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ARTICLE INFO ABSTRACT

Keywords: Nowadays there is a wide variety of surgical sutures available in the market. Surgical sutures have different sizes,
Penetration friction apparatus (PFA) structures, materials and coatings, whereas they are being used for various surgeries. The frictional performances
Sliding of surgical sutures have been found to play a vital role in their functionality. The high friction force of surgical
Friction

sutures in the suturing process may cause inflammation and pain to the person, leading to a longer recovery
time, and the second trauma of soft or fragile tissue. Thus, the investigation into the frictional performance of
surgical suture is essential. Despite the unquestionable fact, little is actually known on the friction performances
of surgical suture-tissue due to the lack of appropriate test equipment.

This study presents a new penetration friction apparatus (PFA) that allowed for the evaluation of the friction
performances of various surgical needles and sutures during the suturing process, under different contact con-
ditions. It considered the deformation of tissue and can realize the puncture force measurements of surgical
needles as well as the friction force of surgical sutures.

The developed PFA could accurately evaluate and understand the frictional behaviour of surgical suture-
tissue in the simulating clinical conditions. The forces measured by the PFA showed the same trend as that

Surgical suture
Soft tissue

reported in literatures.

1. Introduction

The surgical suture is used to suture tissues in surgery operation.
The general performance of surgical suture is based on its physical
properties and handling characteristics (Dart and Dart, 2011). With
respect to the ability to easily penetrate through tissues, the friction
force of surgical suture-tissue plays a crucial role. Generally, high
friction between surgical sutures and tissues may cause inflammation
and pain to the person, leading to a longer recovery time, and the
second trauma of soft or fragile tissue (Apt and Henrick, 1976). This
phenomenon was particularly evident for multifilament surgical sutures
with the twist structure and rough surface. In addition, by providing
accurate tribological parameters of surgical sutures during use to the
surgeon, the medical risk caused by the selection surgical suture could
be balanced, thereby improving the patient's postoperative recovery.
Besides, it might provide support for interactive virtual reality, e.g. for a
surgical simulator (O’Toole et al., 1999).

The evaluation standard for the frictional behaviour of surgical
sutures during suturing has not been established. It was found that few
tribological apparatuses have been designed to systematically study the
friction behaviour of surgical sutures.

The friction performance of fibrous material has been studied by a
number of researchers using three different methods. The first kind of
method is an apparatus developed by Tabor D et al. (Tabor, 1957) to
determine the friction of crossed fibers in a controllable atmosphere.
Roselman I et al. (Roselman and Tabor, 1976) and Thomas (McBride,
1965) investigated the friction between carbon fibers with a similar
apparatus. The second kind of method is that two fibers are twisted
together and the force required to cause the slippage is measured (Fair
and Gupta, 1982). This device can only be used for long fibers. The
third kind of method is the classical capstan method (Gao et al., 2015;
Robins et al., 1984; Tu and For, 2004a,b), which is regarded as a va-
luable technological tool for assessing the friction of the fibers when
passing over a curved surface of cylindrical body. The capstan method
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is used to evaluated the friction performance of surgical suture with
different structures (Zhang et al., 2017). These experiments are de-
scribed in an overview (Yuksekkay, 2009).

The methods mentioned above could not accurately test the pene-
tration friction force when the surgical suture penetrating through
tissue. Firstly, the contact condition between surgical sutures and tis-
sues is of surrounding penetration contact condition. The interaction
mechanical characteristics of fiber-fiber and fiber-metal contact are
different from that of surgical suture-tissue contact. Secondly, the
normal load, which is perpendicular to the motion direction, is gener-
ated by the resilience deformation of tissue instead of the applied load.

A few researches have investigated the friction force of surgical
sutures when penetrating through tissues. George et al. (Rodeheaver,
1983) studied the frictional forces during the coated synthetic absorb-
able sutures pulled through the skin of the rabbit. Bezwada et al.
(Bezwada et al., 1995) estimated the frictional forces during Monocryl@
suture passing through the surgically prepared posterior dorsal rats skin
using an Instron tensile testing machine. Chen et al. (2015) evaluated
the handling characteristics of an antibacterial braided silk suture with
one equipment. This equipment could test the tissue drag friction re-
sistance of surgical sutures and the fiber-to-fiber friction force. Jarrett et
al. (Jarrett et al., 1994, 1995) described an apparatus for measuring
surgical suture friction. A suture was passed through a piece of animal
tissue to which a dead weight was attached. The force was measured
when the suture moves through the tissue.

