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Abstract: Wound closure is a key element of any procedure, especially aesthetic and reconstructive
plastic surgery. Therefore, over the last decades, several devices have been developed in order to
assist surgeons in achieving better results while saving valuable time. In this work, we give a concise
review of the literature and present a biomechanical study of different suturing materials under
mechanical load mimicking handling in the operating theatre. Nine different suture products, all
of the same USP size (4-0), were subjected to a standardized crushing load by means of a needle
holder. All materials were subjected to 0, 1, 3 and 5 crushing load cycles, respectively. The linear
tensile strength was measured by means of a universal testing device. Attenuation of tensile strength
was evaluated between materials and between crush cycles. In the pooled analysis, the linear
tensile strength of the suture materials deteriorated significantly with every cycle (p < 0.0001). The
suture materials displayed different initial tensile strengths (in descending order: polyglecaprone,
polyglactin, polydioxanone, polyamid, polypropylene). In comparison, materials performed variably
in terms of resistance to crush loading. The findings were statistically significant. The reconstructive
surgeon has to be flexible and tailor wound closure techniques and materials to the individual patient,
procedure and tissue demands; therefore, profound knowledge of the physical properties of the
suture strands used is of paramount importance. The crushing load on suture materials during
surgery can be detrimental for initial and long-term wound repair strength. As well as the standard
wound closure methods (sutures, staples and adhesive strips), there are promising novel devices.

Keywords: suture materials; crush load; mechanical properties; wound closure

1. Introduction

Most surgical fields are defined by an anatomical system. Visceral surgery, for instance,
is the surgery of the bowel and neurosurgery is deployed in the central or peripheral
nervous system. However, in the epicenter of aesthetic and reconstructive surgery lies a
concept, rather than an anatomical system. It is all about reconstitution of tissue defects
and functional deficits. In this task, the reconstructive surgeon is challenged by the fact
that many tissue elements and suture materials have to be used in many different ways.
Profound knowledge of these materials and their biomechanical properties is invaluable.
There are numerous reports on surgical suturing techniques and patterns, as well as on
different suture materials. Although each suture material must undergo excessive testing
procedures before it is officially approved as a medical device, there are few data concerning
changes in the strength and behavior of sutures during surgical handling and mechanical
suture trauma. In open surgery, it is standard that only the end of the suture—that will be
discarded—should be mechanically grasped to avoid weakening of the suture. However,
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when repeated instrument handling is necessary, such as in laparoscopic or robotic surgery,
mostly resorbable sutures may well lead to a breakdown of the material, which, according
to Bariol et al. [1], has not been well investigated so far [2]. It is obvious that repeated
instrument handling of sutures with a needle holder might damage the surface or texture
of any suture. Additional care should be taken.

Abhari et al. performed an excellent overview of the current developments in suture
materials, postulating that there are still limitations in their use [3]. Until recently, there
has been low academic interest in the evolution of suturing devices. Advancements were
mainly industry-driven, promoting low cost and strict compliance to the regulatory setting.
Polymer optimizations and antimicrobial coating were the main advances. However, suture
failure is still a problem, with challenges such as knot slippage, cheese wiring, tearing of the
suture through tissue when under tension remaining unsolved. Maybe the suture-tissue
interface presents the single weakest link in soft tissue repair. In the near future, bioactive
products will probably shift the role of suture materials from mechanical and biologically
inert threads to healing-promoting devices [3].

In this work, we give a concise review of the literature and present a biomechanical
study of different suturing materials under mechanical load mimicking during surgery.

2. Materials and Methods
2.1. Suture Materials

For this study, nine products were compared to each other in respect to their linear
tensile strength after a standardized crushing load by a needle holder. For the sake of
comparability, only threads of the size 4-0 USP (United States Pharmakopeia (UPS)) were
used. A summary of the different materials used is provided in Table 1. The effect of
crushing load is displayed in Figure 1. Similar study designs for comparison of suture
materials have been used in the past [4].

Structural deformation after crush loading

1 cycle 3 cycle 5 cycle

Polydioxanone

Polyglactine

Polypropylene

Figure 1. Mechanical distortion after 1, 3 and 5 crushes.
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Table 1. A list of the used suture threads. All threads were 4-0 USP.

