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a b s t r a c t 

Here we relate support provided to the pelvic floor by composite fibers having pre-tensioned cores se- 

cured by thin shells to tunable fiber properties. Surgical treatment of pelvic floor disorders including 

stress urinary incontinence and pelvic organ prolapse often inserts polymeric mesh to support pelvic 

fascia. However, achieving optimal levels of mesh tension and organ lift in minimally invasive surgeries 

remains challenging. Fibers with pre-tensioned cores and biodegradable shells have the potential to over- 

come this challenge by allowing reconstructive surgeons to “dial in” specific amounts of support without 

over tensioning mesh slings, which may lead to soft tissue erosion and voiding dysfunction. Consequently, 

this study quantifies the relationship between fiber dimensions and properties with the lift these fibers 

(once integrated into mesh) can provide to pelvic organs. Our linear elastic model quantifies the mini- 

mum and maximum amount of pre-tensioning allowed from tissue lift and core-shell delamination con- 

siderations, respectively. The model indicates that the elastic modulus of the biodegradable shell polymer 

should be orders of magnitude larger than that of the core polymer and be at least 10% of the core radius 

to preserve tension within the core that subsequently translates into tissue support. 

© 2019 IPEM. Published by Elsevier Ltd. All rights reserved. 
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1. Introduction 

Surgical treatment for pelvic floor disorders involves the place-

ment of either natural tissue or synthetic mesh to support

pelvic organs to prevent prolapse (e.g., cystocele, rectocele, ente-

rocele, and uterine prolapse) and stress urinary incontinence (SUI)

[1–5] . For example in healthy patients, the urethrovesicle junction

(UVJ), commonly called the bladder neck, is supported by a thin

( ∼3 mm thick) layer of pelvic fascia [6–7] . When the fascia weak-

ens or elongates over time or stretches due to childbirth, the UVJ

falls from its preferred position superior to the base of the blad-

der during Valsalva’s events, facilitating urinary incontinence [2,8–

10] . To provide additional support, most gynecological surgeons

use polymer mesh that, although they do not mimic the stress-

strain curves of native tissue [11–12] , are readily available, ster-

ilized, and inserted as a suburethral sling on an outpatient basis

[13–19] . (Although natural tissue may provide a better match to

the mechanical properties of the patient’s tissue, natural tissues re-
List of Abbreviations:: UVJ, urethrovesicle junction; POP, pelvic organ prolapse; 

SUI, stress urinary incontinence; FFT, Finite Fourier Transform; PDMS, poly(dimethyl 

siloxane); PLA, poly(lactic acid); ISD, intrinsic sphincter deficiency. 
∗ Corresponding author at: Departments of Chemical Engineering, Internal 

Medicine and Pharmaceutics & Pharmaceutical Chemistry, University of Utah, Salt 

Lake City, UT 84112, USA. 

E-mail address: pease@eng.utah.edu (L.F. Pease III). 
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ain in short supply.) However, properly tensioning commercially

vailable mesh is challenging with state-of-the-art surgical tech-

iques and materials. 

Historically, treatment of incontinence and pelvic organ pro-

apse (POP) called for open surgery [9] . Surgical trainees learned

o properly tension sutures and tissue to provide optimal benefit,

ecause over tensioning leads to urethral stenosis, voiding dysfunc-

ion, urinary retention and increased risk of mesh erosion, while

nder tensioning renders the surgery ineffective [16,20–23] . Suc-

ess rates for treatment of SUI by open surgery, such as retrop-

bic urethroplexy, can exceed 97% but require extended recovery

9,17,19,24] . With the advent of minimally invasive surgical tech-

iques, patient recovery is more rapid, but long-term success rates

ave been more modest and disparate ranging from < 70% to 85%,

n part because achieving optimal levels of tension is challenging

n confined environments [9,17,19,24] . Recent studies show > 30% of

atients require two surgeries to correct incontinence [9,17,19,24] ,

nd the cure rates for cystocele remain as low as 37% [25] . Suc-

essful treatment often depends significantly on an individual sur-

eon’s technique, leading to dramatic differences in success rates

mong centers [25] . The inability to readily achieve optimal levels

f tension in confined spaces is a general problem affecting nearly

ll pelvic reconstructive surgeries. 

Pre-tensioned core-shell fibers have the potential to overcome

hese limitations by allowing reconstructive surgeons to “dial in”

https://doi.org/10.1016/j.medengphy.2019.07.004
http://www.ScienceDirect.com
http://www.elsevier.com/locate/medengphy
http://crossmark.crossref.org/dialog/?doi=10.1016/j.medengphy.2019.07.004&domain=pdf
mailto:pease@eng.utah.edu
https://doi.org/10.1016/j.medengphy.2019.07.004
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Fig. 1. (a) Pre-tensioned core-shell fiber preparation and degradation scheme. Ap- 

plying a polymeric shell to a tensioned core locks it in place. Biodegradation of the 

shell releases the tension to contract adjacent tissue. (b) Support provided by the 

fibers in mesh lifts the female urethra to prevent urinary incontinence. 
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pecific amounts of tension that can be released gradually to lift

elvic organ support structures, minimizing the temptation for

urgeons to overtension mesh slings to achieve immediate sur-

ical effect and decreasing the risk of tissue erosion and post-

urgical voiding dysfunction [16,20–23] . Pre-tensioning of the fiber

s achieved by stretching the fiber core to a predetermined length

nd then securing it in its elongated state by applying a shell coat-

ng (see Fig. 1 ). Biodegrading or bioeroding the shell in vivo then

eleases the tension as the fiber anchored within a mesh shrinks,

radually lifting the pelvic organs resting upon it in much the same

ay as degradation of enteric coatings enables timed release of

harmaceutical agents within the gastrointestinal tract. The grad-

al change in lift may allow local tissue remodeling to synchronize

ith innate healing mechanisms. 