Up to now, researchers haven’t investigated the friction perfor-
mances of surgical suture-tissue by simulating the suturing procedure
due to the lack of appropriate test equipment. In order to simulate the
suturing procedure reasonably, a penetration friction apparatus (PFA)
was designed to provide a method for quantifying the force that oc-
curred during the suturing procedure. In addition, this apparatus could
measure the forces during surgical needles puncturing tissues and sur-
gical sutures penetrating through tissues. This study was conducted
with numerous variables, including the surgical needles, the deforma-
tion of tissues.

This paper was organized as follows. Firstly, the composition of the
PFA was detailly described. The function and instructions of this
equipment were also presented. Subsequently, the puncture forces of
surgical needle-tissue were investigated, the penetration friction force
of surgical suture-tissue, as well as the effects of tissue deformation and
surgical needle size on the friction force during surgical suture pene-
tration procedure.

2. Material preparation and experimental procedure
2.1. Materials preparation

In order to verify the feasibility of PFA, a straight steel stainless
tapered needle, a multifilament surgical suture and a kind of skin
substitute were used in the experiment.

The straight steel stainless tapered needle with silicon coating,
supplied by Weihai Weigao Medical Instruments Co., Ltd., was used in
this study. The work of Shergold and Fleck (Shergold and Fleck, 2005)
and that of Azar and Hayward (Azar and Hayward, 2008) suggested
that the morphology of the crack which is left in the tissue after the
needle puncture depends on the shape of needle tip. The tapered needle
has a sharp tip with smooth edges and is causes less wear to the sur-
rounding tissues. The silicon-coating of needle body guarantee a
minimal resistance to penetration and an optimal passage through the
tissue. Furthermore, a hole was drilled along the axial of the needle at
the end to attach the surgical suture, as shown in Fig. 1. The surgical
needle was laser drilled, which provided a virtually step-free transition
from the surgical suture to the needle, thus reducing tissue trauma or
wear to the skin substitute. Two type (1# and 4#) of surgical needles
were selected. The properties of surgical needles were given in Table 1.

Polyglycolic acid (PGA) multifilament surgical suture, synthetic,
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Fig. 1. Needle and surgical suture.

Table 1
Properties of surgical needles.

Type Diameter (mm) Length Drilled hole diameter Needle tip
(mm) (mm) (mm)
1# 0.86 60 0.55
4# 0.51 19 0.25 1.4
Table 2
Properties of surgical sutures.
Surgical suture Size Diameter (mm)
PGA Multifilament 2 0.59
1 0.51
0 0.46
2-0 0.34
3-0 0.23
4-0 0.19
5-0 0.13
6-0 0.08

absorbable and braided surgical suture, supplied by Weihai Weigao
Medical Instruments Co., Ltd. was chosen this study. This suture was
used in the surgical operation commonly. The related properties of the
PGA multifilament surgical suture were shown in Table 2. In this study,
Sil8800 (Red, 80 IRHD), supplied by Superior Seals (Wimborne,
Dorset), was chosen as a skin substitute. Its toughness and constitutive
response are close to those of skin (Azar and Hayward, 2008; Shergold
and Fleck, 2005; Shergold et al., 2006).

The surgical needle and surgical suture were sterilization, and
packed with the sterilizing tube by the manufacturer. Before the test,
the surgical suture was cut into 25 cm pieces. The circular skin sub-
stitute samples with a diameter of 23 mm were cut from a piece of
silicon sheet 2 mm thick. The circle skin substitute samples were ul-
trasonically cleaned in acetone, isopropanol, and finally in water,
10 min for each.

2.2. Design of penetration friction apparatus

In order to reasonably simulate the suturing procedure (surgical
needle puncture and surgical suture penetration) and reliably evaluate
the friction performance of surgical sutures, we considered a few as-
pects from the view of tribology, including the deformation of skin
substitute, vertical penetration and the free end of surgical suture.

Skin substitute, as an elastic rubber, often exhibit large deformation
when surgical needle pierced it and surgical suture penetrated through
it. The rubber deformation was affected by the per-strain in radial di-
rection when surgical needles puncturing through rubber (Nguyen
et al., 2009b). In experimental instruments, the effect of the deforma-
tion of skin substitute was considered both in the axial and radial di-
rections of surgical needle and suture during the penetration procedure.
Firstly, the diameter of the hole in the sample gripper was twice of the
surgical needle diameter, meanwhile which was almost four times of
surgical suture. This design not only control the deformation of skin in
the axial direction of surgical needle, but also guarantee that free space
was given for the deformation of skin substitute in the radial direction.
Secondly, the force was applied to the sample gripper by the screw to
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ensure that the skin substitute was well fixed. The surface of the sample
gripper was designed as a rough surface to enhance the friction force in
the radial direction. Besides, the deformation of skin substitute caused
by applied force which was around the hole wasn’t observed.