Product Manufacturer Material Type Absorbable Coating
Vicryl® Plus Ethicon Polyglactine 910 Braided + +
Vicryl® Ethicon Polyglactine 910 Braided + —
Monocryl® Plus Ethicon Polyglecaprone 25 Braided + +
PDS® Plus Ethicon Polydioxanone Monofil. + +
PDS® II Ethicon Polydioxanone Monofil. + —
Prolene® Ethicon Polypropylene Monofil. — -
Surgipro® Covidien Polypropylene-Polyethylene ~ Monofil. - -
Seratan® Serag-Wiessner Polyamide Monofil. - +
Resolon® Resorba Polyamide Monofil. — -

Coating for Vicryl plus, Monocryl plus and PDS plus is a broad spectrum antibiotic (Triclosan), coating for Seratan
is Titanium. Monofil. = monofilamentous. + = with, — = without.

2.2. Group Allocation

Nine different suture products were used for this line of experiments. Forty threads
from every product were used for the study. In groups of 10, they were subjected to 0, 1, 3
or 5 cycles of crush loading by means of a standard needle holder (4U Medikal, Ankara,
Turkey). Every one of these threads was measured and described in an experimental array
later. There were 360 measurements altogether.

2.3. Experimental Array

A standard needle holder (4U Medikal, Ankara, Turkey) was used for all experiments.
With this instrument, a crushing load was applied on the threads. The threads were crushed
0,1, 3 or 5 times prior to measurement of the linear tensile strength. The clamp mechanism
of the needle holder was used for locking the jaws on the thread. The force needed to lock
the jaws of the needle holder was determined in a separate experiment, as follows.

To perform this particular measurement, the needle holder was mounted on a com-
pression dynamometer (ZwickRoell GmbH & Co. KG, Ulm, Germany) (Figure 1). The force
required to lock the instrument by compressing the clamping mechanism to its maximum
(3 notches) with a 0.2 mm spacer between the jaws was found to be approximately 35 N. A
thread diameter of 0.15-0.2 corresponds to USP 4-0 (Figure 2).
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Figure 2. Experimental array for determination of the force (N) required to lock the jaws of the needle
holder using the clamp mechanism. It was found to be 35 N.
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Subsequently, for the measurements of the tensile strength of the threads, a Zwick
Z050 universal dynamometer (ZwickRoell GmbH & Co. KG, Ulm, Germany) was used.
For the measurement, a 100 N measuring component was mounted with a velocity setting
of 300 mm/min. This method has been validated before [5,6]. The force required to evoke
tear of the material was recorded. For evaluation of the results, the testXpert software
(ZwickRoell GmbH & Co. KG, Ulm, Germany) was used (Figure 3).

Figure 3. Experimental array for determination of the linear tensile strength of the suture materials.

2.4. Statistical Analysis

Two-way ANOVA was used for comparison between the groups using the Bonferroni
correction for multiple comparisons. Parameters are generally displayed as mean values
with standard deviation (+) and range.

3. Results

The pooled mean tensile strength in the group with zero crush load was 19.21 N
(£6.371, 11.66-30.72). It deteriorated to 12.70 (£5.13, 7.62-21.33) after one crush, to 9.75
(£4.63, 4.48-18.24) after three crushes and down to 7.36 (+3.45, 3.49-15.18) after five crush
cycles. All comparisons were highly significant (p < 0.0001). These results are demonstrated
in Table 2 and Figure 4.

Table 2. Crush cycles, pooled data over all suture materials. All comparisons displayed high
statistical significance.

Crushing Load (Cycles) Mean Tensile Strength (N) Tensile Strength Remaining (%)
0 19.21 (£6.371, 11.66-30.72) 100.0
1 12.70 (£5.13, 7.62-21.33) 66.1
3 9.75 (£4.63, 4.48-18.24) 50.0
5 7.36 (£3.45, 3.49-15.18) 38.3
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Figure 4. Deterioration of tensile strength of the suture materials with increasing cycles of crush load.
All comparisons between the groups were highly significant (p < 0.0001).

