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Abstract

Among surgical procedures, suturing is considered simple. However, in some situations, suturing is not easy or feasible. Here,
we present proof of concept of a new self-tightening needle-less suture made of a NiTi alloy. The new device is designed to
overcome two demanding steps of traditional suturing: needle introduction and manual knotting. Our novel suture is composed
only of a short NiTi wire that is able to change shape by exploiting a thermoelastic phase transition. This shape change is
achieved by increasing the temperature from that of the operating room (e.g., 20-22 °C) to 32 °C using warm water. Suturing
consists of two steps: suture introduction, in which the suture is in an open configuration, and shape recovery (i.e., closed
configuration). The closed configuration is maintained at human body temperature thanks to peculiar pseudoelastic properties
of the NiTi material. Finally, thermal and functional characterization verified the simplicity and effectiveness of the proposed
device.
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of sutures are available, and these are classified according
to the material of the thread (i.e., absorbable versus non-
absorbable, synthetic versus natural) and the structure (i.e.,
monofilament, multifilament, twisted, or braided). Surgical
needles are manufactured using many types of alloys, includ-
ing different types of martensitic stainless steel (i.e., S42000,
S42020, and S45500), austenitic stainless steel (316L), and
plated carbon steels. Proprietary needle alloys with higher
amounts of nickel and molybdenum have also been devel-
oped (i.e., Surgalloy and Ethalloy). These materials have
many desirable characteristics, including corrosion resis-
tance, strength, and ductility [1, 2]. Needles may be straight
or curved with round or triangular cross sections. In general,
the choice of suture and needle depends on clinical variables,
including the location, the thickness of the tissue, and the
amount of tension exerted on the wound [3].

Suturing consists of multiple manual knots that may run
continuously or separately. The suturing procedure is not
easy and may not be possible in all clinical scenarios. Main-
taining adequate tension while tying the knot is a main issue
during suturing. Too much tension can cause the suture or
tissue to break, while insufficient tension can cause the knot
to fail. The failure rate of suturing is both high and variable,
especially in procedures involving deep tissues. Suturing can
be demanding and requires long medical intervention time
when the surgical field is difficult to access, as in endoscopic
skull base surgery, laparoscopic myomectomy, and minimal
invasive esophagectomy. Studies of post-surgical issues with
endoscopic skull base surgery have reported that as much
as 7.1% of cerebrospinal fluid was leaked following tumor
resection via the endoscopic endonasal skull base approach
[4]. Postoperative cerebrospinal fluid leakage incidence was
also studied by Xue et al. [5], who found a 12.7% loss rate, as
well as Malik et al. [6], who reported estimates ranging from
1.77% to 7% for cerebrospinal fluid fistulas, and Chen et al.
[7], who reported a cerebrospinal fluid leakage incidence of
15.48%. Additional research has found that postoperative
cerebrospinal fluid rhinorrhea remains a frequent compli-
cation of endonasal approaches to pituitary and skull base
tumors, with an incidence rate varying from 3.7% to 9%,
depending on the approach adopted [8].

Laparoscopic myomectomy (LM) is the main intervention
used to treat uterine myomas, a type of tumor involving uter-
ine muscle cells that can lead to significant morbidity and
fertility problems [9, 10]. LM is performed totally laparo-
scopically and requires intracorporeal suturing, increasing
the difficulty of the procedure. Typically, sutures under 30 cm
are introduced through the port into the intraperitoneal cav-
ity. Although difficult, it is important to ensure that no
hematomas form in the myoma beds. Suturing is one of
the most important factors affecting the outcome of this
procedure, with the hardest part consisting of tying suture
knots [11, 12]. Similarly, appropriate suturing procedures
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are fundamental for minimally invasive surgeries such as
esophagectomies. The thoracic esophagus is proximate to
many sensitive surrounding structures, and therefore, the pro-
cedure must be as precise and as little invasive as possible.
One of the key factors determining the success of minimally
invasive esophagectomy procedures is the anastomotic tech-
nique. Anastomotic leakage is a critical complication of this
procedure and can lead to patient death [13]. The esopha-
gogastric anastomosis is secured by manual or mechanical
techniques. Manual techniques usually involve absorbable
or non-absorbable sutures, while the mechanical supports
are usually staple sutures. While cervical anastomosis is
mainly performed using a handsaw, intrathoracic anastomo-
sis is usually performed using staple sutures, since manual
suturing would require considerable technical skills and be
highly time-consuming [14]. However, studies have reported
a 20% incidence of anastomosis stenosis after the use of
staple sutures for this procedure, meaning that the optimal
surgical plan remains an unsolved problem [15].