About the one free end of surgical suture, the surgical suture should
penetrate through the skin substitute following the surgical needle
puncture track. Therefore, the puncture track of surgical needle directly
affected the penetration state of surgical suture. Furthermore, the di-
rection of the pull out force applied on the surgical suture would in-
fluence the force distribution to the skin substitute. In this apparatus,
the center of the surgical needle (suture) holder and the pull-out point
of the surgical needle (suture) in skin substitute were in a vertical line.
Thus, the pull out force was perpendicular to the skin surface in the
PFA.

In this experiment, one end of the surgical suture was connected to a
load cell, and the other end was free. Comparing to the design in the
previous study which had a load applied in one end of the surgical
suture in the vertical direction (Chen et al., 2015), the design can more
reasonably simulate the real suturing condition. It can be explained
from the following two aspects. Firstly, the normal load was defined as
the load perpendicular to the moving direction of object. Hence, the
normal load in the penetration condition was a radial elastic com-
pression force acting on the surface of surgical suture. The load applied
in the vertical direction would not affect the normal load. Secondly, due
to the motor vibration and the stick-slip phenomenon of surgical suture,
the applied load in the previous study would occur elastic beating
during the movement. The sloshing of surgical suture in motion would
influence the accuracy and reliability of measurement system.

2.3. Experimental procedure

2.3.1. Tribological apparatus configurations

This section provided a description of the penetration friction ap-
paratus (PFA) that was designed to measure the puncture force of
surgical needle and the penetration friction force of surgical suture
during the suturing procedure. A dedicated experimental sample
gripper was designed and manufactured, as shown in Fig. 2a. This
sample gripper consisted of three components: sample top holder,
sample bottom holder, and fixers (screws). The tissue sample was held
between the top and bottom holders which were fixed using the screws.
A hole was in the middle of the top and bottom holders respectively,
which was called cross hole in this study, for the surgical needle and
surgical suture penetrating through the sample gripper. In order to
control the deformation of the tissue sample in the puncture and pe-
netration procedure, the diameter of the cross hole could be adjusted to
be slightly larger than that of surgical needle.

This sample gripper was assembled in a tensile tester, for instance,
the Zwick/Roell 500 N, through an angle adjuster to set the penetration
angle between the tissue sample and the surgical needle as shown
Fig. 2b. The assemble part was attached to a linear variable differential

Fixer

Skin substitute

Sample top holder

Sample gripper

Cross hole

Sample bottom holder

(@

Angle adjuster
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transformer (LVDT) which could measure the position of the instrument
as the connecting rod was moved. All the motions of sample gripper
were actuated by stepper motors. Data acquisition from a load cell and
the LVDT was realized by the testing software (test Xpert, Zwick) in a
computer.

The experimental procedure was divided into two parts as shown in
Fig. 3. Firstly, the surgical needle puncturing through the skin sub-
stitute, as shown in Fig. 3a. The puncture force was measured by a load
cell. Then, the surgical suture connected with a surgical needle and
penetrated through the skin substitute following by the surgical needle.
Secondly, the surgical suture was cut down from the end of surgical
needle, and the cut end of the surgical suture was fixed with the load
cell. The opposite end of the surgical suture was free, as shown in
Fig. 3b. The friction force of the surgical suture penetrating through the
skin substitute was measured during the movement of the sample
gripper.

2.3.2. Surgical needle puncture through skin substitute

The sample gripper was assembled in Zwick/Roell tensile tester
inversely and moved down following the machine. During the surgical
needle punctures through the skin substitute, the ideal motion of the
surgical needle is to move in a circular arc about the center (Paris and
Rakinic, 2005). On the purpose of reducing uncertainty in the surgical
needle mount, in this case, the surgical needle was vertically inserted
into a needle clamper which was fixed on a load cell (KAP-S, 50 N) as
shown in Fig. 4a. The surgical needle punched into the skin substitute
and passed through the cross hole in the middle of the holders as shown
Fig. 4b. The load cell measured the puncture force of the surgical
needle. Surgical needle insertion rates usually vary between 24 mm/
min and 600 mm/min (DiMaio and Salcudean, 2003). In order to re-
duce noise, perturbation was dominant at a low velocity of 60 mm/min
during the surgical needle puncture procedure (Kobayashi et al., 2009).
The surgical needle was punctured into the skin substitute sample and
stopped after the needle tip penetrated through it totally.

