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On-site testing of sutured organs: an experimental set up to cyclically
tighten sutures

1. Abstract
A number of surgical practices are aimed to compensate for tissue relaxation or
weakened/atrophied muscles by means of suture prostheses/thread lifts. The success rate of
these procedures is often very good in the short term, while it is quite variable among subjects
and techniques in the middle-long term. Middle-long term failures are mostly related to suture
distraction, loosening or wear, coming from repeated loading cycles.
In this work, an experimental device to perform ex vivo tests on prosthetic sutures has been set
up. An equine laryngoplasty has been used as a benchmark, being representative of sutures aimed
to compensate for atrophied muscles. The peculiarity of this experimental set up is that the suture
is on-site and it has been tightened with known, repeated loads, which do not depend on thread
deformation at different load levels. Preliminary tests have been performed applying over 3000
load cycles and finally a tensile test up to rupture.
Force/displacement curves obtained with this experimental set up have been reported and
parameters useful to classify the biomechanical performance of sutures versus time (mainly its
creep behaviour), have been outlined.
Results have outlined that the organ-suture system undergoes significant creep over 3000 cycles,
and this should be taken into account in order to foresee its long-term behaviour; in addition, the
suture anchorage to cartilage should be improved.
The experimental set up can be used to perform on-site testing of sutures, taking into account the
compliance and creep response at both suture anchorage ends, in order to compare different
surgeries and different kinds of thread.

Keywords: suture testing; distraction; failure; creep; neuropathy; tissue relaxation

2. Introduction
There is a number of applications in the medical practice where localised loads are provided by
tensioned sutures. With reference to aesthetic surgery for example, thread lifts are gaining
popularity as an alternative to traditional surgical rhytidectomy or neck lifting, thanks to their
limited invasiveness[1]. With reference to otorhinolaryngology, sling arytenoid adduction [2] has
been introduced as an innovative technique for the vocal process repositioning. Similarly, a simple
suture is used in arytenoid abduction lateropexy to treat neonatal unilateral vocal cord paralysis
[3]. Silicone rods or polytetrafluoroethylene (PTFE) sutures are used for frontalis suspension in
blepharoptosis [4,5], and PTFE sutures can be used for mitral leaflet prolapse [6]. Other
applications, even more demanding from the biomechanical point of view, concern prolapse
repair such as pelvic organ prolapses [7,8]. The immediate efficacy of these practices has been
supported by rigorous clinical data; however, the respective middle-long-term behaviour is often a
cause of concern [9-12] and has driven the development of new solutions. These new solutions
concern not only the surgical technique, but also the suture material (resorbable/non-resorbable,
silicone, PTFE, ethibond, fascia lata, polyamide, silk etc. [13,14]),the thread geometry (see, for
example, barbed/non-barbed sutures [15]), and the suture fixation (single/double loop [16],
suture buttons or suture anchors [16]). Pre-clinical testing of these solutions can give quantitative
data in order to establish the respective performance and indications. However, the greatest parts
of these tests are designed to measure the ultimate load to failure, and there are few data
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concerning the suture wear and creep behaviour. In addition, the behaviour of the entire system
made of the suture and its anchorage points must be take into account.

A dedicated experimental set up has been here developed whose main peculiarities are: working
on the whole sutured organ and allowing the application of repeated, known loads along the
suture. It can be used to study various tensile sutures, and it has been here used to test the equine
laryngoplasty, used as a benchmark, being representative of sutures aimed to compensate for
atrophied muscles. The loading fixture has been described in detail, and some preliminary results
have been reported to support the hypothesis that the mechanical behaviour of the suture-organ
system undergoes major changes when subjected to repeated loading cycles; the assessment of
this trend is mandatory in order to forecast its long-term performances. For most applications, this
assessment cannot be deduced from the behaviour of the thread alone since both anchorage
points have a role, as here demonstrated, therefore ‘on-site suture testing’ is recommendable and
a methodology to do this is here introduced. As a result of the experimental analysis, relevant
mechanical properties which have good repeatability have been individuated (standard error
below 10%), and some recommendations concerning the surgery have been outlined.