In addition to the examples mentioned above, other com-
plications associated with suturing are critical and may lead
to serious medical problems. Partial or complete dehis-
cence, infection without dehiscence, and suture reaction are
additional risks that apply to both deep and superficial sutur-
ing. These risks can increase both morbidity and mortality,
prompt transfer to an intensive care unit setting, result in
longer hospitalization, and may cause hospital readmission
[16]. For example, abdominal wound dehiscence (i.e., burst
abdomen or fascial dehiscence) is a severe postoperative
complication, with a mortality rate as high as 45% and an
incidence ranging from 0.4% to 3.5% of cases [17]. Further-
more, infection in post-cesarean wounds and independent
risk factors related to wound infection have been studied [ 18].
Such studies have found that the overall incidence of wound
dehiscence was 3.05%, with all patients requiring secondary
suturing.

In general, in cases of suture failure, the best-case clinical
situation is re-suturing. However, the worst-case scenar-
ios often involve patient death. Regardless of the specific
suture and needle selected, the basic techniques of sutur-
ing—i.e., holding the needle, driving the needle, and knot
placement—remain the same. Traditional suturing involves
the following steps: (1) needle introduction, (2) manual knot-
ting with suturing instruments, and (3) cutting of the excess
thread. In traditional suturing, the difficulty, time, and risk
assessment are the main constraints (Table 1). Manual knot-
ting is the most critical step for two main reasons. First, it
always involves multiple knots, and second, its effectiveness
is surgeon-dependent since its success is related to operator
skill. Furthermore, knotting may be even more difficult in
confined spaces, resulting in even longer intervention times.
The needle introduction step also presents high levels of risk
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Table 1 Risk assessment of traditional surgical suturing by surgical step

Surgical step Difficulty level Time Risk
Needle introduction Low Low High
Knotting High High High
Cutting Low Low Low

due to the possibility of accidental puncture of adjacent tis-
sues by the operator. This may result in increased risk of
infection and therefore in waste of medical material due
to the additional treatment required. Finally, needle intro-
duction can also result in the widening of the hole through
which the suture is passed, and this can considerably increase
the risk of infection—especially in neurosurgery—and can
reduce suture strength.

Surgical site infections are a dramatic side effect of sutur-
ing and impact both patients and medical staff [ 19]. Infections
result from microbial infiltration via the knot or the needle
and can lead to additional undesirable effects such as legal
disputes and needle disposal. Even without infection, the
manual knotting step has a strong impact on the surgeon,
especially during operations featuring prolonged suturing
sessions. Manual knotting also impacts patients, since longer
anesthesia periods are required. Furthermore, these factors all
result in increased surgery costs.

Thus, considering the impact of risk assessment, infec-
tion, and cost/efficiency, a new suturing procedure or suturing
device must face two key challenges: improvement of needle
introduction and improvement of knotting while abolishing
the cutting phase. Biomedical research has reported many
new materials to remove suture knots, particularly in confined
space. An example is the barbed suture. Barbed sutures are
derived from common polymeric sutures, but their surface is
cut to generate numerous sharp barbs that give sutures tensile
strength without the need for tying, thereby favoring self-
anchoring [20, 21]. A comprehensive review of the efficacy
and safety of knotless barbed sutures for surgery is provided
by Lin et al. [22]. In that review, the authors concluded that
this kind of suture is effective for reducing suturing and total
operative time, even if additional safety evidence is required.
Furthermore, the usefulness of the barbed sutures for deep
and narrow operations remains unknown.

Another proposal to remove the knotting step is reported
by Nespoli et al. [23]. They presented an innovative suture
based on a shaped NiTi wire that closes automatically when
heated. NiTi is the most common shape memory alloy and
has been used in numerous industrial applications due to its
unique mechanical properties, including the shape memory
effect (SME) and pseudoelasticity (PE). In addition, NiTi
wires show high resistance to damping and fatigue, high
resistive strength, good biocompatibility, and high corrosion