After one crush cycle, all the products displayed a significant deterioration in tensile
strength, except Vicryl® (p = 0.077) and Surgipro® (p = 0.496). In the comparison between
zero and three crush cycles, all the products showed a significant deterioration in tensile
strength. The detailed results listed by product description are displayed in Table 3 and

Figure 5.
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Figure 5. (a) Attenuation of tensile strength for all suture products. (b) Attenuation of tensile strength
for all suture products between 0 and 1 crush cycles. ** = highly significant, * = significant, ns = non

significant, black color: tensile strength prior to crushing load, grey color: tensile strength after one
crushing load with needle-holder.
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Table 3. Tensile strength deterioration detailed for all suture products.

Product 0 Crushing Load 1x Crushing Load 3x Crushing Load 5x Crushing Load
Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Resolon 15.87 (1.13) 8.78 (3.03) 6.50 (1.55) 4.86 (1.63)
Monocryl Plus 30.72 (1.82) 16.24 (3.37) 11.06 (3.60) 9.19 (3.43)
Vicryl Plus 2452 (1.69) 19.91 (4.66) 18.24 (2.88) 8.55 (4.15)
Prolene 12.30 (0.35) 8.80 (2.09) 7.60 (1.59) 6.10 (2.43)
Surgipro 11.66 (0.44) 9.65 (1.14) 6.28 (2.67) 5.33 (2.12)
Seratan 14.62 (0.59) 7.62 (2.56) 448 (1.35) 3.49 (1.23)
PDSII 20.43 (1.16) 10.85 (3.49) 8.86 (2.51) 5.87 (3.37)
PDS Plus 18.53 (0.72) 11.08 (2.25) 8.64 (2.61) 7.74 (2.49)
Vicryl 24.22 (0.78) 21.33 (3.85) 16.17 (3.33) 15.18 (4.75)
When analyzed by material, all the comparisons after one or three crush cycles were
significant. The corresponding results are summarized in Table 4 (descriptive), Table 5
(inferential statistics) and Figures 6 and 7.
Table 4. Tensile strength deterioration detailed for all suture materials.
Material 0 Crushing Load 1x Crushing Load 3x Crushing Load 5x Crushing Load
Remaining Remaining Remaining Remaining
Mean (SD) Linear Mean (SD) Linear Mean (SD) Linear Mean (SD) Linear
Strength Strength Strength Strength
Polyamid 15.25 (1.09) 100% 8.20 (2.80) 53.79% 5.49 (1.75) 36.01% 5.10 (1.85) 33.42%
Polydioxanone 19.48 (1.35) 100% 10.97 (2.86) 56.29% 8.75 (2.49) 44.92% 6.81 (3.04) 34.93%
Polyglactine 24.37 (1.29) 100% 20.62 (4.22) 84.61% 17.21 (3.21) 70.60% 11.87 (5.51) 48.69%
Polyglecaprone 30.72 (1.82) 100% 16.24 (3.37) 52.86% 11.06 (3.60) 36.00% 9.19 (3.43) 29.92%
Polypropylene 11.98 (0.51) 100% 9.23 (1.70) 77.00% 6.94 (2.24) 57.93% 5.72 (2.25) 47.70%

Table 5. Analysis of the effect of 0 to 5 crush loading cycles on the linear tensile strength of different
suture materials (two-way ANOVA with Bonferroni correction for multiple comparisons.

Material

0x vs. 1x Crushing

1x vs. 3x Crushing

3% vs. 5x Crushing

Load Load Load
Level of Significance Level of Significance Level of Significance
Polyamid p <0.0001 (**) p=0.0110 (*) p > 0.9999 (ns)
Polydioxanone p <0.0001 (**) p =0.0639 (ns) p =0.1486 (ns)
Polyglactine p =0.0001 (**) p =0.0005 (**) p <0.0001 (**)
Polyglecaprone p <0,0001 (**) p =0.0002 (**) p =0.7571 (ns)
Polypropylene p =0.0092 (**) p = 0.0507 (ns) p = 0.9387 (ns)

** = highly significant, * = significant, ns = non significant.

Tensile strength attenuation with no of crushing loads

Figure 6. Graphical presentation of the findings in Table 4.
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Figure 7. (a) A graphical presentation of the findings in Table 4 (partial results), black color: tensile
strength prior to crushing load, grey color: tensile strength after one crushing load with needle-
holder. (b) Attenuation of tensile strength in percent of initial linear strength. Relative values.
** = highly significant.
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4. Discussion