2.3.3. Surgical suture penetration through skin substitute

After the needle punctured through the skin substitute, the surgical
suture was glued to the drilled hole at the end of the surgical needle as
shown in Fig. 1. The surgical suture penetrated through the skin sub-
stitute following the surgical needle. The sample gripper was reversed
and assembled in the Zwick/Roell tensile tester again as shown Fig. 5a.
One end of the surgical suture was fixed on the holder which connected
with the load cell. When the sample gripper moved up following the
machine, the load cell measured the force applied to the surgical suture
as shown Fig. 5b.

The moving distance of sample gripper was 10 cm. The velocity
could be controlled in the range of 50 mm/min to 500 mm/min, which
consistent with stitching. To investigate the effect of tissue deformation
on friction force, the diameter of the cross hole was adjusted from
0.5mm to 6 mm. In addition, the different diameter ratios between

Fig. 2. Friction penetration apparatus. (a) sample gripper, (b)
assemble part.
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surgical needles and sutures ranged from 1.5 to 5.5. An overview of the
puncture and penetration test conditions is given in Table 3. Three
repetitions of each testing were measured for every experimental set-
ting

2.4. Surface analysis of the material

Keyence VK9710 laser confocal microscope was used to measure the
surface topography of the contacting surfaces, i.e. the surgical suture
and skin substitute. In this research, the arithmetic mean was used to
describe the surface roughness. We measured the roughness (3D, S,)
instead of line roughness (2D, R,) in order to include the waviness
profile of the filament structure.

3. Results and discussion
3.1. Interaction action between surgical needle and skin substitute

The axial force was defined here as the force acting on the surgical
needle hub in the direction of insertion. The axial force consisted of
puncture force, cutting force, and friction force. Fig. 6 is the axial force-
sliding distance curve and the puncture procedure schematic diagram
of surgical needle (1 #) interacting with skin substitute at the insertion
velocity of 60 mm/min. Five transition points numbered consecutively
from A to E during the puncture procedure were shown in Fig. 6a. The
trend of this force-sliding distance curve was similar to the result of an

Sample bottom holder

Direction of
the movement

Sample top holder S

Fixer

(a) (b)
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Fig. 3. Image of the experiment process. (a) surgical
needle puncture procedure; (b) surgical suture pe-
netration procedure.

alternative method testing surgical needles puncture force (Nguyen
et al., 2009a).

Considering the position of a surgical needle relative to the skin
substitute boundary, it is possible to distinguish four basic phases: Py,
boundary deformation; P,, tip insertion; Ps, tip and shaft insertion; P4,
shaft insertion. The schematic diagram of the puncture procedure with
the four phases was shown in Fig. 6b.

The first phase (P;) started when the surgical needle tip contacted
with the skin substitute top boundary, and ended when the skin sub-
stitute top boundary was breached. As the surgical needle displaces the
skin substitute boundary, the load at the surgical needle tip increased.
The sliding distance of surgical needle was about 0.4 mm. Once the load
exceeded the carrying capacity of skin substitute boundary (Point A in
Fig. 6a), a crack would be initiated in the skin substitute and the sur-
gical needle tip started to punch into the skin substitute, which is the
starting point of the second phase (P,). P, ended when the needle tip
contacted the skin substitute bottom boundary. During this phase, as
the surgical needle was advancing, the crack in the skin substitute top
boundary was enlarged. The cut made by the edges of the tip was
wedged open by the increasing cross-sectional area of the tip (Mueller,
2011). The sliding distance of surgical needle was 1.8 mm (Point C in
Fig. 6a) which was approximately equal to the thickness of skin sub-
stitute (2 mm). The third phase (Ps) started from Point C, and ended
when the skin substitute top boundary was completely crossed by the
surgical needle tip. The sliding distance of surgical needle was about
3.2 mm (Point D in Fig. 6a) which was about the length of the surgical

Fig. 4. Surgical needle punctured through skin substitute. (a) A
schematic view of the needle puncture through the skin, (b)
Profile of the sample gripper during surgical needle puncturing.