Although the above strategy is straightforward, a significant

arrier to its implementation in clinical practice is the lack of a

lear relationship between the lift and support these fibers provide

o pelvic organs and the fiber dimensions and material properties.

ere we address this barrier by determining the fiber properties

ecessary to provide a specific amount of lift to organs proximal to

he pelvic floor. We generate and solve a mathematical model to

elate the fiber geometry and material properties to fiber shrink-

ge, and then relate the shrinkage to the lift provided to pelvic

rgans. We conclude by discussing the implications of the design

pace for successful treatment of pelvic floor disorders. 

. Methods: model 

Here the fibers forming the mesh are modeled as nominally

traight with minimal to negligible curvature. Large polymer de-

ormations may require consideration of hyperelasticity, but the

eformations here are assumed to be sufficiently small so that

elected polymers remain Hookian. Weaving, molding or other
ig. 2. Coordinate system and stresses for one half of a fiber for (a) base case (denoted b

n (c) a U configuration and (d) a V configuration. Each mesh comprises several fibers, on

istance between ends of the mesh is l a . 
rocesses that combine the fibers into mesh remain beyond the

cope of this article. In contrast to traditional mesh where only one

olymer is selected for the entire mesh, each fiber is composed of

t least two polymers and different fibers of different compositions

nd dimensions may be composed into the mesh. Therefore, a gen-

ral model that explores fiber material properties and dimensions

s explored below. 

The equations of linear elasticity are used to model the stress

ransfer process in three distinct steps (see Fig. 1 ) [26–27] . First, a

ylindrical fiber is stretched from an unstressed state to an applied

train of u zz 
co ( Fig. 2 a). This strain is secured by coating the fiber

ith an unstressed polymeric shell. Second, the applied tension to

he core is released, causing it to partially retract and the shell

o partially compress ( Fig. 2 b). However, the core remains in ten-

ion because the shell resists compression via shear stresses at the

ore-shell interface. Tension remaining at the end of this step that

s available to support the pelvic organs following reconstructive

urgery, but excessive tension may also cause core-shell delamina-

ion. Third, the fibers are implanted as a mesh to support organ

eight. The shell then biodegrades or bioerodes allowing the ten-

ion stored in the core to provide additional lift ( Fig. 3 cd). Organ

eight along with fiber material properties determine the effec-

ive lift provided by the mesh and the minimum amount of pre-

ensioning required. 

.1. Initial core tension 

We consider a core-shell fiber with z oriented along the length

f the fiber, r directed radially, and θ oriented azimuthally (see

ig. 2 ). A stress σ zz 
o is applied to the fiber core to induce an

ncrease in length of u zz 
co and provide the initial tension. We

dopt the notation given by Landau, et al., where duplicate sub-

cripts denote normal stresses and strains [27–29] . The superscript

o” represents the initial stress applied to the fiber core. The

hell of the fiber is then applied in a stress-free manner (e.g.,

ip coating). Because our system is considered to be axissymet-

ic, angular strains and derivatives thereof remain vanishingly

mall. Using the isothermal equations of linear elasticity at

teady state in the absence of bulk forces and reducing our

omain to stresses below the yield stress (a limit to the ef-

ective amount of stress that can be applied), we determine

he following initial stresses and strains in the fiber before it

artially retracts [26–28,30] . Stresses are designated as σ ij and

trains as u ij with subscripts designating coordinates. In both

ore and shell, σ rr 
o = u rz 

o = u zr 
o = σ rz 

o = σ zr 
o = σθθ

o = 0, in the

hell, σ zz 
o = u zz 

o = u rr 
o = u θθ

o = 0, and in the core, σ zz 
o = E c u zz 

co ,
y o ) and (b) relaxed case (denoted by ’). Mesh configurations lifting the UVJ (circle) 

e of which is shown in cross section. The organ mass (e.g., the UVJ) is m t and the 
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Fig. 3. Diagram of (a) tip and (b) internal delamination, showing that only tip delamination creates a stress-free region to drive delamination. The panel does not depict 

core expansion upon contraction that would self-limit delamination. (c) G ss / E c H versus u zz 
c o for H / L = 0.01, νc = 0.45, νs = 0.33, σ t / E c = 0, E c / E s = 0.01, h / H = 0.9, and ( γ s + γ c - 

γ sc )/( E c H ) = 1. The two x -axis intercepts represent u zz 
∗ , and values of u zz 

co between these two intercepts represent strains that do not cause delamination. The positive root 

is the delamination strain for pre-tensioned fibers, while the negative root is the delamination strain for pre-compressed fibers. 
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u zz 
o = u zz 

co , u rr 
o = - νc u zz 

co , and u θθ
o = - νc u zz 

co . The value u zz 
co des-

ignates the initial strain in the core that provides a mathematical

driving force. The elastic moduli in core and shell are E c and E s ,

respectively, while the Poisson’s ratios in the core and shell are

νc and νs . Cylindrical coordinates introduce a nonzero u θθ
o even

though σθθ
o remains zero throughout the remainder of the analy-

sis. 