Sutures are the mainstay of any surgical procedure, either as an interrupted or con-
tinuously applied closure method. Generally, the physical properties of sutures, such as
the suture diameter, tensile strength, elongation, surface roughness, coefficient of friction,
bending stiffness and tissue drag, and the knot characteristics are well characterized and
have been studied extensively [1]. Such tests are, in fact, an integral part of the regulatory
procedures before a suture is officially approved as a medical device [7]. However, only a
few studies investigated the mechanical damage to sutures by repeated instrument han-
dling during surgery [8]. According to Naleway et al., most published reports on the tensile
behavior of various sutures only focus on breaking force, and detailed reports comparing
other important tensile properties, such as failure elongation, failure stress, failure strain,
modulus, and full stress—strain curves across suture materials, are quite limited [9]. Most re-
searchers agree that simple knotting alone influences materials that may differ significantly
in their tensile strengths and elastic/plastic deformation characteristics, but can still display
comparable elongations at failure [6]. Von Fraunhofer et al. [10] described that all sutures in
their study showed decreased tensile strength and elongation at failure when knotted. Most
of their investigated materials showed increased tensile strength and decreased elongation
at failure for smaller suture gauges (thicker strands), and this behavior is thought to be
related to their internal molecular organization [11].

Clamp fixation for preventing the unfolding of a suture knot has been described
to weaken the tensile strength of polypropylene sutures by Tiirker et al. [12]. Studies
on the grip forces regarding hand and finger movements or force control reflected by
individual grip force data may help to gain further data on dominant and nondominant
hand influences, but do not apply in this context as the needle holder used here offered
a distinct and reliable predetermined force when operated [13]. In laparoscopic and
robotic surgery, it has been noted that the lack of haptic feedback has become a growing
issue due to the application of excessive force that may lead to clinical problems, such as
intraoperative and postoperative suture breakage [11]. Latest sensing technology and haptic
feedback systems that can reduce instances of suture failure without negatively impacting
performance outcomes, including knot quality, are, therefore, under investigation [11,14,15].

In these studies [11,14], it was also pointed out that the loop created in any suture is
most prone to failure due to suture elongation, knot slip and suture breakage. It was found
that monofilament sutures offered higher bending stiffness, but also a higher tendency
to untie, compared to monofilament sutures. Interestingly, the ultimate failure load of
monofilament nonabsorbable polypropylene sutures (Prolene) was significantly reduced
when compared to the ultimate failure load achieved by other monofilament sutures,
such as polyglyconate and nylon, as well as braided absorbable polyglactin, which were
not affected by correcting the first throw of the loop, in their experimental array [12].
Mechanical grip of sutures with a clamp or needle holder is often applied when sutures
have to be tied under tension to temporarily secure a knot after the first throw, to minimize
unwanted gap formation until further throws are performed and fix the whole knots.
Bisson et al. found that ForceFiber suture loops tied with serrated clamps were reduced by
approximately 21% compared to those tied with no clamp (227 N vs. 289 N, p = 0.003), and
approximately 18% compared to those tied with a smooth clamp [16].

In open surgery, it is a rule that only the end of the suture—that will be discarded
—should be mechanically grasped to avoid weakening of the suture. However, since
laparoscopic and robotic surgery has become a frequent and standard approach for many
indications, the problem of suture trauma by instrument handling becomes an important
issue. It has been shown that sutures in robot-assisted vascular surgery showed a significant
loss of strength. Surgeons have, therefore, begun to search for materials that are most
resistant against robotic mechanical handling. The properties of different sutures have been
investigated to find out which materials are least susceptible to robotic manipulations and,
therefore, could best be considered as materials of first choice [17].
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Laparoscopic surgery necessitates the mechanical manipulation of sutures due to
the limited access to the operative field. According to Bariol et al., absorbable sutures
are especially bound to suffer material break-down upon repeated instrument handling.
This effect has not been well investigated so far [1]. In continuous sutures, a broken
suture can result in loss of achieved tissue approximation and lead to significant clinical
problems. It is obvious that repeated instrument handling of sutures with a needle holder
might alter the surface or texture of any suture. Until now—apart from anecdotal and
rare experimental reports—it remained unclear how precisely sutures are damaged by
doing so and how many grips it takes to ruin a suture. The recommendation of Bisson and
coworkers, which was that temporarily clamping a knot to keep it from slipping during the
tying process when securing sutures can be performed without any concern for weakening
the suture or without imposing the danger of suture trauma [16], cannot be confirmed by
our findings. Our experimental set up mimicked the clinical situation in a standardized
way and clearly revealed the increasing damage to the various sutures with the increasing
number of clamping procedures. Here, we could show, for the first time, exactly how
repeated clamping with a needle holder alters the surface and texture of various suture
materials and reduces their breaking strength.

