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ARTICLE INFO ABSTRACT

The frictional performances of surgical sutures have been found to play a vital role in their functionality. The
purpose of this paper is to understand the frictional performance of multifilament surgical sutures interacting
with skin substitute, by means of a penetration friction apparatus (PFA). The influence of the size of the surgical
suture was investigated. The relationship between the friction force and normal force was considered, in order to
evaluate the friction performance of a surgical suture penetrating a skin substitute. The friction force was
measured by PFA. The normal force applied to the surgical suture was estimated based on a Hertzian contact
model, a finite element model (FEM), and a uniaxial deformation model (UDM).

The results indicated that the penetration friction force increased as the size of the multifilament surgical
suture increased. In addition, when the normal force was predicted by UDM, it was found that the ratio between
the friction force and normal force decreased as the normal force increased. A comparison of the results sug-
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gested that the UDM was appropriate in predicting the frictional behavior of surgical suturing.

1. Introduction

Suturing is a fundamental surgical skill that must be acquired and
improved upon by any practitioner in surgery (Misra et al., 2008). The
frictional performance of surgical suture-tissue interaction is an im-
portant factor in determining the success of suturing. Generally, if high
friction occurs during interactions between surgical sutures and tissues,
the sliding of the surgical suture might cause “secondary trauma” to soft
or fragile tissue, such as the eye, liver and blood vessels. Moreover, in
cosmetic cutaneous surgery, suturing trauma on the face should be
rigorously avoided (Bloom and Goldberg, 2007). Furthermore, an un-
derstanding of the frictional parameters of surgical sutures can provide
objective guidance for surgeons. Therefore, it is essential to investigate
the frictional performance of suture-tissue interaction through a simu-
lation of suturing.

The coefficient of friction (COF), defined as the quotient of the
friction force and the normal force, is a significant factor in under-
standing the friction performance of surgical sutures. It is found that
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textile materials do not obey Amontons’ law of friction (Gralen, 1952;
Ramkumar et al., 2003, 2004). This law explains why frictional per-
formance is successful for materials that deform elastically but fails for
textile materials, e.g, because of viscoelastic deformation (Ghosh et al.,
2008).

The frictional performance of fibrous materials is typically eval-
uated by one of the two following methods: the capstan method (Gao
et al., 2015; Robins et al., 2000; Tu and For, 2004; Tu and Fort, 2004)
and the twist method (El Mogahzy and Gupta, 1993a; Gralén et al.,
1953a; Gralen and Lindberg, 1948; McBride, 1965). The capstan
method and twist method are also used to evaluate the frictional per-
formance of surgical sutures sliding on the tissue surface (Gupta et al.,
1985; Zhang et al., 2017b). However, these fibre-to-fibre or fibre-to-
metal friction models could not simulate the suturing process because
the operational and contact conditions differ. In the suturing process,
the needle penetrates the tissue and creates a freshly formed counter
surface with a damaged tissue. The diameter of the needle is slightly
larger than that of the suture, which results in spring-back and
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subsequent normal force over the circumference of the suture. Hence,
the sliding contact between the suture and tissue is not restricted to
surface phenomena but might also lead to deformations beneath the
surface layer. In addition, the normal force acting on the surgical suture
in a suturing process is different from the frictional conditions of the
capstan and twist methods.

The purpose of this study is to investigate the influence of suture
size on the frictional performance of multifilament surgical suture-skin
substitute interactions, with respect to the relationship between friction
force and normal force. A penetration friction apparatus (PFA) (Zhang
et al., 2017a) was developed to investigate the friction force of suture -
tissue interaction in a representative way. In this study, the normal
force was estimated by a Hertzian contact model, a finite element
model (FEM) and a uniaxial deformation model (UDM). In the stitching
process, the normal force is the elastic deformation force of tissue with
a perpendicular direction to the motion. The PFA uses the same prin-
ciple to apply the normal force. This is the first time this subject has
come under discussion, namely, the relationship between friction force
and normal force when a surgical suture penetrates a skin substitute.
This information can provide a reference for practitioners, enhance the
efficiency of suturing and offer formal suture training skills.