2.2. After release of tension 

When clamps tensioning the core are released, it partially re-

tracts developing internal stresses in the absence of external sur-

face forces acting on the fiber shell. The core remains held in ten-

sion by shear stresses from the shell, while the shell compresses

as a result of shear stresses from the core. Linearity allows us to

write 

σi j = σi j 
o + σ ′ 

i j (1a)

and 

u i j = u i j 
o + u 

′ 
i j , (1b)

where the prime denotes the additional stress and strain fields de-

veloped after release of the external surface force acting on the

core alone [28–30] . Steady-state conservation of momentum in the

absence of bulk forces demands that 

1 

r 

∂r σzr 

∂r 
+ 

∂ σzz 

∂z 
= 0 (2a)

and 

1 

r 

∂r σrr 

∂r 
+ 

∂ σrz 

∂z 
= 0 (2b)

in the isotropic homogeneous media of the core and shell [26–

28] with 

σrr = 

E 

( 1 + ν) ( 1 − 2 ν) 
[ ( 1 − ν) u rr + νu zz + νu θθ ] , (3a)

σrz = 

E 

1 + ν
u rz , (3b)

σzz = 

E 

( 1 + ν) ( 1 − 2 ν) 
[ ( 1 − ν) u zz + νu rr + νu θθ ] , (3c)

σzr = 

E 

1 + ν
u zr , (3d)
 rr = 

∂ u r 

∂r 
, (3e)

 zz = 

∂ u z 

∂z 
, (3f)

nd 

 rz = 

1 

2 

(
∂ u r 

∂z 
+ 

∂ u z 

∂r 

)
, (3g)

here u z and u r represent dimensional deformation in the axial

nd radial directions. We recognize that the initial core tension so-

utions (i.e., the base case) are independent of spatial coordinates

nd neglect the smaller radial and azimuthal deformation in the

rime case to allow for partial decoupling of the equations and the

se of separation-of-variables solutions [28–30] . 

The decoupled equations in the core are 

1 

r 

∂ 

∂r 
r 
∂ u z 

′ 
∂r 

+ 

2 ( 1 − νc ) 

1 − 2 νc 

∂ 2 u z 
′ 

∂ z 2 
= 0 , (4a)

 z 
′ = 0 @ z = 0 , (5a)

∂ u z 
′ 

∂z 
= 

( 1 + νc ) ( 1 − 2 νc ) 

1 − νc 

(
σt 

E c 
− u zz 

co 
)

@ z = L , (6a)

∂ u z 
′ 

∂r 
= 0 @ r = 0 , (7a)

nd 

E c 

1 + νc 

∂ u z 
′ 

∂r 

∣∣∣∣
core 

= 

E s 

1 + νs 

∂ u z 
′ 

∂r 

∣∣∣∣
shell 

@ r = h , (8a)

nd in the shell 

1 

r 

∂ 

∂r 
r 
∂ u z 

′ 
∂r 

+ 

2 ( 1 − νs ) 

1 − 2 νs 

∂ 2 u z 
′ 

∂ z 2 
= 0 , (4b)

 z 
′ = 0 @ z = 0 , (5b)

∂ u z 
′ 

∂z 
= 

( 1 + νs ) ( 1 − 2 νs ) 

1 − νs 

σt 

E s 
@ z = L , (6b)

∂ u z 
′ 

= 0 @ r = H , (7b)
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Table 1 

Typical values of dimensionless groups. 

Dimensionless group Minimum value Nominal value Maximum value 

H 

2 / L 2 0.000025 0.0001 1 

νc 0.25 0.45 0.5 

νs 0.25 0.33 0.5 

u zz 
co 0 1 10 

E c / E s 10 −5 0.01 1 

h / H 0 0.9 1 

( γ s + γ c - γ sc )/( E c H ) 10 −5 2 5 

( m t g + F )/(2 πNE c h 
2 ) 10 −4 0.158 10 5 

( l a / l m 
co ) 2 0 0.6 1 

∗based approximately on H = 1 mm, L = 10 cm (1 mm to 20 cm), νc = 0.45, νs = 0.33, 

u zz 
co = 1 (0 to 10), E c = 1 MPa (0.1–10 MPa), E s = 100 MPa (10–10 4 MPa), h = 0.9 mm 

(0–1 mm), ( γ s + γ c - γ sc ) = 20 J/m 

2 (0.01–50 J/m 

2 ), N = 10 (5–100), m t = 0.65 kg 

(0.075–0.65 kg), l m 
co = 18 cm (1 mm to 20 cm), and l a = 14 cm (1 mm to 20 cm). 
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nd 

 z 
′ | core = u z 

′ | shell @ r = h. (8b) 

he boundary conditions represent a fixed z axis at the center of

he fiber, normal stress applied to the end of the fiber (at z = L )

ith applied load or stress σ t , shear stresses on the center and

ides of the fiber, and continuity boundary conditions at the core-

hell interface, respectively. The fiber radius is H , the core radius is

 , and the half length of the fiber is L ( = l m 

co (1 + u zz 
co )/2, where l m 

co 

s the initial length of the fiber prior to relaxation). Eqs. (6) provide

he primary driving force, while Eqs. (8) couple together the core

nd shell displacement and shear. 