Other studies that intended to define the breaking strength by repeated elongation
of sutures are not directly comparable to our experiments. Dobrin and Mrkvicka found
that chronic loading of polypropylene sutures increased their “acute” breaking force. They
suggested that this may have resulted from increased orientation of crystals in the core of
the filaments [8,18]. Dobrin et al. briefly applied stress to suture materials by disturbing
the outer surface of the filament by placing a stray knot or pinching with forceps, which
both resulted in a decreased “acute” breaking strength [19].

In this study, we did not tackle the challenges posed by the use of different suture—
needle configurations and handling of the needle itself. Here, surgical skills are of paramount
importance for adequate tissue repair [20]. One should be aware of the different indications
of tapered, round, cutting and reversed cutting needle designs. Apart from that, some of
the alloys (545500) [21] used to manufacture the needles contain a substantial proportion of
nickel, rendering them unsuitable for patients with a nickel allergy. Finally, grasping the
needle at the “eye” weakens the link to the suture material.

As expected, our experiment confirmed that a single crush with the needle holder can
significantly reduce the tensile strength of a suture strand by approximately 30%. However,
when investigated separately, not all the products displayed the same effect. In particular,
Vicryl® (polyglactine) and Surgipro® (polypropylene) suffered non-significant material
damage in terms of linear strength. In fact, braided polyglactine (Vicryl®) showed resistance
to crush load and lost the least linear tensile strength upon deformation. Polypropylene
possessed the least initial linear tensile strength, but strength deterioration was relatively
low. When the strands were investigated by material (and not as a separate product), a
single cycle of crush load in all cases produced significant attenuation of linear tensile
strength. There was no marked or significant difference between resorbable and non-
resorbable materials, although the study design was inappropriate for this question.

Other newer technologies, such as staples, various skin adhesives, zipper-like devices,
and polyester meshes, have gained popularity in the operating theatre [22]. Although
adverse reactions to the adhesives [23] or to nickel alloys in metallic staplers have been
reported, these new devices definitely have a place in orthopedic [24] and cardiovascular
surgery [25], but are yet to acquire wide acceptance in plastic surgery. This might change
with the development of novel degradable polyurethane-based tissue sealants [26]. Nu-
merous reports on wound closure after knee surgery showed that zipper-like devices can
produce equal or better results than staples [27]. Finally, the use in ointments and gels
loaded with biomodulatory molecules [28] is yet to be fully evaluated, but seems to be an
option in burns and diabetic foot ulcers. Products containing basic and acidic fibroblastic
growth factor (bFGF and aFGF), granulocyte macrophage colony-stimulating growth factor
(GM-CSF), platelet-derived growth factor (PDGF) as well as epidermal growth factor (EGF)
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are available. However, some concerns arose following reports of malignancies emerging
in combination with the use of recombinant PDGF gels (becaplermin-Regranex®) [29,30].

5. Conclusions

Repeated instrumental handling of various suture materials inevitably leads to me-
chanical damage of sutures and premature break down, even with perfectly knotted sutures.
Especially in continuous sutures, this can have severe clinical consequences. Our data
clearly reveal the deleterious effect on sutures when they are repeatedly grasped with an
instrument during knotting. It, therefore, seems advisable to take meticulous care without
unnecessary grasping of the material. Reconstructive surgeons have to be flexible and
tailor their wound closure techniques and materials to individual patients, as well as to the
procedure and tissue demands; therefore, profound knowledge of the physical properties
of the suture materials used is of paramount importance.