2. Methods
2.1. Measurement of friction force

2.1.1. Materials

The frictional performance of a surgical suture is influenced by
mechanical and surface properties as well as by operational conditions.
For better assistance with PFA, PGA multifilament surgical suture, skin
substitute (silicone rubber) and straight stainless steel tapered needles
were used in this study.

Polyglycolic acid (PGA) multifilament surgical sutures (Weihai
Weigao Medical Instruments Co., Ltd) were selected for this study. The
multifilament surgical sutures with a twist structure and rough surface
show high friction properties. The related properties of PGA multi-
filament surgical sutures are listed in Table 1.

In order to control the frictional procedure and to be able to com-
pare the friction results in a non-medical environment, skin substitute is
used in this work to simulate human skin. This is because skin sub-
stitutes have the advantages of long-term stability, lower cost, easy
storage and manipulation and better control over their physical prop-
erties than skin. In addition, the use of skin substitutes lacks the ethical
issues that are connected to the use of skin. Moreover, silicone rubbers
have a somewhat higher modulus, a lower rate of strain hardening and
a comparable toughness (Shergold and Fleck, 2005). This is in rea-
sonable agreement with Oliver et al. (Shergold et al., 2006). The skin
substitute is sil8800 (Red, 80 IRHD) with a shear modulus of 2.7 MPa
(Shergold and Fleck, 2005).

Straight stainless steel tapered needles (Weihai Weigao Medical
Instruments Co. Ltd.) with a silicone coating were used. These needles
contain a swaged attachment end attached to the surgical suture, as
shown in Fig. 1. This type of needle used for skin closure in some
surgeries has a sharp tip with smooth edges and is less traumatic to the
surrounding tissues. Moreover, the straight needle can be extended

Table 1
Parameters of surgical sutures.

Items Size Diameter (mm)
PGA multifilament surgical suture 1# 0.55

0 # 0.46

2-0 0.34

3-0 0.23

4-0 0.19
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Fig. 1. Schematic illustration of straight stainless steel tapered needle.

beyond the skin vertically. The motion of the surgical suture is in ac-
cordance with the model of PFA. A needle with a swaged attachment
end provides a virtually step-free transition from thread to needle thus
reducing tissue trauma.

In the suturing process, the diameter of the surgical needle is larger
than the diameter of the surgical suture. Hence, friction force is gen-
erated only during the penetration procedure of a surgical suture. When
the surgical suture slides vertically through the skin substitute, meaning
that the penetration angle is 90°, the value of the force measured by the
PFA is equal to the value of the friction force.

Prior to the experiments, the surgical suture was cut into samples of
25cm in length. Circular-shaped skin substitute samples were made
2mm thick, with a diameter of 23 mm. The circular skin substitute
samples were ultrasonically cleaned in acetone, isopropanol and finally
water, each time for 10 min.

2.1.2. Tribological measurement

The PFA was used to investigate the frictional performance of a
surgical suture penetrating tissue substitute. This apparatus was in-
troduced in a previous work (Zhang et al., 2017a). The major compo-
nents of the PFA are a dedicated sample gripper and an angle adjuster,
as shown in Fig. 2. In the sample gripper, a chamber is drilled so allow
the treated skin substitute to be inserted. Furthermore, a cross hole was
set in the middle of the top and bottom holder of the sample gripper.