These equations are scaled to reduce the number of parameters

equired without loss of rigor. Scaling generates a set of dimen-

ionless ratios or dimensionless parameters to fully explore the pa-

ameter space using a minimal set of computations (see Table 1 for

roups with representative values). We scale axial positions and

isplacements ( u z and z ) on L and radial positions and displace-

ents ( u r and r ) on H , using overbars to denote scaled quantities.

he scaled equations, reported in the Supplementary Material, are

olved using a Finite Fourier Transform (FFT) [31] . FFT is the equiv-

lent of separation of variables in the form of 

¯
 z ( ̄r , ̄z ) = 

∞ ∑ 

n =0 

C n ( ̄r ) ϕ n ( ̄z ) , (9) 

here C n is a spectral coefficient and φn is the basis function. The

atter is chosen via the form of the boundary conditions with the

ixed Neumann and Dirichlet conditions above to be 

 n ( ̄z ) = 

√ 

2 Sin 

[(
n + 

1 
2 

)
π z̄ 

]
(10) 

or n = 0, 1, 2… This basis function was chosen to be a function of

 to avoid issues arising from discontinuities in shear displacement

long the core-shell interface [31] . Multiplying ū z ( ̄r , ̄z ) by the ba-

is function and integrating with respect to z̄ from zero to unity

efines 

n ( ̄r ) ≡
∫ z̄ =1 

z̄ =0 

ū z ( ̄r , ̄z ) ϕ n ( ̄z ) d ̄z . (11) 

As shown in the Supplementary Material, transformation and

ntegration yields 

n 
c = − A 1 

A 2 
2 

+ c 1 I o ( A 2 ̄r ) (12a) 

nd 

n 
s = c 3 I o ( A 4 ̄r ) + c 4 K o ( A 4 ̄r ) + 

A 3 

A 4 
2 
, (12b) 

n terms of modified Bessel functions of the first and second kinds,

 ν and K ν of order ν , respectively, with constants 

 1 = 2 

√ 

2 ( −1 ) 
n H 

2 

L 2 
( 1 + νc ) 

(
u zz 

co − σt 

E 

)
, (13a) 
c 
 2 = 

√ 

H 

2 

L 2 
2 ( 1 − νc ) 

1 − 2 νc 

(
n + 

1 
2 

)2 
π2 , (13b) 

 3 = 2 

√ 

2 ( −1 ) 
n H 

2 

L 2 
( 1 + νs ) 

σt 

E s 
, (13c) 

nd 

 4 = 

√ 

H 

2 

L 2 
2 ( 1 − νs ) 

1 − 2 νs 

(
n + 

1 
2 

)2 
π2 (13d) 

ith constants c 1 - c 4 given in the Supplementary Material. Deen

31] shows that θn = C n , such that our final solution is given piece-

ise as 

¯
 z ( ̄r , ̄z ) = 

⎧ ⎪ ⎨ 

⎪ ⎩ 

∞ ∑ 

n =0 

θn 
c 
( ̄r ) φn ( ̄z ) for r̄ ≤ h̄ 

∞ ∑ 

n =0 

θn 
s 
( ̄r ) φn ( ̄z ) for r̄ > h̄ , 

(14) 

here superscripts c and s indicate the core and shell respectively.

his value of ū z ( ̄r , ̄z ) represents the displacement after release of

he applied tension. Notably, negative values of ū z ( ̄r , ̄z ) are appro-

riate in each case, because this value represents retraction, with

ore negative values in the core as reported below. Fig. S1 in the

upplementary Material shows these series converge with suffi-

ient rapidity. 

.3. Delamination 

Delamination may occur either at the tip or within the inte-

ior (see Fig. 3 ab). However, if delamination occurs in the interior,

he core cannot retract and the shell cannot extend to decrease the

agnitude of their stress fields, severely limiting elastic energy re-

overy that would drive delamination [26,29–30,32] . Therefore, our

nalysis focuses on delamination from the tip inward, whence the

ore can partially retract and the shell can partially expand to re-

ieve stress. If the energy associated with stress relaxation exceeds

he amount of energy required to form the new surface then the

elamination will propagate. Following the pattern given by Grif-

ths, we consider a unit area of new crack [26,29–30,32] . Its new

urface energy is 

SE = 2 πhL ( γs + γc − γcs ) , (15)

here γ s is the shell-air surface energy, γ c is the core-air surface

nergy, and γ cs is the core-shell interfacial energy. The interfacial

nergy can be approximated to first order by γ cs = ( γ c γ s ) 
1/2 [33] .

he product σ ij u ij represents the elastic energy per unit volume.