3. Materials and methods

Laryngoplasty

Arytenoid Cartilage Cricoid Cartilage

Epiglottis Cartilage

Equine Larynx Skin

Figure 1. The equine laryngoplasty: a suture is placed between the cricoid and
the arytenoid cartilages in order to keep the second one in an abducted position

Specimens

The loading system has been used to test 8 equine larynges as a benchmark; these larynges where
collected from a local abattoir and frozen. They belonged to 5 male and 3 female horses, aged
between 3 and 13 years old. At time of testing, the larynges were thawed at ambient temperature
and a veterinary surgeon performed laryngoplasty, according to the ‘standard’ technique
described in [17]. The equine laryngoplasty is performed through a prosthetic suture placed
between the cricoid cartilage and the muscular process of the arytenoid cartilage, which has the
function of replacing the tensile action of the cricoarytenoideus dorsalis muscle, achieving a
permanent abduction of the respective arytenoid cartilage (Figure 1). The most common
postoperative complication of this surgery takes place in the first few weeks after surgery [18] and
it leads to the loss of adduction. According to some authors, the main cause of failure is related to
cartilage failure [19]; other authors postulated the loss of adduction is more frequently related to
suture displacement or to cartilage deformation [20]; finally, a further failure mode is related to a
worn suture tear [17]. Performing experimental tests ex vivo on larynges subjected to



laryngoplasty can give a substantial support to the analysis of the causes of the loss of abduction
and to plan possible countermeasures.

Suture Loads

The load was provided by a universal testing machine: Instron Electropulse E3000, which allowed
performing both cyclic and tensile tests in displacement control (1 mm/s); it has been equipped
with Dynacell biaxial dynamic load cell (axial load range +5 kN; accuracy equal to 0.10% in the 0-60
N load range here used, according to the most recent calibration curve). With reference to cyclic
tests, the lower and upper load limits have been chosen so as to reproduce loads taking place
during physiological loads such as swallowing in the present example [21]: the suture tensile load
was cycled between 30 N and 50 N; these tests lasted over 3000 loading cycles at frequencies
ranging between 0.8 and 2 Hz (depending on the organ-suture system compliance). At the end of
cyclic tests, the laryngoplasty was tested up to rupture, working at a constant displacement rate
equal to 1 mm/s, according to previous works in literature [17,20,22,23].

The organ support

The organ support has been designed to securely constrain the organ through bolts; it bears many
holes in order to allow the optimization of organ positioning and orientation, according to its size
and peculiar shape. The system can be simply placed above the loading machine base, its stability
being guaranteed by its own weight (greater than 20 kg).

Slot for the regulation of pulley’s
longitudinal position

Support Bar

Support Plate
for lower pulleys

Plates with holes for
8. larynx fixation

Larynx
Support Base

Figure 2. The organ support base

A ‘support plate’ is soldered on this base (Figure 2); it bears the ‘support bar’ whose height (that is
vertical location along x axis) and position (that is horizontal location along z axis) can be regulated
at fixed step. Finally, this bar supports the ‘lower pulleys’, through a slot which allows a
continuous regulation along the y axis.
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Figure 3. The upper pulley

The upper pulley

An upper pulley is bounded to the movable crosshead of the universal loading machine (Figure 3).
The outer diameter of this pulley is equal to the distance between the two lower pulleys centre
minus the respective diameter.

Suture Loading

Equilibrium equations applied to this loading system (Figure 4) for two different force levels result
in:

Fy=2T=T; =2 (1)
Fy=2T, =T, =2 (2)
Where:
e Fiis the vertical force applied by the testing machine at the exact centre of the upper
pulley;

e Tiis the tension of the thread.
Eq (1) and Eq (2) hold if:
e the upper pulley if perfectly centred between the two lower pulleys
e all pulleys can rotate without any friction
e theinertia of pulleys can be neglected.
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Figure 4. Static analysis for the lower and upper pulley
system

The loading system guarantees that the suture thread tension depends exclusively on the applied
force, being equal to its half; in other words, whenever the applied force is well known, the thread
tension can be easily calculated.