resistance. Major uses of NiTi are in medicine (e.g., as stents,
grafts, orthopedic staples, orthodontic archwires, and eye-
glass frames), aerospace (e.g., as couplers in F-14 planes),
safety products (e.g., as dampers of seismic vibrations and as
sprinklers), and robotics (e.g., as actuators) [24-33]. At the
base of the mechanical attitudes of NiTi, there is a first-order
thermoelastic transition between two solid phases, austenite
and martensite, that are stable at two different temperatures.
Austenite is the parent phase; it has a body-centered cubic
structure and is stable at high temperatures. Martensite is
softer and is stable at low temperatures but can exist in
multiple variants due to its low symmetry. An additional
martensite phase with a trigonal cell, called the R-phase,
may also appear to generate a two-step transformation. Ther-
moelastic martensitic transition (TMT) is characterized by
thermal and mechanical hysteresis, and growth and shrink-
ing of martensite upon cooling and heating [34]. This appears
following the martensitic transformation (SME or PE) and is
governed by the characteristic transformation temperatures
of the alloys: the martensite start and finish temperatures, M
and My, and the austenite, or reverse transformation start and
finish temperatures, Ag and As.

The SME occurs when a specimen, deformed at a tem-
perature below My, recovers its original undeformed shape
when heated to a temperature above Ar. The motion pro-
duced through the phase change from martensite to austenite
and vice versa can thus be exploited to produce mechanical
work; it is for this reason that NiTi is valuable in the actua-
tion field. On the other hand, PE occurs in the austenite state.
At low strains, the austenite first behaves like a common
elastic material. However, when reaching a critical level of
stress, austenite transforms into a stress-induced martensite
(SIM). The transition into SIM produces high deformation
at almost constant load due to the high mobility of the inter-
faces of martensite variants; this minimizes strain energy.
Importantly, SIM is thermodynamically unstable at austen-
ite temperatures. Therefore, when the load is removed, the
material returns to the austenitic parent phase following an
unloading path at lower stresses than the initial load stress.
This means that PE is a reversible, nonlinear elastic phe-
nomenon [34]. Itis important to note that PE may only appear
in the well-known pseudoelastic temperature range from Ag
to M4, where M is the temperature above which martensite
can no longer be induced by stress and the material shows a
purely austenitic mechanical response.

Characteristic PE curves can show a “flag” shape, which
is typical of strongly textured specimens such as wires, or
a “leaf” shape, which is common for more complex geome-
tries. In both cases, thermo-mechanical hysteresis can be very
attractive for practical applications since it can help dissipate
mechanical energy and prevent or reduce structural damage
due to vibrations.
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In [23], the authors presented a ring-like NiTi suture that
presented the SME in the operating room and the PE at human
body temperature. These NiTi sutures were able to change
their shape from an open to a closed configuration solely via
change in temperature. Therefore, in this case, suture tying is
not operator-dependent since knotting is substituted by spon-
taneous shape recovery via exposure to heated water. Such
a design may be useful in deep surgical field where manual
knotting is very challenging, or even impossible. The suture
described in the aforementioned paper [23] has a similar
shape to traditional sutures, butitis composed of a pre-shaped
NiTi wire with a steel needle crimped on one side. Using this
NiTi device, the suturing steps changed to: (1) needle intro-
duction, (2) wire positioning, (3) cutting of excess thread,
and (4) closing the knot by applying heated water. Therefore,
the suturing procedure involving NiTi sutures faces only one
challenging step: the introduction of the needle.

In this paper, we suggest a further improvement to the
previously described NiTi suture [23] by presenting a needle-
free design of a similar NiTi-based suture [35]. This design
radically reduces the demanding steps involved in suturing
since the procedure involves only wire introduction and knot
self-closure with heated water. The presented device is a
proof of concept, and it has been assessed at a technology
readiness level of four, meaning that it was validated in a
laboratory environment.

Materials and methods
Suture design

Our objective was to develop a user-friendly NiTi-based
suture with simple geometry, needle-free and following a pre-
viously published shape [35]. Since the advantage of using
the NiTi material is the possibility of exploiting temperature-
sensitive shape changes, the proposed NiTi suture is designed
to have two shapes, i.e., an open geometry at operating
room temperature and a closed one at human body tem-
perature, respectively. These configurations were chosen to
meet two goals: the open configuration facilitates introduc-
tion of the device into tissues, while the closed configuration
(i.e., a single-loop spring) facilitates simplicity of fabrica-
tion and improves biocompatibility. Relative to the traditional
approach (Table 1), the new suturing operation becomes sim-
pler since it reduces to two steps: (1) wire introduction and
(2) closure of the knot with warm water. Figure 1 depicts a
three-dimensional computer-aided design (CAD) model of
the suture in each configuration.