Skin substitute

Surgical needle
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Direction of
the movement

Load cell — Sample bottom holder
(a) (b)
Table 3
Friction test condition.
Test-related Instructions

Equipment Penetration friction apparatus
Diameter of space of gripper 25 + 0.5 mm
Diameter of cross hole 0.5-6 mm
Puncture angle 90°
Puncture velocity 60 mm/min
Puncture distance 10 mm
Penetration velocity 100 mm/min
Penetration distance 10 cm
7 P4
6 P, |
B—,
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CRETE |
{
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[
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Sliding distance of surgical needle (mm)
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() M (P,) %
) g\% )

Skin substitute

2 mm
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( P3 ( P,

Surgical needle

(®)

Fig. 6. Surgical needle puncturing skin substitute. (a) axial force-sliding distance re-
lationship of surgical needle; (b) schematic diagram of the puncture procedure.

needle tip (3 mm). During P3, the crack in the skin substitute bottom
boundary was continuously enlarged by the needle tip.

The fourth phase started from the point D when the shaft contacted
the skin substitute top boundary. The axial force was decreased with the
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Fig. 5. Surgical suture penetration through skin substitute. (a) A
schematic view of the suture penetrated through the skin, (b)
Profile of the sample gripper during surgical suture penetrated.

Skin substitute

increasing of the sliding distance of surgical needle (from Point D to E in
Fig. 6a). This could be explained as the skin substitute which should be
cut became less during the shaft penetrating through the skin sub-
stitute. Thus, the cut force of the surgical needle tip decreased as the
surgical needle tip punctured out the skin substitute. When surgical
needle tip totally penetrated through the skin substitute bottom
boundary, the axial force maintained an essentially constant value
(Point E in Fig. 6a). This was because only friction force was included in
the axial force.

When the surgical needle tip totally penetrated through the skin
substitute bottom boundary, the sliding distance was 4.9 mm (point E
Fig. 6a) which almost was the sum of the thickness of the skin substitute
(2 mm) and the length of the surgical needle tip (3 mm). Similar pe-
netration phases were described in the German industry standard for
hypodermic needle tips, DIN 13097.

3.2. Friction force of surgical suture penetrating through skin substitute

The friction force was the pull force measured by PFA during the
penetration procedure of surgical suture. That was because both the
diameter of surgical needle and the length of planner crack in skin
substitute was larger than the diameter of surgical suture. The surgical
suture penetrated through skin substitute following the surgical needle
pierced track. Consequently, there was no puncture and cutting force
when the surgical suture penetrated through the skin substitute.

Fig. 7 shows the friction force — sliding distance curve of PGA
multifilament surgical suture (0 #) when penetrating through the skin
substitute with the velocity of 100 mm/min following surgical needle
(1 #) puncture track. The surgical suture penetration procedure was
divided into two phases as shown in Fig. 7. It can be seen that the

1.2 4

« Phase 1 > |« Phase 2 B
1 o
—
& o0s
Q
(3]
=
& 0.6 1
=1
o
=
o 04 1
=
(S 9
0.2
0 T T T T T T T
0 2 4 6 8 10 12 14

Distance (mm)

Fig. 7. Friction force of PGA multifilament surgical suture penetrating through skin
substitute.
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Fig. 8. 0 # PGA multifilament surgical suture. (a) Laser confocal
images of the multifilament surgical suture; (b) 3D profile using a
confocal microscope; (c) surface parameters.
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friction force in Phase 1 was higher than that in Phase 2. That could be
explained by the wear phenomenon of skin substitute occurred in the
Phase 2.

The surface roughness S, and S, of the surgical suture were 47.9 mm
and 109.5 mm respectively, as shown in Fig. 8. For multifilament sur-
gical sutures with twisted structure and rough topography, the aspe-
rities on the multifilament surgical sutures were formed by the certain
regularly twisted fibers. The soft skin substitute was worn by the rough
surface of multifilament surgical sutures.

The wear phenomenon was evidenced by Fig. 9. By comparing PGA
multifilament surgical suture surfaces before and after friction testing
(Fig. 9a and b), it can be seen that the surface of PGA multifilament
surgical suture after friction testing adhered the skin substitute wear
debris. Fig. 9c shows that the planner crack was closed before the
friction test of surgical suture. The same kind of penetration crack was
found in a sharp-tipped puncture procedure (Shergold and Fleck, 2005).
After the surgical suture penetrated through the crack, some dark area
around the planner crack and a gap in the middle of the planner crack
were observed, as shown in Fig. 9d. The dark area and the gap were the
second trauma caused by the sliding of surgical suture in the penetra-
tion procedure. Furthermore, the 3D cross-section profiles of the skin
substitute before and after friction testing further revealed the wear of
skin substitute (Fig. 9e and f). From Fig. e, it can be seen that the
punched skin substitute by a surgical needle was irregular rough and
staggered together after removing the surgical needle. After the surgical
suture sliding, a deeply worn track in the skin substitute was observed
as shown in Fig. 9f. This can be explained by the truth that the in-
creasing of the rough of surgical sutures induced to the increasing of
contact area, leading to higher friction.

