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Soft composites are increasingly used in wearable and soft robotic systems as advances in material
architecture enable greater damage tolerance under large deformation. In these mesoscale architec-
tures, the crack-parallel stresses bias geometric rearrangements of reinforcement fibers, modifying the
crack initiation and growth beyond the opening-mode fracture. Here, we introduce a tensile gap test
to quantify how the crack-parallel stress affects the onset and trajectory of damage localization, as
well as the load- and energy-based fracture responses. We also develop and experimentally validate a
continuum model that captures nonlinear behavior and progressive damage of knitted composites,
using an ensemble of oriented microplane triads aligned with the yarn direction, capturing the
axial load-transfer mechanisms while incorporating the transverse and shear effects. Together, the
experiments and the computational model provide a tool to predict fracture under realistic stress
states and to guide the rational design of soft composites in engineering applications.

Knitted fabric embedded in a soft polymer ma-
trix, such as PDMS (polydimethylsiloxane) or PDMA
(polydimethylacrylamide-based hydrogel), i.e., soft knit-
ted polymer composites, have a great potential for soft
robots [1–3], wearable sensors [4–7], and engineered tis-
sues [8–10]. Their usefulness, however, is limited by frac-
ture. Yet predicting their fracture faces three challenges:
(1) formulating a realistic continuum model for the knitted
composites at large strain, (2) clarifying experimentally
the effect of crack-parallel stress on the material fracture
energy, and (3) replacing the LEFM (linear elastic fracture
mechanics) by a fracture model that takes into account
the expected dependence of the material fracture energy
on the nonsingular crack-parallel stress components. To
obtain a continuum model for knitted composites, we
adopt the microplane triad model [11, 12], originally for-
mulated for woven composites with much smaller yarn
undulation. Here, we introduce testing of center-notched
fracture specimens under various levels of constant crack-
parallel tension (illustrated in Fig. 1). The results show
that this tension causes a large increase in the fracture
energy (a measured effective value, Gf ) of the soft knitted
polymer composites.

This new phenomenon implies a finite-width anisotropic
damage zone at the crack front, which can be captured
in finite element analysis (FEA) via a crack-band formu-
lation on an appropriate representative volume element
(RVE) or, more accurately, via a second-gradient regular-
ization based on the new spress-sprain concept [13, 14].
The variability of Gf has previously been demonstrated
in a range of material systems, including concrete [15–
17], woven composites [18], soft rubber [19], and perfect
cracks in atomic lattices [20]. These observations suggest
that variability in material fracture energy may reflect a
ubiquitous and fundamental fracture mechanism, moti-

vating the present examination of fracture mechanics in
soft knitted polymer composites.

For soft knitted polymer composites, competition be-
tween the energy dissipation at the yarn-level and at
the damage-zone-scale controls how the fracture proceeds
through stages of distributed damage. It is analogous
to the competing length-scale mechanisms in soft tough
materials [21–23], but is additionally shaped by the geo-
metrically biased yarn rearrangements within the knitted
architecture [24].

Modeling the fracture of soft knitted polymer compos-
ites is challenging. One aspect is the development of a
continuum model that accounts for nonlinearity arising
from large strains in these composites, from the softness of
the knitted architecture [25, 26] and the polymer matrix,
PDMS [27, 28]. Analogous to human tissues [29, 30], very
large strains lead to nonlinear stiffening and an elevated
damage tolerance due to progressive yarn reorientation
with load transfer to the neighboring yarns.

On the other hand, discrete-yarn models [25, 31, 32]
can capture yarn-level kinematics, but inferring the ma-
terial fracture behavior is computationally expensive. In
contrast, continuum damage models are relatively effi-
cient [33–36], but struggle to capture the directional yarn
behavior that controls crack growth.

An effective approach is offered by the microplane triad
model, earlier introduced to represent the mild undulation
of the yarn in a woven twill [11, 12]. To adapt this model
for knits, a triad of mutually orthogonal microplanes is
attached at each of several chosen characteristic points
within the RVE (shown in Fig. 2C).

In each loading step of an explicit finite element com-
putation, the continuum strain tensor obtained at the
end of the previous loading step is related to the strain
tensor on each microplane. A simple tensorial constitutive
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FIG. 1. Experimental design and setup of the tensile gap test.
(A) 3D model of the setup showing customized components
used to transfer and secure the applied loads. (B) Close-up
view of the tester showing how crack-opening tension and
crack-parallel stress are applied. (C) Simplified 2D view of
the setup showing sample boundaries subjected to uniformly
distributed loads from the grippers and clips, with sample
dimensions indicated.

law on the microplane level is then used to calculate new
microplane stress tensors. The variational principle of
virtual work then yields the new continuum (macro-scale)
stress tensor at the end of the current loading step [37].