The device features two geometrical parameters, @g and
@ v, which are the diameters of the closed suture and the NiTi
wire, respectively. The length of the NiTi wire, Ly, is kept
at 1.5 times the circumference of the suture. Furthermore,
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the sharp tip of the suture facilitates introduction into human
tissue, while the curved end acts as a mechanical stop. In
addition, the suture is designed to have a straight segment to
make it easy for surgical instruments to grasp.

Suture fabrication and characterization

A body-temperature cold-worked NiTi wire with a diameter
of 0.4 mm (@w) was purchased from SAES Getters (Italy).
Three suture types with @g of 2 mm (®g3), 3 mm (Pg3),
and 4 mm (Ps4) were fabricated using three different pro-
cessing routes. Suture fabrication followed two main medical
recommendations: First, the open configuration should be
stable at the ambient temperature of the operating room (i.e.,
approximately 20-22 °C) and second, sutures should close
at a maximum temperature between 35 °C and 40 °C. The
open-to-closed transition is achieved by heating the device
with hot water delivered by a syringe.

The as-received NiTi wires followed a series of thermal
treatments at high temperatures (i.e., from 400 to 600 °C) to
identify the phase transformation temperature for the NiTi
material that best meets the medical requirements. Ad hoc
steel jigs were used to fix the closed configuration to the wire
during the thermal treatment. The selected thermal treatment
procedure to guarantee the correct functioning temperatures
as well as the design of the home-made jigs is industrial
property.

From a material point of view, the medical tempera-
ture constraints require that the suture is in the deformed
martensite state (open configuration) until heated with water.
Therefore, the suture should start its martensite-to-austenite
(i.e., open-to-closed) transition at a temperature higher than
20-22 °C. In addition, the phase transition should finish at an
Ay of approximately 35 °C. The closed configuration is then
maintained at the human body temperature since the austenite
state can be constantly maintained at that temperature. The
starting open configuration is obtained during manufactur-
ing via controlled deformation of the suture at a temperature
lower than Ry that is the finish temperature of the transi-
tion from austenite to the R-phase. The open configuration is
obtained by cooling down the treated NiTi and creating the
suture opening using a proprietary jig. Therefore, when sur-
geons receive the NiTi suture in its open configuration, the
suturing steps will be: (1) suture introduction and (2) closure
of the suture with warm water. Figure 2 shows a visualiza-
tion of the steps characterizing the lifespan of the NiTi suture
from production to use in the operating room.

Differential scanning calorimetry (DSC) (DSC25, TA
Instruments, New Castle, DE) was used to assess the phase
transformation temperatures of the NiTi material after ther-
mal treatments. Temperature scans were performed on six
specimens per type over —90-120 °C at a 10 °C/min heat-
ing/cooling rate. Characteristic suture temperatures include
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Fig. 1 Three-dimensional

computer-aided design (CAD) '
models of the suture in the open

(a and c¢) and closed (b and

d) configurations. ®@g: diameter

of the closed suture; @w:

diameter of the NiTi wire; Lw: X
length of the NiTi wire A\
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Fig. 2 Life cycle analysis of the novel NiTi suture, from factory to operating room

the maximum temperature at which the suture can be
deformed in its open configuration, Ry, and the temperatures
at which the transition from open to closed configurations
occurs, A, Ap, and Af. Ay is the temperature when open suture
starts to close and the closing operation finishes at A¢. A, is
the temperature of the transition peak. All characteristic tem-
peratures, except Ap, are identified in the DSC plot using the
tangent method.

A final post-processing step was used to model the two
ends. For example, 320-grit abrasive paper was used to
sharpen the tip, while pliers were used to give a slight curva-
ture to the other end. The curvature is given to the NiTi device
at R-phase temperature; therefore, it is recovered through the
phase transformation from the open to the closed configura-
tion.
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Fig. 3 Photographs of the
thermo-mechanical testing setup
and main mechanical parameters
obtained using a generic force
versus displacement graph. K:
elastic stiffness; dp: plateau
starting displacement; Fax:
maximum force (all quantities
expressed in arbitrary units)