3.3. Effect of the diameter ratio of surgical needle and suture

In this study, the effect of the diameter ratio of the surgical needle
and suture on the friction force of surgical suture in the penetration
procedure was firstly evaluated. Fig. 10 shows that the friction force of
PGA multifilament surgical suture with the diameter ratios of surgical
needle and suture varying from 1.5 to 5.5. It can be seen that when the
diameter ratio of surgical needle and suture was larger than 2.5, the
friction force was almost stable at 0.4 N. When the diameter ratio was
smaller than 2.5, the friction force sharply increased up to 1.2 N with
the decreasing of the diameter ratio. Therefore, to ensure both less
trauma and less friction, optimal diameter ratio of the surgical needle
and suture should be 2.5.

iun
1382. 381

3.4. Effect of the diameter of cross hole

Fig. 11 shows the friction force with different diameters of the cross
hole in the sample gripper (from 0.5 mm to 6 mm) when the PGA
multifilament surgical suture (0#) penetrated through skin substitute
following the surgical needle (1#) puncture track. It can be seen that
the friction force increased with the increasing of the diameter of the
cross hole in both Phase 1 and Phase 2. That was because the diameter
of the cross hole affected the deformation of the skin substitute, sub-
sequently, affected the friction force.

Fig. 12 shows the state of the surgical suture inserted through the
skin substitute with and without of the pull force. The distance (d) in-
creased with the increasing of the hole diameter as shown in Fig. 12a.
The holding force transferred to surgical suture by the skin substitute in
the radial direction decreased with the increasing of d. That was to say,
the pre-strain decreased with the increasing of the cross hole diameter.
The friction force decreased with the increasing of the pre-strain. The
similar phenomenon found by Nguyen et al. (Nguyen et al., 2009b) and
Figge & Barnet (Figge and Barnett, 1948). Therefore, the increasing of
the friction force could be explained by the deformation of skin sub-
stitute in the pull-in boundary when the surgical suture was pulled out.
More deformation of the elastic skin substitute in radial direction was
generated (Fig. 12b) with larger diameter of cross hole. With the in-
creasing of skin deformation, the normal load increased. The effect of
skin substitute deformation on the friction force in the surgical suture
penetration process was firstly investigated by PFA.

4. Conclusion

The newly developed PFA consisted of the sample gripper and the
penetration angle adjuster. It is appropriate for the evaluation of the
friction performances of various surgical needles and sutures during the
suturing process, under different contact conditions. Penetration ex-
periments on skin substitute with multifilament PGA surgical suture
have been performed. The puncture force of surgical needle measured
with PFA followed the same trend as that reported in existing research.
The friction force-sliding distance relationship of surgical suture de-
monstrates that the friction force decreased to an essentially constant
value in Phase 2 of penetration procedure as the sliding friction and
wear of skin substitute. Experiment results reveal that the diameter
ratio of surgical suture and needle and the diameter of cross hole in-
fluenced the deformation of skin substitute, thereby influencing the
friction performance of surgical suture. The optimal diameter ratio of
the surgical needle and suture should be 2.5. The PFA provides a
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Fig. 10. Friction force of PGA multifilament surgical suture sliding with skin substitute in
different diameter ratios of surgical needle and suture.

convenient and reliable approach to simulate the suturing procedure
and study the tribological properties of surgical needle and suture.
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Fig. 9. Topography of surgical suture and skin sub-
stitute. (a) surgical suture before friction testing, (b)
surgical suture after friction testing, (c) surface to-
pography of skin substitute before friction testing,
(d) surface topography of skin substitute after fric-
tion testing, (e) 3D cross-section profile of skin sub-
stitute sliding contact with surgical needle, (f) 3D
cross-section profile of skin substitute sliding contact
with the surgical suture.
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Fig. 11. Friction force of PGA multifilament surgical suture sliding with different dia-
meters of the cross hole in the sample gripper.
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