To clarify the role of the crack-parallel tension, we take
advantage of its expected relatively small magnitudes,
compared to concrete or stiff and non-stretchy composites.
Hence, a constant crack-parallel stress can be generated
by manageable weights, as illustrated by the first tensile
gap test in Fig. 1, in which center-notched specimens
are transversely loaded through weights suspended on
nylon strings sliding with negligible friction over horizontal
support bars, while the crack opening force is applied
under displacement control in the longitudinal y direction.
Overall, we combine fracture experiments with mi-

croplane triad-based elastic and damage models to deter-
mine how crack-parallel stress controls fracture in soft
knitted polymer composites. First, we systematically
vary the crack-parallel stress while maintaining controlled
crack-opening conditions. Second, we document dam-
age stages in soft knitted polymer composites, includ-
ing microcracking in the soft polymer matrix, yarn taut-
ening, yarn sliding, yarn rupture and post-peak soften-
ing. Third, we computationally implement the calibrated
microplane triad model and use it to verify the experi-
mentally observed sensitivity of material fracture energy
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FIG. 2. Setup of the microplane-triad model for a represen-
tative volume element (RVE) of a plain (jersey) knit stitch.
(A) Schematic of a knitted composite (the number of stitches
shown within the region of interest is reduced for clarity). (B)
Architecture of a plain knit [25]. (C) RVE of a plain knit stitch,
with microplane triads shown in 3D parametric space (left)
and in a 2D projection (right). Note that only a single stitch,
rather than the 2 by 2 stitches often used for defining a RVE
of a general knitted fabric architecture, is selected because of
the periodicity of the plain (jersey) knitted architecture. (D)
Microscopy images of the front and side views of a knitted soft
composite specimen, with the initial notch length equivalent
to four RVE widths and the specimen thickness indicated.

to the crack-parallel stress. By coupling the experiment
and the microplane triad model, we link the yarn-scale
damage evolution in the knitted architecture to the macro-
scopic fracture initiation and propagation under realistic
complex loading conditions.

RESULTS

Tensile gap tests reveal sensitivity to crack-parallel
stress

Fig. 3A shows the force–displacement curves measured
under three crack-parallel stress levels, σxx = 0, 384 kPa,
and 872 kPa, with crack-opening tension applied under
displacement control to induce mode-I fracture. These
crack-parallel stress levels were selected to span the exper-
imentally accessible range: σxx = 0 provides the reference
condition, σxx = 872 kPa approaches the maximum stress
permitted by the bonding strength between the clips and
the specimen, and σxx = 384 kPa represents an intermedi-
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FIG. 3. Fracture experiments measuring responses to various crack-parallel stresses: (A) Force–displacement curves plotted as
the mean of at least three tests; the shaded region represents ± one standard deviation. (B) Fracture energy Gf and peak load
Pmax as a function of the crack-parallel stress σxx.

ate loading condition. The observed first drop in load Pd

indicates damage occuring the soft polymer matrix prior
to reaching the ultimate peak load Pmax. Assuming that
no energy is dissipated away from the fracture process
zone, the fracture energy, Gf , is calculated as Gf = W/A
where W is the work of fracture calculated from the area
under the force-displacement curve (under the assumption
of no dissipation elsewhere),

W =

∫
F dδ, (1)

Here F is the measured force and δ is the imposed dis-
placement, normalized by an effective crack surface area
as A = C0H0 in which C0 is the initial crack length and
H0 is the specimen thickness measured from microscopic
images shown in Fig. 2D.

The overall response shows (i) an initial quasi-linear
regime, (ii) a staged-approach to peak load Pmax associ-
ated with crack blunting and bridging engagement with
the PDMS getting damaged at load Pd, and (iii) a post-
peak regime characterized by steep stepwise load drops.
The post-peak features indicate progressive rather than
catastrophic loss of load-carrying capacity, consistent with
sequential engagement and rupture of bridging yarns.

Under constant crack-parallel tensile stress, the force-
displacement response exhibits monotonically increasing
peak load Pmax and elevated fracture energy Gf , relative
to the no crack-parallel-stress, σxx = 0. Note in Fig. 3B
the remarkable increase of Gf .

The effect of the crack-parallel stresses revealed by the
tensile gap tests shows that a damage zone of finite width
must exist at the fracture front. For accurate computa-
tions, this is a major complication requiring incremental
finite strain analysis. In addition, for widely opened
blunted cracks at large strain, there exists no simple ana-
lytical size effect law, such as that for quasi-brittle stiff
materials.