DIRE‘CTION (0]
MOMEMENT

Thermo-mechanical tests were performed using a Q800
machine (TA Instruments) to assess the opening force of each
suture at 37.5 °C and at Ry and to evaluate the closing force
generated by the suture during heating above Ar. During all
tests, temperatures were measured by a thermocouple placed
near the holders. Before mechanical testing of the opening
force, the Q800 chamber was maintained at the selected tem-
perature for 10 min. The movement action was transferred to
the suture using the ad hoc support depicted in Fig. 3. This
support consists of two similar rigid frames fixed to one of
the two holders of the tensile strength testing apparatus. The
axial movement of the bottom frame permits suture opening
(downward movement) and closing (upward movement). To
assess its strength at 37.5 °C, each suture was deformed by
a complete load—unload cycle at 0.250 mm/min and at four
opening levels: 0.500, 0.650, 0.750, and 1 mm. In addition,
the assessment of the opening force at Ry was accomplished
at 1 N/min and at I mm deformation. Curves were then eval-
uated by three parameters identified on the loading path: the
elastic stiffness (K), the plateau starting displacement (dp),
and the maximum force (Fax) (Fig. 3).
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Next, the closing force of the suture was measured using
an iso-displacement test. Each tested suture was first cooled
in near-frozen water and then opened as illustrated in Fig. 1.
Then, the two extremities were inserted in rigid strips fixed to
both the upper and lower clamps of the Q800 testing machine.
A distance equal to the one between the two branches of the
suture in the open configuration was then set up between the
rigid strips. Using optical microscopy (i.e., using a WILD
stereomicroscope with light emitting diode (LED) illumina-
tion and a polarizer), the distance of the suture branches in
the open configuration was measured for all the three suture
sizes. For @ gy, @ g3, and @4, we recorded distances of 3.4,
5.5, and 7 mm, respectively. Once the opened suture was
inserted in the rigid strips, the temperature of the cham-
ber was increased to 45 °C in iso-displacement conditions.
During the heat ramp, the force applied by the suture was
measured. Using this test, the force plateau value was con-
sidered to be the maximum force that the suture can apply
to tissues during the closing process. Finally, functional tests
were accomplished on silicon anatomical samples and on
commercial anatomical animal tissues.
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Results

Figure 4 presents photographs of the three sutures—®sg»,
@g3, and P s4—in both the open and closed configurations.
All photographs were taken at room temperature (approx-
imately 23 °C) using a WILD stereomicroscope. Figure 5
shows the DSC graphs of the sutures and also reports the
temperature limits for each configuration. The peak at about
—70 °C during cooling is not consistent due to the machine
losing control of the selected cooling rate. The character-
istic temperatures Ry, A, Ap, and Ay of the three sutures
together with their average values are listed in Table 2. Given
the average values, we found that the upper limit of Ry is
(15.2+0.8) °C. Moreover, the phase transition temperature
limits, Ag and Ay, are (18.2£2.0) and (31.240.8) °C, respec-
tively. Next, with respect to the energy involved in the phase
transformation, we found that the three sutures had similar
enthalpy values: 17.6 J/g (standard deviation (SD): 0.4 J/g),
18.5 J/g (SD: 0.5 J/g), and 17.9 J/g (SD: 0.2 J/g) for sutures
Dy, Ps3, and Pgy, respectively.

Results of the mechanical tests on the opening force of the
sutures are reported in Fig. 6 and summarized in Table 3. We
observed that at human body temperature, the three sutures
showed the well-known pseudoelastic flag-shaped response.
The loading path is composed by a linear elastic response
followed by a plateau of SIM. Moreover, we observed that the
elastic stiffness and maximum force decrease with increasing
suture diameter. An opposite trend was found for the SIM
plateau starting displacement, which instead increases with
the suture diameter. Therefore, we obtained 322.5, 332.7, and
646.8 wm for diameters of 2, 3, and 4 mm, respectively. As
expected, at Ry, the material is softer, with stiffness and forces
lower than those registered for the austenite state. It should be
noted that the mechanical response at Ry was similar for the
three sutures. Finally, the closing force measure test showed
that the static force exerted by sutures @g», @3, and Psy is
equalto 2.3, 1.9, and 1.7 N, respectively. It is noted a decrease
in the closing force by increasing the diameter of the closed
suture.

Finally, we tested suturing on silicon phantoms of human
gingivae. Figure 7 depicts frames representing the surgical
steps for suture @g»: suture introduction (Fig. 7a) and self-
knotting (Figs. 7b and 7c¢). Figure 8 shows the surgical steps
for suture @g3; these included suture introduction (Figs. 8a
and 8b) and self-knotting (Figs. 8c and 8d). Finally, Fig. 9
shows photographs of suture tests on commercial animal
samples, carried out using the @g4 (Figs. 9a-9c) and ®g3
(Figs. 9d-9f) sutures.

