without encountering much resistance.
The manageability during the application of the de-
vice is optimal; its application is not very complicated
even for an inexperienced user.

However, both numerical simulations and experi-
mental tests evidenced the bowing of the two patches
when the tendon is subjected even to small uniaxial
tensile loads.

This bowing behaviour tends to unhook the distal
parts of the device, thus invalidating the principle of
operation of the device. The insertion of two bands
as an additional constraining element in the distal
portions of the device increases the holding power of
the device-tendon ensemble by three times. How-
ever, even in this latter case, the failure mechanism
was the results of unhooking of the two patches from
the tendon stumps. The holding power was found to
be lower than both the ideal target values (~55 MPa)
and the performance of non-implantable direct com-
petitors.

As discussed in Section 2.2, the tested patent was
chosen because of the similarity of its anchoring strat-
egy with barbed suture threats. However, by making
a comparison between the holding power of both
technologies, it stands out that barbed suture threats
reach a holding power of 50.3 ± 9.9 N for 2/0 poly-
propylene QuillTM SRS 4-strand technique and 61.5
± 11.0 N with a 2/0 polydioxanone (PDO) QuillTM
SRS with the same 4-strand technique [7], while the
tested device reaches only 5 N.

This result is also overperformed by other more
classic suture-based solutions. Several comparative
studies of traditional suturing techniques have shown
that the maximum tensile load for those techniques are:
Kessler  20 N; Becker 20.7 N; Savage 37.1 N; Modified
Kessler + epitendinous running suture 33.6 N; Modified
Kessler + Halsted’s epitendinous suture 48.04 N; “Six
strands” of Savage 67.17 N; “Interlocking” (as pro-
posed by Robertson & Al-Qattan) 36.17 N; “Cross-
-stitch” (as proposed by Silfverskiöld and Andersson)
34.9 8 N, and the epitendinous simple running suture
19.6 N [13], [48]. These all exceed the maximum
resistance obtained with the tested device, both with
and without the additional bands.

These findings point out that the functional princi-
ple of the hooks is theoretically valid, yet several as-
pects, such as the barb distribution, should be further
improved to increase the anchoring power.
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5. Conclusions

This study aimed at evaluating the feasibility of
the current proposals for implantable medical de-
vices for tendon repair. Specifically, based on a pre-
liminary, extensive patent landscape, the best candi-
date concept was selected. This was made up of two
superposed thin patches, with a plurality of barbs
arranged in the inside of the upper and lower
patches. This was deemed as a valid concept since it
ensures the natural imbibition of the tendon tissue
while anchoring two regions of tissue together, with
a more uniform distribution of the tensile stress over
a large surface.

The original concept was then improved consid-
ering a different arrangement of the barbs and two
candidate barb designs (inspired by rose thorns and
limpet teeth specifically). These modified versions
were both evaluated numerically.

The evaluation was performed with three types of
analyses: (1) numerical simulations on a Finite Ele-
ment Model, (2) an experimental device application
test, and (3) ultimate tensile strength tests.

The Finite Element Analysis showed better results
for the limpet teeth-like option, so only this design was
tested experimentally as well. To accurately reproduce
the geometry in the smallest details, Polyjet 3D print-
ing was employed. The commercial resin VeroWhite
Plus RGD835 was used since its mechanical proper-
ties PLA-like well match the ones from medical grade
PLA. To produce a realistic model of the elastic be-
haviour of the FDP tendon, swine FDPs were consid-
ered, as usually done to study traditional techniques
for hand tendon repair thanks to their well-known
similarities to their human counterparts. In particular,
fresh (not frozen) swine FDPs were used.

The insertion test verified the feasibility of using
limpet teeth shape to penetrate the tendon tissue with-
out excessive damage to the surrounding tissue. How-
ever, it did not return satisfactory results in the Uni-
axial tensile tests, reaching only 6 N before failure.
Even when supported by adding two external bands,
the holding power tripled to 18 N but still remained
below expectations.

Therefore, this study suggests how a barbed patches
system is overall interesting and feasible from a manu-
facturing and insertion point of view, however, if
manufactured with current medical grade materials, its
performances are not competitive with already existing
options. Even worse, it is not a functional solution for
anchoring two tendon stumps during an active reha-
bilitation process. Its design flaws hamper its applica-

tion for tendon reconstruction surgery if not coupled
with suture threads.

These findings provide a useful starting point for
research on new concepts for implantable devices for
tendon and ligament repair. The stand-alone use of the
barbed device is not valid since the barbs are unable to
retain a stable anchoring between the tendon stumps
during the active rehabilitation process. Nevertheless,
this study also shows how a similar concept may be
used to completely replace the suture thread if the
unhooking issue encountered can be bypassed. Thus,
it sets the conditions and the direction for designing
new tendon repair devices, which is to be reported in
future studies. Finally, the research reported here fo-
cused on the (1) geometry and (2) anchoring system
of the implantable device. Future works need to focus
on the material for the same application. Indeed, an
implantable solution should be not only biologically
inert, to avoid interference with the tendon healing
process, but preferably bioabsorbable, to avoid the need
for surgical removal after complete healing.
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