Author Contributions: Conceptualization, R.E.H.; methodology, ].D. and E.P,; software, E.P.; valida-
tion, RE.H. and J.G.; formal analysis, E.P.; investigation, ].D. and A.B.; resources, R.E.-H. and D.W.S.;
data curation, E.P. and J.D.; writing—original draft preparation, R.E.H. and E.P,; writing—review
and editing, E.P; visualization, E.P. and A.B.; supervision, R E.H. and D.W.S; project administration,
R.E.H.; funding acquisition, R.E.H. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Detailed data supporting the results are available with the authors.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bariol, S.V,; Stewart, G.D.; Tolley, D.A. Laparoscopic Suturing: Effect of Instrument Handling on Suture Strength. J. Endourol.
2005, 19, 1127-1133. [CrossRef] [PubMed]

2. Hong, T.; King, M.W.; Michielsen, S.; Cheung, L.W.; Mary, C.; Guzman, R.; Guidoin, R. Development of in Vitro Performance
Tests and Evaluation of Nonabsorbable Monofilament Sutures for Cardiovascular Surgery. ASAIO . 1998, 44, 776-785. [CrossRef]
[PubMed]

3. Abhari, R.E.; Martins, J.A.; Morris, H.L.; Mouthuy, P.A ; Carr, A. Synthetic Sutures: Clinical Evaluation and Future Developments.
J. Biomater. Appl. 2017, 32, 410-421. [CrossRef] [PubMed]

4. Abellan, D.; Nart, J.; Pascual, A.; Cohen, R.E.; Sanz-Moliner, J.D. Physical and Mechanical Evaluation of Five Suture Materials on
Three Knot Configurations: An in Vitro Study. Polymers 2016, 8, 147. [CrossRef] [PubMed]

5. Polykandriotis, E.; Besrour, F; Arkudas, A.; Ruppe, F; Zetzmann, K.; Braeuer, L.; Horch, R.E. Flexor Tendon Repair with a
Polytetrafluoroethylene (Ptfe) Suture Material. Arch. Orthop. Trauma Surg. 2019, 139, 429-434. [CrossRef]

6.  Polykandriotis, E.; Ruppe, F.; Niederkorn, M.; Polykandriotis, E.; Brauer, L.; Horch, R.E.; Arkudas, A.; Gruener, ].S. Polyte-
trafluoroethylene (Ptfe) Suture Vs Fiberwire and Polypropylene in Flexor Tendon Repair. Arch. Orthop. Trauma Surg. 2021, 141,
1609-1614. [CrossRef]

7. Nonabsorbable Surgical Suture. In United States Pharmacopeia and National Formulary, Usp 29-Nf 24th ed.; United States Pharma-
copeial Convention: Rockville, MD, USA, 2006; p. 2776.

8. Dobrin, P.B. Surgical Manipulation and the Tensile Strength of Polypropylene Sutures. Arch. Surg. 1989, 124, 665-668. [CrossRef]

9.  Naleway, S.E.; Lear, W,; Kruzic, ].J.; Maughan, C.B. Mechanical Properties of Suture Materials in General and Cutaneous Surgery.
J. Biomed. Mater. Res. Part B Appl. Biomater. 2015, 103, 735-742. [CrossRef]

10. von Fraunhofer, J.A,; Storey, R.S.; Stone, L.K.; Masterson, B.J. Tensile Strength of Suture Materials. J. Biormed. Mater. Res. 1985, 19,
595-600. [CrossRef]

11.  Abiri, A.; Paydar, O.; Tao, A.; LaRocca, M,; Liu, K.; Genovese, B.; Candler, R.; Grundfest, W.S.; Dutson, E.P. Tensile Strength and
Failure Load of Sutures for Robotic Surgery. Surg. Endosc. 2017, 31, 3258-3270. [CrossRef]

12.  Turker, M.; Yalcinozan, M.; Cirpar, M.; Cetik, O.; Kalaycioglu, B. Clamp Fixation to Prevent Unfolding of a Suture Knot Decreases
Tensile Strength of Polypropylene Sutures. Knee Surg. Sports Traumatol. Arthrosc. 2012, 20, 2602-2605. [CrossRef] [PubMed]