Discussion

Here, we present a simple, rational, easy, user-friendly, and
cost-effective suture based on a shape memory alloy wire.
The NiTi material was chosen to guarantee high biocompati-
bility that is usually achieved with dedicated post-processing
beneficial in promoting a physical barrier for Ni ions (such
as oxidation or coating). Furthermore, the material has the
extra medical benefit of being magnetic resonance imaging
(MRI)-compatible [36]. The suture itself consists of a body-
temperature NiTi wire that is hot-shaped into a single-loop
ring via ad hoc thermal treatment. These sutures possess a
shape memory form (SME) at room temperature and a pseu-
doelastic form (PE) at human body temperature. The suture
is therefore in a deformed martensite state (i.e., an open
configuration) during placement within the tissue, where it
recovers the ring shape (i.e., a closed configuration) when
heated above Ar. The closing movement enables tissue mar-
gins to be drawn together and consequently for the sutured
wound to close. The coexistence of the SME and PE forms
is beneficial in many ways. First, SME allows the suture
to keep an open configuration until being exposed to heat.
In the PE condition, small thermal fluctuations around typ-
ical internal human body temperature [37] do not affect the
mechanical performance of the suture since it remains perma-
nently in the austenite state (i.e., the suture is pseudoelastic)
inside the human body. This is in accordance with our DSC
analysis results. Therefore, any increase or decrease of tem-
perature (either locally or outside the body) does not affect the
correct functioning of the suture since the mechanical prop-
erties of the material are exclusively related to its austenite
microstructure. A production process was selected to pro-
mote the SME in a temperature range suitable for standard
operating room environment. Our DSC results (Fig. 4 and
Table 2) show that the mean value of A is (18.242.0) °C.
Therefore, at laboratory temperature (approximately 23 °C)
the device partially recovered the closed shape. Moreover, it
kept this configuration even at the surgery temperature since
the mean value of A, was (26.9+0.8) °C.

We also note that the open-to-closed transition always
occurs in a narrow temperature range (approximately 10 °C)
since the temperature must be increased from 20 to 22 °C
to Af ((31.2+0.8) °C). In addition, the water used to heat
the suture can be at a temperature of 38—40 °C to ensure that
the phase transition is fast without damaging the surrounding
tissue.

At human body temperature, the suture remained in the
closed configuration with the PE mechanical response spe-
cific for each diameter (Fig. 6 and Table 3). Once closed,
the stiffness of the suture is 25.6, 15.9, and 6.5 N/mm for
the @g», @s3, and P g4 sutures, respectively. Based on these
results, we conclude that at body temperature the new suture
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Fig. 4 Photographs of the
sutures: @gy (a and b), Ps3

(c and d), and @g4 (e and f).
&gy suture with closed
configuration diameter of 2 mm;
&g3: suture with closed
configuration diameter of 3 mm;
&gy suture with closed
configuration diameter of 4 mm

1 mm (d)

d
(e) 1mm  (f) 1mm
— o
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Fig.5 DSC graphs for the @g (a), @s3 (b), and @s4 (c) sutures. Ry rep-
resents the upper temperature limit for suture opening. A and A are the
temperature limits at which the open-to-closed transition occurs. DSC:
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differential scanning calorimetry; @g;: suture with closed configuration
diameter of 2 mm; @g3: suture with closed configuration diameter of
3 mm; Ps4: suture with closed configuration diameter of 4 mm
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Table 2 Characteristic

temperatures of the @s;, Ps3, Suture Re (°C) A (°C) Ap (°C) Ag (°C)
and ®gy sutures
Dsy 13.1+£0.6 16.1£2.5 25.3+0.9 29.8+£0.9
D3 149+1.3 20.6+0.9 26.8+1.1 31.0+1.1
Dy 17.5+0.6 17.8+£2.6 28.6+0.6 32.840.3
Mean 15.240.8 18.24£2.0 26.940.8 31.24£0.8
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Fig.6 Loading—unloading mechanical cycle at human body temperature (orange curves) and at R (blue curves): a suture with a 2-mm diameter;