ntegrating over the volume of both parts of the fiber gives the

lastic energy as 

EE = 

∫ 2 π

0 

∫ h 

0 

∫ L 

0 

(
σi j 

o + σi j 
′ )(u i j 

o + u i j 
′ )d zrd rd θ

+ 

∫ 2 π

0 

∫ H 

h 

∫ L 

0 

(
σi j 

′ )(u i j 
′ )d zrd rd θ, (16) 

here the first and second terms represent the energy of the core

nd shell before stress relaxation from delamination, respectively.

he elastic energy after relaxation is zero because the core and

hell are assumed to be stress free. Therefore, the total energy

hange from before to after crack formation is given as 

E = −
∫ 2 π

0 

∫ h 

0 

∫ L 

0 

(
σi j 

o + σi j 
′ )(u i j 

o + u i j 
′ )d zrd rd θ

−
∫ 2 π

0 

∫ H 

h 

∫ L 

0 

(
σi j 

′ )(u i j 
′ )d zrd rd θ+ 2 πhL ( γs + γc − γcs ) . 

(17) 
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When 
E falls below zero, the crack may propagate. This expres-

sion may be written in terms of the steady-state energy release

rate often reported in the literature on fracture in cylindrical co-

ordinates as G ss ≡ −
E / 2 πhL [26,30,32] . Substitution and scaling

then yield 

G ss 

E c H 

= 

1 

2 
u zz 

co 2 h̄ + 

2 − 2 νc − 3 νc 
2 

(1 + νc )(1 − 2 νc ) 

u zz 
co 

h̄ 

∞ ∑ 

n =0 

√ 

2 ( −1 ) 
n 

∫ h̄ 

0 

θn 
c 
( ̄r ) ̄r d ̄r 

− γs + γc − γcs 

E c H 

+ 

( 1 − νc ) π2 

h̄ (1 + νc )(1 − 2 νc ) 

∞ ∑ 

n =0 

(
n + 

1 

2 

)2 ∫ h̄ 

0 

θn 
c 
( ̄r ) 

2 r̄ d ̄r 

+ 

E s 

E c 

( 1 − νs ) π2 

h̄ (1 + νs )(1 − 2 νs ) 

∞ ∑ 

n =0 

(
n + 

1 

2 

)2 ∫ 1 

h̄ 

θn 
s 
( ̄r ) 

2 r̄ d ̄r . (18)

The maximum initial strain, u zz 
∗, the fiber can sustain without de-

laminating can be determined from the first law of thermodynam-

ics by setting G ss ≡ 0 leaving u zz 
∗ = u zz 

co , which has two solutions

as shown in Fig. 3 c [30,32] . The positive root corresponds to de-

lamination from pre-tensioning. 

2.4. Tissue lift after shell removal 

The model above applies to individual fibers. We now consider

a mesh composed of N fibers that stretch from anchor to an-

chor that directly oppose the organ applied force. We recognize

that more elaborate lift models may be appropriate for more in-

tricate mesh designs. Though these more elaborate models may be

outside the scope of this article, the conceptual model presented

should be considered a first-order approximation to inform pro-

totype development and suggest possibilities. After the shell has

biodegraded or bioeroded, tension stored in the core must lift the

pelvic organs. We now determine how much lift a mesh composed

of N fibers will provide as a function of material properties, ini-

tial strain, and organ weight. The mesh with length l m 

cs (deter-

mined by the shell after pre-tensioning and relaxation as l m 

cs =
l m 

co ( 1 + u zz 
co )( 1 + ū z ) , where l m 

co represents the initial length of

the mesh cores) is inserted without tensioning (i.e., is neither slack

nor supports a load such that σ t = 0 in Eqs. (6) and is anchored

between points separated by a linear distance of l a (e.g., between

the so called white lines). When the shell degrades, the core of the

fiber supports a point source load of m t g + F acting at the ends of

the fiber mesh, where m t is the mass associated with tissue, F rep-

resents other forces including Valsalva’s events, and g is the grav-

itational constant. A force balance perpendicular to the line con-

necting the anchor points gives the final mesh length, l m 

c , com-

posed of only cores after the shell has degraded as 

m t g + F = 2 πh 

2 N E c 
(
l m 

c 
/ l m 

co − 1 

)
Cos θ, (19)

where the angle θ is defined by Sin θ = l a / l m 

c . This can be rear-

ranged as 

m t g + F 

2 πNE c h 

2 
= 

√ 

1 −
(

l a 

l m 

co 

)2 (
l m 

co 

l m 

c 

)2 (
l m 

c 

l m 

co − 1 

)
. (20)

The term on the left gives our final dimensionless number, which

represents the ratio of the stress applied by the tissue to the elastic

modulus of the core. The vertical lift, 
l v , provided by the freed

cores is then 


l v 

l m 

co = 

1 

2 

⎛ 

⎝ 

√ (
l m 

cs 

l m 

co 

)2 

−
(

l a 

l m 

co 

)2 

−

√ (
l m 

c 

l m 

co 

)2 

−
(

l a 

l m 

co 

)2 

⎞ 

⎠ , 

(21)
here l m 

c is the length of the cores after the shells have degraded

n contrast to l m 

cs for which the shells remain. Eqs. (20) –( 21 ) rep-

esent a complete set. 