13. Cai, A.; Pingel, I; Lorz, D.; Beier, J.P.; Horch, R.E.; Arkudas, A. Force Distribution of a Cylindrical Grip Differs between Dominant

and Nondominant Hand in Healthy Subjects. Arch. Orthop. Trauma. Surg. 2018, 138, 1323-1331. [CrossRef] [PubMed]


http://doi.org/10.1089/end.2005.19.1127
http://www.ncbi.nlm.nih.gov/pubmed/16283852
http://doi.org/10.1097/00002480-199811000-00004
http://www.ncbi.nlm.nih.gov/pubmed/9831085
http://doi.org/10.1177/0885328217720641
http://www.ncbi.nlm.nih.gov/pubmed/28714329
http://doi.org/10.3390/polym8040147
http://www.ncbi.nlm.nih.gov/pubmed/30979247
http://doi.org/10.1007/s00402-018-03105-3
http://doi.org/10.1007/s00402-021-03899-9
http://doi.org/10.1001/archsurg.1989.01410060027005
http://doi.org/10.1002/jbm.b.33171
http://doi.org/10.1002/jbm.820190511
http://doi.org/10.1007/s00464-016-5356-1
http://doi.org/10.1007/s00167-012-1882-0
http://www.ncbi.nlm.nih.gov/pubmed/22261991
http://doi.org/10.1007/s00402-018-2997-7
http://www.ncbi.nlm.nih.gov/pubmed/29992376

J. Pers. Med. 2022, 12, 1041 11 of 11

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Abiri, A.; Askari, S.J.; Tao, A.; Juo, Y.Y.; Dai, Y,; Pensa, J.; Candler, R.; Dutson, E.P.; Grundfest, W.S. Suture Breakage Warning
System for Robotic Surgery. IEEE Trans. Biomed. Eng. 2019, 66, 1165-1171. [CrossRef] [PubMed]

Dai, Y.; Abiri, A,; Pensa, J.; Liu, S.; Paydar, O.; Sohn, H.; Sun, S.; Pellionisz, P.A.; Pensa, C.; Dutson, E.P; et al. Biaxial Sensing
Suture Breakage Warning System for Robotic Surgery. Biomed. Microdevices 2019, 21, 10. [CrossRef]

Bisson, L.J.; Sobel, A.D.; Godfrey, D. Effects of Using a Surgical Clamp to Hold Tension While Tying Knots with Commonly Used
Orthopedic Sutures. Knee Surg. Sports Traumatol. Arthrosc. 2012, 20, 1673-1680. [CrossRef] [PubMed]

Diks, J.; Nio, D.; Linsen, M.A.; Rauwerda, J.A.; Wisselink, W. Suture Damage During Robot-Assisted Vascular Surgery: Is It an
Issue? Surg. Laparosc. Endosc. Percutaneous Tech. 2007, 17, 524-527. [CrossRef]

Dobrin, P.B. Chronic Loading of Polypropylene Sutures: Implications for Breakage after Carotid Endarterectomy. J. Surg. Res.
1996, 61, 4-10. [CrossRef]

Dobrin, P.B.; Mrkvicka, R. Chronic Loading and Extension Increases the Acute Breaking Strength of Polypropylene Sutures. Ann.
Vasc. Surg. 1998, 12, 424-429. [CrossRef]

Lekic, N.; Dodds, S.D. Suture Materials, Needles, and Methods of Skin Closure: What Every Hand Surgeon Should Know. J. Hand
Surg. Am. 2022, 47, 160-171.el. [CrossRef]

Lear, W. Instruments and Materials. In Surgery of the Skin, 3rd ed.; Robinson, ] K., Hanke, C.W., Siegel, D., Fratila, A., Bhatia, A.,
Rohrer, T., Eds.; Saunders: Philadelphia, PA, USA, 2014; pp. 64-72. ISBN 9780323260282.