The sample gripper was set in a Zwick/Roell 500 N tensile tester, as
shown in Fig. 3. Two steps were included in this experimental proce-
dure. First, when the skin substitute moved downward with the motion
of the sample gripper, the surgical needle was vertically fixed on a load
cell and punctured the skin substitute with its tip, as shown in Fig. 3a.
Then, the surgical suture was inserted into the drilled chamber at the
end of the surgical needle, and the reversed sample gripper was set in
the tensile tester. Subsequently, a small part of the surgical suture pe-
netrated the skin substitute. The surgical suture was cut at the end of
the surgical needle, and the short end of the surgical suture was at-
tached to the load cell. The long end of the surgical suture was free as
shown in Fig. 2b. Finally, the friction force was measured by the load
cell with the upward movement of the sample gripper. The force and
the corresponding curve were recorded automatically. An overview of
the test conditions is given in Table 2. The measurement process

Fig. 2. Sample gripper and penetration angle adjuster.
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Fig. 3. Experimental procedure of penetration friction apparatus: (a) puncture procedure; (b) penetration procedure.

Table 2
Experimental parameters.

Test-related Instructions

Equipment Penetration friction apparatus
Diameter of gripper space 25 = 0.5mm

Diameter of cross hole 2mm

Penetration angle 920°

Puncture velocity 60 mm/min

Puncture distance 10 mm

Penetration velocity 100 mm/min

Penetration distance 150 mm

ensured that every surgical suture penetrated the skin substitute once.
Three repetitions of each sample were measured for each experimental
setting.

2.1.3. Analysis of materials

The sample surface was analyzed with a laser confocal microscope
(VK 9700 from KEYENCE, Japan) at magnifications of 10 x and 50 X .
Surface images of three different samples of each size of the PGA sur-
gical suture and skin substitute were obtained and the profile roughness
parameters were determined. The roughness is presented in area
properties (3D, S,) instead of in line properties (2D, R,), which can
provide improved information on the surface aspects related to height.

Young's modulus of the polymer was measured by nano-indentation
tests (Calahorra et al.,, 2015; He et al., 2006; Kinney et al., 1996).
Young's modulus of each PGA multifilament surgical suture in the radial
direction was measured by a Nano Indenter G200 from Keysight
Technologies Inc. (USA) with a standard XP indentation head of 2 nm in
diameter for the indenter, based on ISO 14577. Young's modulus of
each surgical suture was calculated as the mean value of four mea-
surements.

To fix the surgical suture, a thin thermoplastic resin adhesive film
was coated on a heating metal support. A PGA surgical suture of 5 cm in
length was placed horizontally on the heating metal support, and was
then fixed to the surface of the support once the temperature of the
thermoplastic resin adhesive had fallen to room temperature. Part of
the surgical suture was embedded into the hard adhesive. The max-
imum force applied was 500 mN and the loading rate was 0.017 mN/s.
The displacement resolution was 200 nm. A holding time of 10s was
established at the maximum displacement.

Skin substitute
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2.2. Prediction of the normal force

The insertion of a surgical suture involves radial expansion of the
material. The proposed contact model assumes that normal force Fy is
defined by the force to expand the planar crack from zero initial radius
to a final surgical suture radius, as shown in Fig. 4. The surgical suture
was regarded as an incompressible, elastic, isotropic fibre with a cy-
lindrical geometry. The direction of Fy is perpendicular to the direction
of the surgical suture motion. In order to better characterize the normal
force on the surgical suture, a Hertzian contact model, FEM and UDM
were involved.

2.2.1. Hertzian contact model

A Hertzian contact model (Johnson and Johnson, 1987; Marchand
et al., 2012) was used to estimate the normal force Fy, although typi-
cally these models are accurate only for relatively small deformations.
An idealized contact situation was assumed whereby the skin substitute
was radially displaced and conformed around the inserted surgical su-
ture. Furthermore, it was assumed that the normal force Fy subjected on
the surgical suture was evenly distributed in a symmetrical way
(Fig. 5a). Meanwhile, a reaction force F, acted on the skin substitute
(Fig. 5b), as shown in Eq. (1).