We now consider a limiting case. Surgeons may place the mesh

n approximately either a U shape, such that the two arms of the

esh are nearly parallel, or a V shape, where the two arms of

he mesh form a shallow V with respect to each other. The U

ase (where Cos θ = 1) is particularly simple and insightful. Where

 a << l m 

co < l m 

cs , 

l m 

c 

l m 

co 
= 1 + 

m t g + F 

2 πN E c h 

2 
, (22)

nd the lift becomes 


l v 

l m 

co = 

1 

2 

(
u zz 

co + ū z + u zz 
co ū z − m t g + F 

2 πN E c h 

2 

)
. (23)

he u zz 
co u z product appears due to our selection of scales. This

quation shows that to achieve lift, the pre-tensioning must be

arge enough to oppose both the initial retraction and the organ

eight all without delaminating. 

. Results 

The model predicts the fiber length immediately before sur-

ical insertion relative to the initial core length to be given by

 m 

cs 
/ l m 

co = ( 1 + u zz 
co )( 1 + ū z ) , the maximum strain that can be ap-

lied before delamination is given by u zz 
∗, and the amount of lift

s given by 
l v / l m 

co . The remainder of this analysis will deter-

ine how these depend on the dimensionless parameters summa-

ized in Table 1 . These parameters include three length scale ratios,

amely, a diameter-to-length ratio, H 

2 / L 2 ; a dimensionless radial

hickness of the core, h̄ = h/H ; and a ratio of the distance between

nchor points to the initial length of the mesh cores, ( l a / l m 

co ) 2 .

ther parameters include Poisson’s ratios for the core and shell,

c and νs ; the pre-tensioning strain, u zz 
co ; the ratio of forces act-

ng on the mesh to the elastic modulus and area of the core,

 m t g + F )/(2 πNE c h 
2 ); the ratio of elastic moduli of core to shell,

 c / E s ; and the ratio of surface energy to elastic energy, ( γ s + γ c -

sc )/( E c H ). 

Fig. 4 evaluates the relationship between the preinsertion fiber

ength (i.e., before removal of the shell) and these parameters.

ig. 4 a shows the deformation profile at the fiber tip. The center

f the core experiences most of the deformation or retraction as

nticipated in Fig. 2 b, because the shell resists core deformation.

or typical initial strains, u zz 
co , the shell deforms only modestly but

ompresses significantly as the initial strain, u zz 
co increases. Fig. 4 b

hows the relative thickness of the shell to be very influential. Each

ber retracts only modestly until the core exceeds 90% of the fiber

iameter, at which point the deformation increases sharply until

he fiber retracts completely to its initial prestrained position. 

The remainder of Fig. 4 evaluates the role of the fiber elas-

ic properties. Fig. 4 c shows that while the elastic modulus of the

hell is two orders of magnitude greater than the modulus of the

ore, the deformation is fairly modest, but as the two moduli ap-

roach parity, the shell cannot resist the shear stress imparted by

he core. Therefore, the material with the larger elastic modulus

ust remain on the exterior of the fiber to retain the core tension

or subsequent release. Fig. 4 d shows that the Poisson’s ratios only

odestly affect deformation, except when either material becomes

ubbery (i.e., where νc or νs approach ½). Indeed, Poisson’s ratios

f ½ can be used to prevent deformation even when E c / E s increases

assed unity (see Fig. S3b). 

The model also conservatively predicts when delamination may

ecome problematic as seen in Fig. 5 . Regions above the curves for

 zz 
∗ correspond to delaminating conditions, while those below are

ot predicted to delaminate by the model. The figure shows that
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Fig. 4. (a) Relative fiber tip deformation, u z / L ( r / H ,1), versus fractional radius, r / H , for u zz 
co = 0.5, 1, 3, and 10 with h / H = 0.5, H / L = 0.01, νc = 0.45, νs = 0.33, E c / E s = 0.01, and 

σ t / E c = 0. (b) Deformation at the fiber center, u z / L (0,1) (solid), and of the shell, u z / L ( h / H to 1,1) (dash), versus relative core diameter, h / H , with u zz 
co = 1, H / L = 0.01, νc = 0.45, 

νs = 0.33, E c / E s = 0.01, and σ t / E c = 0. (c) Shell deformation, u z / L ( h / H ,1), versus E c / E s for H / L = 0.01 (solid), 0.1 (short dash), and 1 (long dash) with u zz 
co = 1, νc = 0.45, νs = 0.33, 

h / H = 0.9, and σ t / E c = 0. (d) Shell deformation, u z / L ( h / H ,1), versus νc for νs = 0.25 (long dash), 0.33 (alternating dash), 0.45 (short dash), and 0.495 (solid) with h / H = 0.9, 

H / L = 0.01, u zz 
co = 1, E c / E s = 0.01, and σ t / E c = 0. 