LOWER PULLEYS

ORGAN SUPPORT

d

Figure 5. Designed loading system with larynx (left) {and actual loading system with arynx (right)

4. Results and discussion
All constructs completed the cyclic loading without evidence of failure.
Figure 6 reports typical curves obtained for both loading protocols. With reference to cyclic tests,
a creep behaviour of the sutured organ is quite evident: the average displacement grows as the
test goes on. This could be due to the progressive migration of the suture, creep taking place
inside soft tissues, creep occurring inside the suture thread. The last hypothesis has been tested
submitting the thread at the same cyclic load as the sutured organ: the respective creep rate was
less than 1/10 the measured creep rate for the suture-organ system. The visual observation of
5



tissues at the end of 3000 consecutive cycles has also led to exclude the hypothesis of a
progressive migration of the suture. At the end, the most likely hypothesis was that the soft tissue
has a creep response behaviour; the measurement of this response is a key factor in determining
the long-term behaviour of the suture-organ system. The analysis of curves reported in Figure 6,
allows the assessment of some descriptive parameters:

- S that is the slope of the line interpolating the asymptotic displacement trend (the black
line in Figure 6b) which gives an index of the creep rate;

- ki that is average stiffness behaviour for ith cycle (Figure 6d), and Kave that is its average
value over 3000 cycles;

- D that is the total distraction in 3000 cycles; this is an output often reported in literature
(Figure 6b).
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Figure 6. Cyclic loads: Force vs time for the full test (a); Displacement vs time for the full test (b);
Force vs Displacement cycles (c); Analysis of one single cycle (d)

With reference to tensile tests, the curve might not be monotonous, like the one here reported
(Figure 7). Referring to tests performed in this work, this has happened whenever one of suture
anchorage points had partially failed and had migrated up to another stable point, or when the
thread was spoiled during ex-vivo surgery, therefore it was partially torn during tensile tests. The
visual analysis of specimens after testing allowed to establish the cause of local peaks in tensile
test curves.
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Figure 7. Tensile Tests

With reference to tensile tests, the following parameters can be assessed:
- Fmax that is the maximum force withstood by the organ-suture system (about 100 N in
Figure 7);
- Srmax that is the displacement value in correspondence of the maximum force value (about
30 mm in Figure 7)
- E thatis the total energy required to rupture (the orange area under the curve in Figure 7).

With reference to the eight specimens here analysed as a benchmark, main results are reported in
Table 1.

Table 1. Preliminary results from eight laryngoplasties and suture thread

Cyclic Tests Tensile Tests
D kave S Fmax Smax E
[mm] [N/mm] [mm/s] [N] [mm]  [ml]]
Average 9.4 16.2 2.9x103 86.9 29.5 955
larynx-suture  orandard o4 35 2.0x10°3 220 7.3 573
System Deviation
Standard
Error [%] 11.3 6.3 259 8.1 8.1 16.7
Suture Average 1.3 21.7 4.4x10* 247*% - -
*[24]

These results prove that there is a significant distraction (about 9 mm) as a consequence of 3000
loading cycles, and a good repeatability concerning the mechanical behaviour of the whole organ-
suture complex, with the exception of the strain rate: if the average of eight samples is
considered, the standard error (s.e.) is equal to 11.3% for the total distraction, while it is lower
than 7% for the average stiffness.

With reference to tensile tests, the ultimate load is not too far from peak loads reached during
physiological actions (swallowing in this specific case); such a finding would suggest the need to
design and develop new surgical techniques and suture threads. Both peak load and distraction
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have good repeatability (s.e.<10%). On the contrary, data concerning energy absorption up to
rupture are quite dispersed, and as such, they are likely to have limited significance. Age-related
changes in elasticity of cartilages and mineralization are likely to play a role on the last behaviour
[25], considered that specimens came from animals whose age ranged from 3 to 13 years.
Mid-suture failure took place in 25% cases; these failures happened at loads which are largely
inferior to ultimate suture loads and were originated by suture wear; this aspect deserves to be
deeply inquired since it leads to a reduced thread strength and it gives rise to the possibility of
inflammatory tissue reaction to wear particles [26]. In the remaining 75% cases the failure
occurred due to cut-through/fissure of the muscular process and this would suggest the need to
design different suture fixation devices such as buttons or anchors [27,28].