The calculation of the force F, was conducted using a Hertzian

Surgical suture

=

AN
Skin substitute

Fig. 4. Schematic representation of surgical sutures penetrating skin substitutes.
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Fig. 5. (a) Steady-state penetration of skin substitute by surgical suture and (b) Equal and opposite forces worked on the skin substitute. (c) Contact of elastic sphere with an elastic half-

space.

contact model for a cylinder-flat contact (Adams and Nosonovsky,
2000; Hanaor et al., 2015; Johnson and Johnson, 1987) as shown in
Fig. 5c.

The half-width c of the contact area between the cylinder and flat in
a Hertzian line contact is found using Eq. (2):

4Er
nLE*

c=

@
1 1= ¥ L 1= v?
E* E E, 3
1_1 1
r Fsuture n (4)

where F, is the force acting on the surgical sutures; E~ is the reduced
Young's modulus (refer to Eq. (3)); E7, E2 and v, v, are Young's moduli
and Poisson's ratios for the surgical suture and skin substitute, respec-
tively; r is the reduced radius of curvature (refer to Eq. (4)), and ryure
and r; are the radii of the curvature of the surgical suture and skin
substitute, respectively; and h is the contact length. Young's modulus of
the value shown in Table 3 and a Poisson's ratio of 0.4 were taken for
the surgical suture.

In the contact condition, when the suture penetrates the skin and
full contact occurs over the radius of the suture, the half-width

Table 3
Young's modulus of PGA surgical sutures.

C=Tsyure- Being a flat, the radius of r; was infinitely great. Thus ac-
cording to the above mentioned equations, Fy can be calculated as:

1
Fy = —nrLE*
NT G (5)

2.2.2. UDM and FEM

The normal force is also calculated based on a simplified elastic
model, assuming uniaxial deformation (Casanova et al., 2014; White
et al.,, 2011). In UDM, the value of Fy is defined as the product of
normal stress ¢ and nominal contact area A,, (Sharp et al., 2009).

Ey = oA, (6)

When a surgical suture inserted in a skin substitute cracks in a
steady state, the nominal contact area A, between the surgical suture
and skin substitute is estimated with a finite-element approach using
FEM. The normal stress o is calculated by simplified elastic equations.
The corresponding normal forces taken from the FEM calculations are
presented in tabular form.

A steady-state penetration nominal contact area A,, was calculated.
It was assumed herein that an initially closed crack of length 2a, in the
skin substitute of thickness L, which matched the one measured in the
experiment, was opened to accommodate a cylindrical surgical suture
with radius r, as shown in Fig. 6a and b. R was the diameter of the cross

1#
0.48 + 0.04

0 #
0.48 + 0.05

PGA surgical suture
Young's modulus (GPa)

2-0
0.48 = 0.03

3-0
0.49 + 0.06

4-0
0.49 = 0.03
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hole in the PFA. The main result is the contact length L, as indicated in
Fig. 6. In the results depicted in Fig. 6, a was 0.42 *+ 0.1 mm and R was
1 mm. Young's moduli of the skin substitute and surgical suture were
2.7 MPa and 470 MPa, respectively.

One-quarter of the contact was simulated on the basis of symmetry.
In the simulated calculation, it was assumed that a displacement at the
center of the crack, with fixed 2a length, was imposed on the center of
the suture. This displacement is equal to half the diameter r g, in the
y-direction in the model to accommodate the suture as shown in Fig. 6¢.
The resulting contact lengths L as a function of the surgical suture sizes
are summarized in Table 4. The nominal contact area A, is the product
of contact length L multiplied by 2 and the thickness of skin substitute
h, as shown in Eq. (7):
Ap = 2hL )

The normal stress o was estimated using the following stress-strain

Table 4
Contact length h and normal force estimated with a finite-element approach.