b suture with a 3-mm diameter; ¢ suture with a 4-mm diameter

Table 3 Elastic stiffness (K),

plateau starting deformation (dp), Body temperature Ry
and maximum force (Fpax) at .
human body and at Ry max Suture diameter (mm) K (N/mm)  df (Wum)  Fpax (N) K (N/mm)  dp (um)  Fpax (N)
temperatures
2 25.6 3225 79 8.0 227.7 2.0
159 332.7 5.1 7.9 315.2 2.7
6.5 646.8 35 49 483.1 22

presents a higher stiffness compared to commercially avail-
able knotted sutures [23]. Furthermore, the pseudoplastic
deformation given to the suture while in the R-phase state
is advantageous for convenient suture removal. As a gen-
eral rule, suture removal can be achieved simply by lowering
the temperature of both the suture and the surrounding envi-
ronment to a value below Ry. At this point, a physician can

simply open the suture arms and pull the device out with for-
ceps. The simple geometry of the device prevents issues such
as manual knotting, which is achieved through self-closing
instead. Furthermore, the risk of scarring and infection is less-
ened due to the absence of stainless steel needles. Therefore,
compared to the traditional approach (Table 1), the new NiTi
suturing operation is radically reduced to two steps: (1) wire

Fig.7 Photographs of suturing steps with the @g; suture on a silicon oral
closed configuration diameter of 2 mm

model: a suture introduction; b and c¢ self-knotting. @g»: suture with

@ Springer
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Fig. 8 Photographs of suturing
steps with @g3 sutures on a
silicon oral model: a and b suture
introduction; ¢ and

d self-knotting. @g3: suture with
closed configuration diameter of
3 mm

(c) HOT WATER .~

Fig.9 Photographs of suturing steps on a commercial animal tissue: a—¢ @g4 suture and d—f @g3 suture. @g4: suture with closed configuration
diameter of 4 mm; ®g3: suture with closed configuration diameter of 3 mm

introduction and (2) closure of the knot with warm water.
Moreover, another important advantage of the novel suture
described here is that the closing force does not depend on the
surgeon’s skill, since the tightening is exclusively ascribed
to the self-accommodation of the material during the phase
transition while heated. Therefore, the absence of manual
knotting permits uniform strength along the suture path.

@ Springer

Assuming that the suture exerts a uniaxial tensile test on
the tissue during closing, it is possible to determine whether
the static force generated can damage the soft tissue to which
it is anchored. For instance, several studies have investigated
the failure properties of soft tissues. Ayyalasomayajula et al.
[38] studied these failure properties under a uniaxial tensile
test of the adventitia layer of the descending abdominal aorta.
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They observed failure stress values of 0.96 and 0.86 MPa
for circumferential and longitudinal specimens respectively
obtained from the aorta. Similarly, Garcia-Herrera et al. [39]
characterized the mechanical responses of samples obtained
from the ascending aortic wall and found failure stress values
of 1.20 and 0.66 MPa for circumferential and longitudinal
samples, respectively.

In addition, Bonaldi et al. [40] studied the failure mech-
anism of human fascia lata using uniaxial tensile tests and
found failure stress values ranging between 0.5 and 12 MPa.
Morrow et al. [41] also used tensile tests of rabbit extensor
digitorum longus muscle to assess the mechanical response
and found a failure stress value of 0.163 MPa. Similarly,
a study by Petersen et al. [42] found a cervical tissue fail-
ure stress value of 1.8 MPa when studying its mechanical
response using a uniaxial tensile test. Finally, Stavropoulou
et al. [43] tested the tensile stress of esophageal tissue in
different layers (i.e., mucosa—submucosa, inner muscle, and
outer muscle), both within the esophagus and in other nearby
regions (i.e., cervical, thoracic, and abdominal). They found
failure stress values ranging from 0.13 MPa (for a circumfer-
ential sample of the outer muscle of the esophagus abdominal
region) to 1.7 MPa (for a longitudinal sample of the outer
muscle of the esophagus abdominal region).

By applying the suture closing force to these tissues and
examining the stresses generated in them, it is possible to
determine that in most cases the novel suture described here
would generate an axial stress lower than the failure stress
value. However, there are rare cases in which the suture could
damage nearby tissues. For example, the 2-mm suture, which
exerts a 2.3 N closing force, would generate an axial stress of
0.9 MPa as estimated using the method of the human fascia
lata sample examined by Bonaldi et al. [40]. This value is
within the range of failure stresses obtained for this tissue
as measured by tensile tests. Therefore, it is fundamental to
properly design the suture according to the tissue that the
suture will be applied to. No unique geometric configuration
of the suture (i.e., diameter of the wire and/or diameter of the
closed suture) can be used in all tissues.