Fig. 5. The critical delamination stress, u zz 
∗ , versus ( γ s + γ c - γ sc )/( E c H ) for 

h / H = 0.01 (long dash), 0.25 (alternating dash), 0.5 (short dash) and 0.99 (solid), 

H / L = 0.01, νc = 0.45, νs = 0.33, and E c / E s = 0.01. 
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hicker shells (smaller h / H ) allow larger pre-strains. The figure also

ndicates that ( γ s + γ c - γ sc )/( E c H ) must be at least 0.01 to allow the

ore length to double ( u zz 
∗ = 1) without delamination, for example,

hough clinical deformations are expected to be much more mod-

st as described below. To achieve doubling, E c should be fairly

odest and perhaps elastin like (e.g., E c < 1.0 MPa) and H should

lso be on the smaller end of the feasible range (between 10 nm

nd 1 mm). However, smaller diameter fibers would be required to

ustain the same total organ load. The alternative is to adjust the
urface energy that would be created by delamination. Interfacial

nergies range over several orders of magnitude reflecting numer-

us phenomena including van der Waals forces (0.01–0.05 J/m 

2 )

33–34] , cleavage of chemical carbon-carbon bonds (0.4–1.2 J/m 

2 )

35] , and also other lumped effects including local plasticity. Frac-

ure data from Strobl inclusive of plasticity effects for polystyrene

uggests values of 34.3–49.7 J/m 

2 [36] . Thus, interfacial energies

pan a range exceeding three orders of magnitude, and the exact

nterfacial energies for a particular polymer system cannot be de-

ermined a priori due to the lack of comprehensive tables in the

iterature but must be measured experimentally for each polymer

nder consideration at the temperature of use. See Supplementary

aterial for additional results. 

Finally, Fig. 6 shows that the lift, 
l v , provided by the fibers

epends strongly on ( m t g + F )/(2 πNE c h 
2 ) and u zz 

co . Only when

 m t g + F )/(2 πNE c h 
2 ) < 1 does a mesh composed of N fibers provide

ift to the tissue (see Fig. 6 a). Because the tissue weight is set by

hysiological constraints and varies from patient to patient, any

ne of three fiber parameters can be used to optimize surgical

ractice including the elastic modulus of the core, the diameter of

he fiber core, and the number of fibers. Each of these variables

ndividually contributes to the strength of the mesh and any of the

hree can be optimized in practice. This panel also shows a shal-

ow V configuration with fibers extending linearly from anchor to

nchor provides more lift at small masses because the cores must

etract completely to the anchor-to-anchor length. Fig. 6 b shows

hat as u zz 
co increases, the amount of lift increases proportionately

or u zz 
co < 1. The remaining parameters plotted in Fig. 6 play only a
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Fig. 6. (a) Relative lift, 
l v / l m 
co , versus scaled force, ( m t g + F )/(2 πNE c h 

2 ), with l a / l m 
co = 0.0 (long dash), 0.5 (alternating dash), 0.9 (short dash), and 1.0 (solid) for H / L = 0.01, 

νc = 0.45, νs = 0.33, u zz 
co = 1, E c / E s = 0.01, and r / H = h / H = 0.9 at fiber tip. (b) Relative lift, 
l v / l m 

co , versus pre-strain, u zz 
co , for E c / E s = 0.01 (long dash), 0.1 (alternating 

dash), 1 (short dash), and 10 (solid) for H / L = 0.01, νc = 0.45, νs = 0.33, l a /l m 
co = 0, ( m t g + F )/(2 πNE c h 

2 ) = 0.158, and r / H = h / H = 0.9 at fiber tip. (c) Relative lift, 
l v / l m 
co , 

versus relative fiber diameter, h / H ( = r / H ), for H / L = 0.0 0 01 (solid), 0.01 (alternating dash), and 1 (long dash) for νc = 0.45, νs = 0.33, E c / E s = 0.01, u zz 
co = 1, l a /l m 

co = 0, and 

( m t g + F )/(2 πNE c h 
2 ) = 0.158 at fiber tip. (d) Relative lift, 
l v / l m 

co , versus core Poisson’s ratio, νc , for νs = 0.25 (long dash), 0.33 (alternating dash), 0.45 (short dash), and 0.495 

(solid) for H / L = 0.01, u zz 
co = 1, E c / E s = 0.01, r / H = h / H = 0.9, l a /l m 

co = 0, and ( m t g + F )/(2 πNE c h 
2 ) = 0.158 at fiber tip. 
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minor role in the amount of lift provided. So long as h / H remains

less than 0.9, it does not affect the lift (though the lift falls off

sharply as h / H approaches unity). Fig. 6 d shows that more rubbery

materials increase the amount of lift. Yet, these parameters only

impact the amount of lift at the margins. 

4. Discussion 

This study considers the parameters needed to design pre-

tensioned core-shell fibers that provide sufficient lift to support

organ weight (supplementing native fascia where present) and

counter balance the episodic downward force generated during

Valsalva’s events without delaminating. Polymer selection is crit-

ical and this analysis provides insight into selection tradeoffs. Our

analysis finds that the polymer comprising the core should have a

substantially lower elastic modulus than the shell polymer, because

only tension preserved by the shell is available to support the tis-

sue. For example, if the core were made of poly(dimethyl siloxane)

(PDMS) with an elastin-like elastic modulus (e.g., < 1.0 MPa), then

selecting a collagen-like polymer such as poly(lactic acid) (PLA)

with a substantially higher elastic modulus (e.g., > 100 MPa) is im-

portant to keeping the core in tension prior to mesh implanta-

tion. Both polymers must be compatible with the adjacent tissue,

and the shell polymer must be able to degrade on reasonable time

scales. 