Diameter of surgical suture (mm) Contact length (mm) Normal Force (N)

.19 0.13 0.78
0.23 0.16 1.0
0.34 0.25 1.7
0.46 0.36 2.46
0.51 0.41 2.96

175
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Fig. 6. Nominal contact predicted based on finite element simulation: (a) skin substitute with planar crack; (b) skin substitute with inserted surgical suture; (c) contact model simulated
with FEM.

relationship (Sharp et al., 2009), in a simplified way assuming a uni-
axial linear elastic deformation:

o = E*t (8)
where E is the elastic modulus of the skin substitute and ¢ is the strain.

When the surgical suture was inserted into the skin substitute after
puncturing by the surgical needle, the strain of the skin substitute could
be assumed and the open planar crack of length 2a was approximated
by an elliptical shape, as shown in Fig. 7a. The radius deformation of
the skin substitute caused the normal force, as shown in Fig. 7b. In the
elliptical shape, the semi-major radius was a (the half width of the
planar crack). The semi-minor radius was .. (the radius of the sur-
gical suture). The strain acting on the skin substitute was the ratio of
the original length (y1) and the deformation (y2). Here, it will be as-
sumed that y1 is equal to the radius of the cross hole in the PFA (R).
Hence, ¢ in the x-direction was derived as in Eq. (9):

a? — x?

Y2 _
P RZ — 32

yl

Fsuture
a

©)

Therefore, the normal force Fy can be calculated by Eq. (10), using
Egs. (6)—(9) and by integrating the stresses required to cause the el-
liptically deformed shape over the total crack width.

2 2
a”— X
——dx

7. a
F — 2EhL suture
N a ‘/0‘ R — x?

(10)
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Fig. 7. Schematic of strain of skin substitute in penetration process: (a) skin substitute fixed in PFA with inserted surgical suture; (b) assumption of ellipse in skin substitute.

3. Results

In this part, the friction force between the surgical suture and skin
substitute was investigated, and the effect of the surgical suture size on
the friction force was estimated. All of the results below were obtained
from repeated experiments.

3.1. Friction force and surface topography

In order to better understand the penetration process of a surgical
needle and suture, the inserted states of the surgical needle and surgical
suture in a skin substitute are observed in Fig. 8. First, the needle
pierced and was inserted into the skin substitute (refer to Fig. 8a and b).
The sharp needle punched through the skin substitute, forming a planar
crack with the tip, and the crack surfaces were wedged open. The same
phenomena were observed by Shergold (Shergold and Fleck, 2004).
After the surgical needle was removed, the planar track closed tightly
owing to the resilience of the skin substitute (refer to Fig. 8c and d).
Second, the surgical suture penetrated the surgical needle track in the
skin substitute (refer to Fig. 8e and f). After the surgical suture pene-
trated the skin substitute, wear debris that originated from the skin
substitute was observed near the planar track (refer to Fig. 8g and h).

The size of the surgical suture significantly influences the friction
force when surgical sutures penetrate the same needle crack. Fig. 9.
shows the friction force of different sizes of PGA multifilament surgical
sutures (from 0.19 mm to 0.51 mm) when penetrating the track pun-
ched by a 1# surgical needle in skin substitute, at a velocity of 100 mm/

Surgical needle inserted skin substitute

144 A Friction force [ s
= Diameter (mm) I v F0.50
1.2 1
. I L0.45
~ 1.0- { J (040 _
é " L 035 €
S 0.3 g
5 x F030 5
é 064 e F0.25 %
3 I H0.20 &
=~ 0.4 L F0.15
Lo.10
0.2+ J 3
F0.05
0.0 T g T T T T T 0.00
4-0 3-0 2-0 0# 1#
Surgical suture

Fig. 9. Friction force of PGA multifilament surgical sutures with different diameters.

min. In this figure, a trend is observed in that the friction force in-
creased considerably (from 0.36 N to 1.15N) as the diameters of the
PGA multifilament surgical sutures increased.