According to Table 1, the behaviour of the only suture is significantly different from the behaviour
of the organ-suture system. This aspect was clearly outlined by many authors studying the
mechanical performance of sutured tendons and ligaments who uniaxially tested the whole
sutured band [29]. One further step was considering both the soft tissue and its weakest
anchorage point [30]. The next step has been here considered where both anchorage points
needed to be taken into account due to the respective significant compliance and creep; this
required setting up a complex loading device in order to allow not only on-site testing, but also
stressing the suture with known loads.

More in detail, with reference to experimental results here obtained, the creep rate index of the
suture alone is equal to about 15% the creep rate of the larynx-suture system (0.0030 mm/s); this
means that the viscous behaviour of the suture is negligible if compared to the viscous properties
of soft tissues. Therefore, S parameter reported in Table 1 is mostly due to soft tissues undergoing
physiological loads.

The whole system (larynx-suture) can be approximated as a mechanical system made of the series
of two springs: the larynx spring and the suture spring. Kave parameter reported in Table 1 is the
equivalent stiffness of the system which can be so calculated:

1 1 1
==+ 3)
kave kL kS
Where:
e ki is the larynx stiffness
e Ksis the suture stiffness.

Given Eq (3), the stiffness of the larynx K can be calculated as

Keg - ks
k, = kgq——keq (4)
and it has resulted to be equal to 74.4 N/mm; this means that the major contribution to the
system stiffness comes from the suture, which is more compliant than the larynx, and more
specifically than the cartilages providing anchorage for the suture ends.
Referring to distraction (that is the total displacement produced by creep over 3000 cycles), it can
be approximated as the sum of distractions of main system components:

Diot = Dy, + Ds (5)

Where D and Ds represent, respectively, the larynx and the suture distraction. Therefore, the
distraction of the larynx alone can be calculated as:

9



DL = DtOl’ - DS = 8.1 mm (6)

It is therefore possible to conclude that the larynx and its soft tissues play a major role with
reference to creep behaviour.

Another widely used method in literature for on-site testing of sutures is ‘pinching’ the stitch, and
applying a known force, as represented schematically in Figure 8. However, this way of operating
if affected by one major bias.

F1 F2>F1
§ {
/IF l;z
PE < < 2
T T o T

Figure 8. Widely used method to stress the suture

In facts, equilibrium equations applied to this loading system for two different force levels result
in:

F.

F, =2T,cosa; =T, = 2co;a1 (1)
F

F, =2T,cosa,=>T, = 2co§ - (2)

Where:
e F1, F2 are the applied forces (with F2>F1)
e T, T2 are thread tension, as a consequence of the application of forces F1, F2 respectively
e 1, a2 are thread inclinations, as a consequence of the application of forces Fi, Fz,
respectively.

This means that the thread tension does not depend on the applied force only, but also on the
thread angle which can change significantly for different levels of the applied force; in other
words, the thread tension, which is the key input variable in these tests, is actually undetermined,
even if the applied force is controlled and therefore it is well known.

5. Conclusions
The authors have illustrated in detail a testing fixture used to study on-site tensile sutures
performance with reference to repeated load cycles. This experimental set up has proved to
provide good repeatability and therefore it will be used to compare different suture materials and
different suture anchorages. The main advantage of this experimental set up is stressing the
suture on-site and with a known load. As a result of experimental tests, it is possible to assess the
total suture distraction following 3000 loading cycles, the asymptotic distraction rate, the average
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stiffness of the organ-suture system. At the end, a static tensile test is performed in order to

establish the ultimate force and displacement.
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