Pre-notched crack along course direction of the knitted fabric

Localized damage in PDMS leads to yarn rotation and slip

Crack propagation leads to yarn rupture

A

B

C

FIG. 4. Schematics and in-situ images from tensile gap tests
showing links across microscale deformations, mesoscale pro-
cess zone and macroscopic response.

In-situ imaging shows a gradual multi-scale damage
development

To relate the macroscopic force–displacement response
to underlying mechanisms, we analyzed in-situ camera im-
ages of the specimen and illustrated the main mechanisms
as schematics in Fig. 4. Prior to visible matrix damage
(Fig. 4A), the notch tip remains relatively sharp and the
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deformation is accommodated primarily by modest lo-
calized yarn deformation. Once PDMS damage initiates
(Fig. 4B), as evidenced by localized microcrack formation
near the notch tip, the crack tip undergoes pronounced
blunting: the tip radius increases, the opening localizes
into a finite-width damage zone rather than a sharp ad-
vancing crack. This mesoscale damage zone provides an
environment that facilitates localized yarn rotation and
sliding in the vicinity of the crack tip, delaying localiza-
tion into immediate yarn rupture. As loading proceeds
beyond the onset of blunting, yarns spanning the crack
wake progressively straighten and become taut, concen-
trating load into a subset of bridging segments. The
onset of yarn rupture (Fig. 4C) marks the transition to
post-peak softening as bridging tractions get progressively
lost. Under crack-parallel tensile stress, this sequence is
biased toward stronger engagement of bridging during
the blunted-tip phase, which sustains higher forces over a
broader displacement range and increases the macroscopic
work of fracture that infers the fracture energy.

Model validation: Simulations reproduce damage
localization and crack evolution

Simulations using the microplane triad damage model
reproduce: (i) the dependence of peak load on crack-
parallel stress level, (ii) the onset and trajectory of local-
ization bands, and (iii) the transition from distributed ma-
trix damage to localized bridging loss. Fig. 5 compares the
predicted and experimentally observed responses, which
shows overall agreement. Enabled by simulations, we can
probe into the internal stress fields at varying stages of
damage evolution, which is otherwise difficult to obtain
directly from experiments. Fig. 6 shows the stress compo-
nent σxx, whereas Fig. 7 shows the stress component σyy

at two critical stages: (A) damage in the PDMS matrix
and (B) damage in the yarns.

DISCUSSION

Stress-state dependent fracture energy: why Gf is
not a material constant in knitted composites

A central implication of the tensile gap tests is that
the fracture energy Gf inferred from macroscopic work
of fracture increases with the crack-parallel stress. Like
in other matierals, in knitted composites, the damage
zone must be a region of finite width where matrix mi-
crocracking, yarn rotation, sliding, bridging, tautening
and rupture take place and interact. The crack-parallel
tensile stress alters the sequence and spatial distribution
of these mechanisms, changing the peak response and the
post-peak evolution and thereby the work dissipated dur-
ing fracture. Consequently, design with Gf as a unique

material constant, independent of crack-parallel stress, is
incorrect and misleading.

The gap test concept for soft composites

The gap test in quasibrittle fracture of hard heteroge-
nous materials means, in general, that nonsingular com-
pressive crack-parallel stresses can change the damage in
the fracture process zone (FPZ) and cause the material
fracture energy to increase or decrease. Our tensile results
provide a demonstration for soft textile composites, in
which the damage is governed by textile mesostructure
and geometric nonlinearity at large strain. Unlike concrete
and rock, the knitted composites exhibit a discrete-yarn
network whose capacity of bridging soft zones of matrix
gets exhausted and whose rupture can occur in a step-
wise manner. These observations may explain why the
crack-parallel stress can change the total work of fracture
noticeably while producing a comparatively smaller net
change in the peak load.

Implications for design and for predictive modeling

For wearable and soft robotic systems, crack-parallel
stresses are ubiquitous due to seams, attachments, bend-
ing, and contact. The present results indicate that dura-
bility cannot be appraised using the opening-mode tests
alone. Instead, one should evaluate and model fracture
of a textile composite under representative mixed-mode
loading.

Limitations and outlook

This work focuses on monotonic tensile fracture and
a specific plain-knit/soft-matrix system. Future work
should address cyclic fatigue, rate dependence, and other
knit topologies, and further quantify process-zone length
scales and bridging statistics. Nonetheless, the present
mechanism-first approach and tensile gap tests linked to
a microplane-triad model exemplify a general pathway
to treat fracture in soft composites with various types of
textile reinforcement.