3.2. Normal force and COF

The nominal contact area and normal force calculated by the three
models are shown in Fig. 10. Fig. 10a and b show that the nominal

Removed from the solid

=

sERRRRILY

Removed from the solid

i

cEEERREES

Fig. 8. Laser confocal images of inserted states of surgical needle and surgical suture in skin substitute: (a, b) surgical needle inserted into skin substitute; (c, d) surgical needle removed
from skin substitute; (e, f) surgical suture inserted into skin substitute; (g, h) surgical suture removed from skin substitute.
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Fig. 10. (a) Nominal contact area and (b) normal force derived from finite element model, uniaxial deformation model and Hertzian contact model.

contact area and normal force between the surgical suture and skin
substitute increase as the surgical suture size increase for all three
models. It can be seen that the nominal contact area and normal force
estimated by UDM and FEM were less than those estimated by the
Hertzian contact model (refer to Fig. 10a). The normal force predicted
by FEM was much lower than that estimated by the Hertzian model and
was quite similar to that of UDM, especially at larger suture diameters
(refer to Fig. 10b).

According to the friction of fibrous materials, the shear strength and
real contact area are important factors that influence the friction per-
formance of fibrous materials. As the diameters increase, the nominal
contact area increases (refer to Fig. 10a). The real contact area is re-
lative to the nominal contact area and minor differences occurr be-
tween them. Hence, the real contact area also increased as the diameter
of the surgical suture increased. Moreover, an increase in the diameter
of the surgical suture led to an increase in the displacement of the skin
substitute, leading to a higher normal force. A higher normal force does
not necessarily result in a proportionally higher friction force, as can be
seen in Fig. 10.

In order to understand the frictional performance of a surgical su-
ture sliding through a skin substitute, the relationship between the
friction force and normal force was investigated using an experimental
setup. Fig. 11 shows that the coefficient of friction (COF) predicted by
FEM, defined as the quotient of the friction force and normal force,
decreased from 0.92 to 0.75 as the normal force increased from 0.78 to
2.98 N. However, the COF prediction based on the uniaxial deformation
model decreased from 2.29 to 0.42 as the normal force increased from
0.31 to 2.65N. Compared with the above two models, the COF pre-
diction based on the Hertzian contact model ranged from 0.26 to 0.35
as the normal force increased from 1.36 to 3.18 N. A similar curved
trend with the uniaxial deformation model was reported by Ramkumar
et al. (2004, 2003), highlighting the deviations from Amontons’ law of
friction in the case of polymeric fibrous materials.

An alternative relation, given the observed dependence of the fric-
tional force on the normal force, has been the subject of many in-
vestigations (Bowden and Young, 1951; Gralén et al., 1953b; Lincoln,
1952; Viswanathan, 1966). The results from previous studies have
shown that the power-law relationship as given in Eq. (11) can be used
to represent the relationship between the friction forces and normal
force for fibrous materials.

Fy = kFy 1D

where k and n are the empirical fitting parameters. The value of k de-
pends on the sliding interaction and the materials (Bowden and Young,
1951; Howell and Mazur, 1953). The value of k was found to be similar
to that of the parameter p. The index n, with values of the n exponent

177

Hertzian contact model

Fig. 11. Coefficient of friction for different surgical suture sizes and corresponding
normal forces.

between 0.67 and 1.1 (van Kuilenburg, 2013), is governed by the vis-
coelastic and shearing properties of the junctions as a function of the
normal force (El Mogahzy and Gupta, 1993b).

The coefficient of friction (lequ) can be deduced from Eq. (12) and is
given by
Hogu = KEN" 12)
where [leq, is the equivalent Coulomb coefficient of friction. From Eq.
(12), it can be seen that the calculated i.q, does not remain constant for
load-dependent material behavior. With an increase in the normal
force, pequ of a friction surgical suture sliding through the skin sub-
stitute decreases.