Compared to the NiTi suture presented in [23], the new
NiTi device has the advantage of being needle-less. The
absence of stainless steel needles significantly decreases the
waste produced by suturing. Another key advantage is that
a version of the novel NiTi suture can be used for micro-
surgery. Table 4 lists key advantages of the NiTi and barbed
sutures. This list shows that the NiTi material offers sig-
nificant improvements for surgical suturing. Nevertheless,
to properly compare this suture design with commercially
available sutures (e.g., with respect to suturing speed, cost,
complication rate, etc.), a large amount of clinical data must
be obtained [9, 44]. However, until the novel suture described
here is available on the market, no quantitative comparison
with other types of sutures is possible.

Table 4 Advantages of NiTi and barbed sutures

Advantages Previous NiTi ~ Current NiTi Barbed
suture [23] suture suture
[9-11]
No knots X X X
No handling X X X
No needle X
No waste X
Gradual X X
self-closing
Implantable X X
Micro- + X X
macro-surgery
Microsurgery X

(dedicated)

Figure 10 reports a list of benefits conferred by the new
device, not only to the patient, but also to the surgeon and the
hospital. However, in addition to its numerous benefits, the
novel suture described here has some limitations. The main
concern involves its novelty, since the medical staff must
use it despite its use being quite different from traditional
suturing. Although NiTi materials are already well-known
in the medical field (due to NiTi archwires, stents, and sta-
ples, among other devices), the mechanical functioning of
the suture and its handling may be obstacles for adoption
and acceptance. Another issue concerns the maintenance of
the correct open configuration at each stage of the suture life-
cycle, from production to use in the operating room. In fact,
given its known phase transformation temperatures, it may
be necessary to adopt special packaging to keep the device at
temperatures below A to avoid unexpected shape recovery
before medical use.

In conclusion, in this study we present a proof of concept
of a medical device tested in a laboratory environment that is
not ready to be used in clinical environments. Further exper-
imentation is required to further study this NiTi device and
to achieve a technology readiness level of nine.

Conclusions

This study presents a proof-of-concept design of an inno-
vative surgical suture consisting of a very short NiTi shape
memory alloy wire, opportunely shaped to enable the self-
knotting at convenient temperatures.

The main conclusions can be summarized as follows:

1. The NiTi shape memory alloy is a suitable material for
developing biomedical devices aimed at simplifying sur-
gical procedures.

@ Springer
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Fig. 10 Benefits of the novel
NiTi suture device for patients,
surgeons, and hospitals

REDUCTION OF
INFECTION

REDUCTION OF
LEGAL
DISPUTES

REDUCTION OF
COSTS

REDUCTION OF
INTERNAL

HOSPITAL

NO ACCIDENTAL
PUNCTURE
REDUCTION OF
SURGICAL TIME
NO NEED FOR
KNOTS

PATIENT

COMFORT

REDUCTION OF
INFECTION

REDUCTION OF TIME
OF HOSPITALIZATION

TOTAL ABSENCE OF
SCAR SPECIAL WASTE

2. The presented suture has the advantage of being self-
tightening and needle-less. Consequently, the steps
involved in the knotting procedure are drastically
reduced. Nevertheless, to determine whether the over-
all suturing time is decreased, it is fundamental to obtain
clinical data, which at the current stage is not possible.
In any case, suturing using the novel suture device is
reduced to two steps: wire introduction and the closure
of the knot with warm water.

3. The device exploits the R-phase. We found that the R-
phase enables the suture to maintain proper deformation
during handling until correctly positioned within the tis-
sue. The R-phase is also useful for suture removal.

4. Novel characteristics ascribed to the properties of the
NiTi alloy and the simple design of this suture device
include reduced risk of inflammatory reaction and less
waste. These are important benefits for patients, sur-
geons, and hospitals alike.

5. During the closing process, the suture may generate a
stress field that is potentially dangerous for the surround-
ing tissue. Therefore, it is fundamental to properly design
the geometry of this device based on the mechanical
properties of the tissue to be sutured. For example, com-
putational analysis may enable determination of the ideal
geometric configuration of the suture (e.g., the best wire
diameter and/or closed suture diameter to be adopted).
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