Kim, K.Y.,; Anoushiravani, A.A.; Long, W.].; Vigdorchik, ].M.; Fernandez-Madrid, I.; Schwarzkopf, R.A. Meta-Analysis and
Systematic Review Evaluating Skin Closure after Total Knee Arthroplasty-What Is the Best Method? |. Arthroplast. 2017, 32,
2920-2927. [CrossRef]

Knackstedt, RW.; Dixon, J.A.; O’'Neill, PJ.; Herrera, F.A. Rash with Dermabond Prineo Skin Closure System Use in Bilateral
Reduction Mammoplasty: A Case Series. Case Rep. Med. 2015, 2015, 642595. [CrossRef] [PubMed]

Ko, J.H,; Yang, I.H.; Ko, M.S.; Kamolhuja, E.; Park, K.K. Do Zip-Type Skin-Closing Devices Show Better Wound Status Compared
to Conventional Staple Devices in Total Knee Arthroplasty? Int. Wound |. 2017, 14, 250-254. [CrossRef] [PubMed]

Tanaka, Y.; Miyamoto, T.; Naito, Y.; Yoshitake, S.; Sasahara, A.; Miyaji, K. Randomized Study of a New Noninvasive Skin Closure
Device for Use after Congenital Heart Operations. Ann. Thorac. Surg. 2016, 102, 1368-1374. [CrossRef] [PubMed]

Zou, F; Wang, Y.; Zheng, Y.; Xie, Y.; Zhang, H.; Chen, J.; Hussain, M.I; Meng, H.; Peng, J. A Novel Bioactive Polyurethane with
Controlled Degradation and L-Arg Release Used as Strong Adhesive Tissue Patch for Hemostasis and Promoting Wound Healing.
Bioact. Mater. 2022, 17,471-487. [CrossRef]

Tian, P; Li, YM.; Li, Z.]J.; Xu, G.J.; Ma, X.L. Comparison between Zip-Type Skin Closure Device and Staple for Total Knee
Arthroplasty: A Meta-Analysis. BioMed Res. Int. 2021, 2021, 6670064. [CrossRef]

Han, C.M.; Cheng, B.; Wu, P. Writing group of growth factor guideline on behalf of Chinese Burn, Association. Clinical Guideline
on Topical Growth Factors for Skin Wounds. Burn. Trauma 2020, 8, tkaa035. [CrossRef]

Calhoun, C.C.; Cardenes, O.; Ducksworth, J.; Le, A.D. Off-Label Use of Becaplermin Gel (Recombinant Platelet-Derived Growth
Factor-Bb) for Treatment of Mucosal Defects after Corticocancellous Bone Graft: Report of 2 Cases with Review of the Literature.
J. Oral Maxillofac. Surg. 2009, 67, 2516-2520. [CrossRef]

Papanas, N.; Maltezos, E. Benefit-Risk Assessment of Becaplermin in the Treatment of Diabetic Foot Ulcers. Drug Saf. 2010, 33,
455-461. [CrossRef]


http://doi.org/10.1109/TBME.2018.2869417
http://www.ncbi.nlm.nih.gov/pubmed/30207946
http://doi.org/10.1007/s10544-018-0357-6
http://doi.org/10.1007/s00167-011-1667-x
http://www.ncbi.nlm.nih.gov/pubmed/21922319
http://doi.org/10.1097/SLE.0b013e318150e590
http://doi.org/10.1006/jsre.1996.0072
http://doi.org/10.1007/s100169900179
http://doi.org/10.1016/j.jhsa.2021.09.019
http://doi.org/10.1016/j.arth.2017.04.004
http://doi.org/10.1155/2015/642595
http://www.ncbi.nlm.nih.gov/pubmed/25922607
http://doi.org/10.1111/iwj.12596
http://www.ncbi.nlm.nih.gov/pubmed/27019972
http://doi.org/10.1016/j.athoracsur.2016.03.072
http://www.ncbi.nlm.nih.gov/pubmed/27261084
http://doi.org/10.1016/j.bioactmat.2022.01.009
http://doi.org/10.1155/2021/6670064
http://doi.org/10.1093/burnst/tkaa035
http://doi.org/10.1016/j.joms.2009.04.125
http://doi.org/10.2165/11534570-000000000-00000

	Introduction 
	Materials and Methods 
	Suture Materials 
	Group Allocation 
	Experimental Array 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