Hence, the COF derived from UDM gives reasonable results when
describing the frictional response of a surgical suture sliding through a
skin substitute, given the power- law type of relation in which it results.
The COF found for various skin sliding interactions might vary over a
large range, i.e, from 0.02 to 2.62 depending on the tribosystem see
(Darden and Schwartz, 2009; van Kuilenburg, 2013). Values for hy-
drated skin typically reach 1.6 (Darden and Schwartz, 2009). The COF
predicted by UDM and based on measurements for a skin substitute
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seems to be in a reasonable range for the penetration friction condition.
4. Discussion

In the suturing process (refer to Fig. 8), first, the needle penetrates
the tissue and creates a freshly formed counter surface with a damaged
tissue. Second, the surgical suture connected to the surgical needle
penetrates through the skin substitute followed by the surgical needle.
The frictional performance of the surgical suture is influenced by me-
chanical and surface properties and the contacting materials as well as
by the operational conditions.

In a penetration contact model, the diameter of the surgical needle
is related to the length of the crack of the skin substitute. This is a
significant factor influencing the normal force. In order to remove the
negative influence of different crack sizes and focus on the influence of
the surgical suture size, the same size of surgical sutures (1#) was used
to pull the surgical sutures through a skin substitute. From Fig. 9, it can
be seen that the friction force increased as the diameter of the surgical
suture increased. This may be because increasing the diameter of sur-
gical sutures led to an increase in the normal force, thus leading to a
higher friction force. As the surgical suture diameter increased, more
skin substitute in the vicinity of the suture was displaced and com-
pressed. The resilience of the compressed skin substitute generated
more normal force. Hence, under the same crack conditions, the mag-
nitude of the radial force depended on the diameter of the surgical
sutures.

From Fig. 9, it also can be seen that the values of the error bar of a
2-0 PGA multifilament surgical suture were less than those of other
sizes of surgical sutures. This may result from the effect of the diameter
ratio of surgical needle and suture. When different sizes of sutures pe-
netrated tissue following the same needles, a smaller surgical suture
would cause more cut trauma and a larger surgical suture would cause
more friction. A previous study (Zhang et al., 2017a) found that, when
the diameter ratio of surgical needle and suture was 2.5, trauma and
friction force were balanced. From the measurement of Fig. 8, the
length of the crack of skin substitute puncture of the needle is equal to
the diameter of the surgical needle. The diameter ratio between the 2-0
PGA multifilament surgical suture and the 1# surgical needle was close
to 2.5.

In order to generate guidelines for the development of surgical su-
tures with desirable tribological performance, the following suggestions
are proposed: (1) When the diameter ratio of the surgical needle and
suture is in an appropriate range, this is more representative of real life.
(2) The coefficient of friction could be calculated by the friction force,
which is measured by the PFA and the normal force, which is predicted
by UDM.

The friction performance of surgical sutures can be estimated by the
above approach. By providing the surgeon with accurate frictional
parameters of surgical sutures, the medical risk caused by the selection
of unsuitable surgical sutures can be reduced, thereby improving the
patient's postoperative recovery.

5. Conclusion

The friction force of different sizes of PGA surgical sutures was
measured by means of a penetration friction apparatus (PFA). The
friction force Fr was measured by the PFA with a penetration angle of
90°, and the normal force Fy was predicted by a finite element model, a
Hertzian model and a simplified uniaxial deformation model.

1. The results indicated that the penetration friction force increased
from 0.35 to 1.15N as the diameter of the PGA multifilament sur-
gical suture increased from 0.19 to 0.55 mm.

. The nominal contact area and normal force between the surgical
suture and skin substitute increased as the diameters of the surgical
sutures increased for the Hertzian, UDM linear elastic and FEM
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model.

. The relationship between the friction force and normal force de-
creased from 2.29 to 0.42 as the normal force that was predicted
with the uniaxial deformation model increased from 0.31 to 2.56 N.

. The COF predicted by the uniaxial deformation model and based on
measurements for the skin substitute seems to be in a reasonable
range for the penetration friction condition.
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