The second critical design aspect is selection of the core pre-

strain. Delamination serves as the upper limit to the amount of

pre-strain allowed. Our analysis suggests that the elastomeric core

may stretch to double its initial length ( u zz 
co = 1) for some con-
itions, provided the polymers remain linearly elastic. This is not

 significant limitation because many elastomers double or triple

heir length without yielding significantly, many polymers may

ouble in length before hyperelastic effects become important, and

lastomers of clinical relevance can gain at least 50% of their initial

ength before yielding. This suggests that the amount of lift may

e limited to less than the initial length of the core, but typical

urgeries require changes on the order of millimeters whereas the

ength of the mesh is typically on the order of several centimeters.

ndeed, Fig. 7 considers a typical case of only 17% strain, and tar-

et postoperative mesh contraction is likely modest (e.g., at most

15%) [37] . Remarkably, pre-tensioning the core also inherently in-

ibits delamination. As the tension is released, the core expands as

equired by the Poisson’s ratio, which in turn decreases any gap

etween the core and shell effectively hindering crack propaga-

ion. Therefore, one of the key advantages of the pre-tensioning

pproach is that delamination requires a higher initial stress than

alculated herein. (We note in passing that the formalism devel-

ped herein may provide an innovative means of estimating the

nterfacial energy by measuring the stress at which core-shell fiber

elamination occurs.) 

Third, the physical dimensions of the fiber (i.e., the core radius

nd shell thickness) are also critical design parameters. The combi-

ation must remain less than ∼3 mm characteristic of typical mesh

nd bandages. The model suggests that the shell thickness should

e at least 10% of the core radius to preserve tension within the

ore that subsequently translates into tissue support. 

Two additional factors affect the lift provided to the tissue. The

rst is the weight of the organ or tissue to be supported or the
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Fig. 7. Lift as a function tissue mass for a mesh with N = 25 fibers, E c = 0.4 MPa, 

E s = 400 MPa, l m 
co = 18 cm, L = l m 

co (1 + u zz 
co )/2 = 10.17 cm, g = 9.8 m/s 2 , h = 0.90 mm, 

νc = 0.45, νs = 0.33, H = 1 mm, u zz 
co = 0.13, and F = 0 for U (long dash, l a = 0) and V 

(alternating dash, l a = 14 cm) configurations. 
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orce necessary to counter balance the episodic downward accel-

ration of Valsalva’s events. Fig. 7 shows the amount of lift antici-

ated in absolute lengths for a PLA mesh with pre-tensioned PDMS

ores with a pre-strain of 0.13 for both U and V configurations as

 function of organ weight. In this first-order approximation and

xample, 25 fibers extend from anchor to anchor to provide sup-

ort. As the weight increases (e.g., as the bladder fills), the lift de-

reases until the mesh provides no support when the tissue weight

xceeds the tension stored in the mesh. The mass of the full blad-

er is approximately 400 g, suggesting that a lift of approximately

.9 mm and 2.9 mm for the U and V configurations for these con-

itions, respectively. Please note that these deformations are rather

mall compared to the ∼20 cm length of the fiber (i.e., < 3%), sup-

orting the modeling assertion of a linear elasticity. Although the

referred configuration depends on individual patient need, sur-

eons often prefer U shape slings (comprising mesh with anchors)

o V shape ones to apply more pressure to the target tissue. For ex-

mple, to treat intrinsic sphincter deficiency (ISD), applying a high

ressure using a sub-urethral sling in a U configuration is prefer-

ble to press on the urethra to prevent SUI. 

Although not a key element of the model presented here, an

dvantage of these mesh is their potential to apply tension to

djacent tissue gradually over time. By tuning the fiber dimen-

ions, specifically the shell thickness, the tension release rate can

n principle be precisely controlled. A thicker shell implies a longer

egradation time. Because significant changes in fiber length oc-

ur when the shell is ≤10% of the fiber thickness, mesh design

an incorporate a delay in tension release (i.e., a fuse) by making

he shell thickness greater than 10% of the fiber radius. For sur-

ace eroding polymers that degrade steadily, the contraction will

e predictable and gradual but increase steadily as the shell thins

inearly, whereas bulk eroding polymers lead to less predictable

hanges in the shell thickness and hence the rate of lift. A com-

lete understanding of these effects lies beyond the scope of this

rticle. Nevertheless, by combining fibers of different dimensions,

he overall tension release rate of the entire surgical mesh may be

uned, and multishell systems may counter any rapid jumps in ten-

ion. This is important because gradually tensioning the mesh as

hey integrate with the adjacent tissue allows cellular accommoda-

ion of the change in tension at a pace that is similar to intrinsic

ound healing rather than sudden overtensioning at the time of

tate-of-the-art surgeries. Indeed, the mechanism used by fibrob-

asts remodel the matrix depends strongly on the mechanical load-

ng (tension) of adjacent media and substrates [38] . 

In conclusion, this modeling effort indicates the feasibility of

sing pre-tensioned core-shell fibers to tunably lift pelvic organs.
he model indicates that the elastic modulus of the biodegradable

hell polymer should be orders of magnitude larger than that of

he core polymer and be at least 10% of the core radius to pre-

erve tension within the core that subsequently translates into tis-

ue support. 
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