MATERIALS AND METHODS

Sample preparation and characterization

Cotton yarn (10/2 linear density) was knitted into a
plain jersey architecture using a commercial weft-knitting
machine (Kniterate) and embedded in PDMS (Sylgard
184, 10:1 base-to-curing-agent mass ratio). Notched spec-
imens were cut with a flat-head blade to a consistent
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FIG. 5. Simulated responses to varying crack-parallel stresses: (A) Force–displacement curves plotted to compare with those
from the experiments (plotted as the mean of at least three tests with the shaded region representing ±1 standard deviation).
(B) Fracture energy Gf and peak load Pmax as a function of the crack-parallel stress σxx.
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FIG. 6. Simulated field of stress σxx at critical stages during
damage evolution, where shows significant crack-parallel stress
effects.
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FIG. 7. Simulated field of stress σyy at critical stages during
damage evolution, where shows similar crack-opening stress
effects.

length, with the notch aligned along the fabric weft di-
rection. Optical microscopy was used to measure knit
spacing, notch length, RVE size, and yarn diameter for
parameter calibration and defect diagnosis. Yarn and
PDMS specimens fabricated under the same conditions
were tested to calibrate their elastic and damage param-
eters, respectively; the full protocol is provided in the
Supplementary Information.

Tensile gap test

Fracture tests were performed on a Fullam tester with a
100 lbf load cell under displacement control at 1mm/min.
Custom 3D-printed grippers were bonded to the specimen
ends with Sil-Poxy to fit the tester, and crack propagation
from the central notch was recorded using an in-situ
orthogonal-projection camera. The transverse constraints
imposed by the clamping clips in Fig. 1 are analogous
to the gap condition originally used for stiffer materials;
thus, we retain the term “gap test”, although the present
setup contains no physical gap.

Microplane triad model for elastic behavior

The knitted soft composite is treated as a homogenized
material, whose local response is represented by an RVE,
which contains a PDMS matrix and a representative plain
knit stitch. Under the iso-strain assumption, both con-
stituents experience the same macroscopic strain εij , and
the total stress is obtained by volume averaging:

σij = ϕmatσmat
ij + ϕyarσyar

ij , ϕmat + ϕyar = 1, (2)

where σmat
ij and σyar

ij are the PDMS and yarn stresses,

and ϕmat and ϕyar are their volume fractions within the
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RVE.
The PDMS matrix is treated as an isotropic elastic

solid:

σmat,el
ij = Cmat

ijkl εkl, (3)

where Cmat
ijkl is the isotropic stiffness tensor of the PDMS

matrix.
In the present model, a continuous yarn with a realistic

knitted stitch geometry [25] is represented by 16 weighted
microplane triads within each RVE as shown in Fig. 2.
The weights wµ are proportional to the length of each
yarn segment and normalized.

Each triad µ consists of three mutually orthogonal
directions (nµ,mµ, lµ), where nµ is tangent to the local
yarn direction, mµ lies in the transverse plane, and lµ is
perpendicular to both. For clarity, unprimed indices (i, j)
are used for components in the global coordinate system,
whereas primed indices (i′, j′) are used for components in
the local triad frame defined by (nµ,mµ, lµ). The local
strain components in the triad coordinates are

εµN = nµ
i εijn

µ
j , (4)

εµM = mµ
i εijm

µ
j , (5)

εµL = lµi εij l
µ
j , (6)

εµMN =
1

2

(
nµ
i εijm

µ
j +mµ

i εijn
µ
j

)
, (7)

εµML =
1

2

(
mµ

i εij l
µ
j + lµi εijm

µ
j

)
, (8)

εµLN =
1

2

(
nµ
i εij l

µ
j + lµi εijn

µ
j

)
. (9)

Each yarn segment is modeled as a transversely
isotropic elastic solid in the local triad frame. The elastic
response of the yarn is described directly by the calibrated
fourth-order stiffness tensor Cyar

i′j′k′l′ , whose independent
components are listed in Table I, with derivations in
the Supplementary Information linking the calibrated pa-
rameters to the independent components. To represent
the low initial stiffness arising from the spacing between
adjacent yarn stitches before contact and locking, an ad-
ditional stage is introduced through another calibrated
fourth-order stiffness tensor Cgeo

i′j′k′l′ . Yarn-level simula-
tions [25] are used to identify the corresponding triads
(µ = 2, 3, 4, 6, 7, 8, 10, 11, 12, 14, 15, 16), highlighted in teal
color in Fig. 2C. For these triads, the components of
Cgeo

i′j′k′l′ are chosen to be of the same order of magnitude

as those of the matrix stiffness tensor Cmat
ijkl . The elastic

stress of triad µ is then written as

σµ,el
i′j′ =

[
(1− αµ)Cgeo

i′j′k′l′ + αµCyar
i′j′k′l′

]
εµk′l′ , (10)

where the switching variable αµ is defined by

αµ =

0, εµN < εsw,

1− εsw
εµN

, εµN ≥ εsw,

and εsw is the switching strain, calibrated from dry
fabric characterization tests. For the remaining triads
(µ = 1, 5, 9, 13), highlighted in red color in Fig. 2C, the
calibrated yarn stiffness tensor is used directly:

σµ,el
i′j′ = Cyar

i′j′k′l′ε
µ
k′l′ . (11)

Finally, the local elastic stress is transformed back to
the global coordinate system and averaged over all triads:

σyar,el
ij =

Ntr∑
µ=1

wµ σ
µ,el
ij ,

Ntr∑
µ=1

wµ = 1. (12)

Damage model

The PDMS matrix is modeled using a scalar Mazars-
type damage law based on the maximum principal tensile
strain. Let ε1 ≥ ε2 ≥ ε3 denote the principal strains, and
define the maximum positive tensile strain as

ε+m = ⟨ε1⟩+ = max(ε1, 0). (13)

The damaged matrix stress is

σmat
ij = (1− ωm)σmat,el

ij , (14)

where ωm is the scalar matrix damage variable. The
damage evolves as

ωm =


0, ε+m ≤ εmc,

ε+m − εmc

εmf − εmc
, εmc < ε+m < εmf ,

1, ε+m ≥ εmf ,

(15)

where εmc is the onset strain for damage in the matrix
and εmf is the failure strain.
The yarn damage is modeled at the microplane-triad

level. For each triad µ, the yarn damage variable is

ωµ = max
(
ωµ
N , ωµ

T

)
, 0 ≤ ωµ ≤ 1, (16)

where ωµ
N is the axial damage driven by the local normal

strain εµN , and ωµ
T is the transverse damage driven by the

equivalent transverse strain εµT defined as

εµT =

√
(εµM )

2
+ (εµL)

2
. (17)

The damaged yarn stress is

σµ
ij = (1− ωµ)σµ,el

ij . (18)

The axial yarn damage follows a two-stage law:

ωµ
N =


0, εµN ≤ εN0,

(1 +Rdrop)

(
1− εN0

εµN

)
, εN0 < εµN < εN1,

1− R1

εµN
exp

[
−R2⟨εµN − εN0⟩q

]
, εµN ≥ εN1,

(19)



7

where εN0 and εN1 define the two-stage transition, Rdrop

controls the initial stiffness drop, and R1, R2, and q
control the progressive softening of the remaining fibers.

The transverse yarn damage is linear:

ωµ
T =


0, εµT ≤ εT0,

εµT − εT0

εTc − εT0
, εT0 < εµT < εTc,

1, εµT ≥ εTc.

(20)

TABLE I. Material parameters calibrated and used in the
microplane-triad simulations. The PDMS, yarn, and geometric
stiffnesses are reported in terms of engineering constants

Category Parameter Value
Volume fraction ϕm 0.72

ϕy 0.28
PDMS elasticity Em0 1.51× 106 Pa

νm 0.49
PDMS damage εmc 0.698

εmf 0.728
Yarn material stiffness Eyar

N 2.75× 108 Pa
Eyar

T 2.75× 107 Pa
Gyar

12 1.03125× 107 Pa
νyar
12 0.30

νyar
23 0.32

Yarn geometric stiffness Egeo
N 1.00× 106 Pa

Egeo
T 1.00× 105 Pa

Ggeo
12 3.75× 104 Pa

νgeo
12 0.30

νgeo
23 0.32

εsw 0.12
Yarn axial damage εN0 0.40

εN1 0.41
Rdrop 9.25
R1 0.3076
R2 2.00× 105

q 4.25
Yarn transverse damage εT0 0.1890

εTc 0.3305

For both matrix and yarn damage, the irreversibility is
enforced by taking the updated damage variable as the
maximum value reached in the loading history.

Finite element implementation in Abaqus

The microplane triad model is implemented as a user
material subroutine (VUMAT). The simulations repro-
duce the boundary conditions of tensile gap tests, and the
output fields are post-processed to extract: (i) the load-
displacement curves, (ii) the damage zone, and (iii) the
stress fields. The simulations were run in Abaqus/Explicit
2022 in double precision on an Intel Core i7-10700 CPU @
2.90 GHz using one CPU core; excluding user-subroutine
compilation and preprocessing, the wall-clock runtimes
for σxx = 0, 384 kPa, and 872 kPa were approximately 20,
20, and 16s, respectively.
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