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Filamentous entanglements such as textiles achieve resilience and
toughness through topology rather than material composition alone.
Yet architected materials rarely exploit dense interlooping and
sliding contacts to achieve extraordinary physical behavior. While
research across mechanics, architecture, and design has linked
stitch structure to physical behavior, a predictive quantitative
framework has remained elusive. Here we show that knitting
can be reinterpreted as a general strategy for designing three-
dimensional entangled solids with programmable mechanics. Using
a geometrically exact description of each stitch and multi-material
3D-printing — a topology-agnostic fabrication approach — we
create planar and volumetric knits whose loop parameters directly
control stiffness, strength, and energy dissipation. The printed
fabrics faithfully reproduce the nonlinear, anisotropic, and hysteretic
responses of conventional machine-knitted textiles. We identify
a simple normalization that collapses stress-strain curves across
stitch geometries, yarn architectures, constituent materials, and
length scales, unifying the behavior of traditional and 3D-printed
knits on a single master curve. Extending the topology into the
“Z” or stacking direction yields volumetric knits whose stiffness
and dissipation can be tuned by imposed pre-strain. Finally, we
realize the same architecture from centimeters down to micrometers,
culminating in, to our knowledge, the smallest knitted structure
ever fabricated. By demonstrating that 3D-printed knits can be
interpreted both as a traditional fabric composed of a single yarn
and as a novel architected material with defined periodicity, this
work establishes entangled filaments as a foundation for a new class
of material architectures whose mechanics are encoded in their
topology.

Filamentous entanglement | Architected materials | Knit textiles

Introduction

For their resilience and toughness, filamentous entanglements emerge ubiqui-
tously in natural and artificial systems across length scales, from polymer-chain-
and collagen-networks to forest canopies (1-5). Humans began leveraging
entanglement in textiles more than 30,000 years ago, with early evidence
of twisting plant fibers, animal sinew, and flax into cords and nets that
formed the basis of some of the earliest known flexible structures (6, 7). The
industrial revolution transformed textile manufacturing, automating production
and enabling rapid, repeatable fabrication of knitted fabrics (8, 9). While
modern computerized flatbed machines offer a broad design space encompassing
complex stitch patterns and 3D geometries (10, 11), the accessible topologies are
ultimately governed by the kinematics of needle beds and yarn carriers (12, 13).
Knit designers, when designing knits, consider both physical behavior and
knittability in modern knitting machines (10, 11, 14-18). However, the
quantitative relationship between stitch-level geometric parameters and the
resulting mechanical response remains largely empirical. Yet, fabrics created
by interlooping a single contiguous yarn are remarkably resilient and tough:
they can undergo large reversible deformations, dissipate energy through
frictional sliding, and tough against damage accumulated over repeated use.
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Significance

Filamentous entanglement underlies
the resilience and toughness of
systems from polymer networks to
textiles, yet most architected materials
do not capitalize on this principle.
While knitting research across
mechanics, architecture, and design
has demonstrated that stitch structure
governs physical behavior, a
quantitative framework linking
stitch-level geometry to mechanical
response has been lacking. Here we
show that 3D printing — as a
topology-agnostic fabrication platform
— enables systematic exploration of
entangled architectures, revealing a
simple scaling law that unifies the
mechanics of traditional and printed
knits across materials, geometries,
and length scales, from centimeters
down to the smallest knit ever
fabricated. This framework yields
programmable stiffness and
dissipation tunable by topology and
pre-strain, establishing entanglement
as a design primitive for
next-generation metamaterials.
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Similar to other highly entangled systems, the topological
interactions between the filaments dictate the physical
properties alongside the constituent material of the
filaments themselves (19-22).

Recent works aim to correlate geometry, friction, and
contact mechanics to the anisotropic and hysteretic
responses of fabrics (12, 19, 23). With 3D printing,
we expose a more fundamental level of programmability.
Rather than manipulating a yarn through machine-specific
operations, we specify the spatial location and material
of the structure on a voxel-by-voxel basis. More broadly,
our aim is to explore entangled filamentous material
architectures generally — one that encompasses knitting,
weaving, chainmail, and beyond. Each existing textile
machine is optimized for a particular class of entanglement
whereas 3D printing is topology-agnostic. We begin with
knitting because well-established industrial benchmarks
allow us to validate that printed entanglements faithfully
reproduce the mechanics of their conventional counter-
parts. Works have investigated the mechanical properties
of knit textiles in simulation and explored different
stitch topologies to tune performance and shape (24, 25).
More broadly, knitting research spans disciplines: in
architecture, CNC-knitted textiles have been employed as
structural formworks for complex concrete shells (26, 27),
as force-active building envelopes and sensory-responsive
environments (18, 28, 29), and as environmentally respon-
sive programmable material systems (30, 31). These works
demonstrate that parametric stitch structure can govern
global physical behavior across scales and applications.

In parallel, the field of architected materials has
demonstrated how the geometry of the microstructure can
be designed to achieve physical behaviors unattainable
in homogeneous solids, only recently exploiting the
dense entanglement and sliding interactions that define
textiles (32-34). Bridging these domains offers a new
opportunity: to merge the periodicity and tunability of
architected materials with the entanglement and energy
dissipation intrinsic to fabrics, yielding a new class
of matter whose mechanics arise from both topology
and composition. 3D-printing has recently enabled the
experimental investigation of interlocking structures such
as chainmail, knot and woven assemblies, hinting at
broader possibilities for entangled architectures (35-37).
Here, we show that knitting can be reimagined as a
general strategy for designing three-dimensional entangled
material architectures using 3D printing. By formulating
a geometrically exact description of each stitch and using
3D-printing, we flexibly create planar and volumetric
knits with tunable loop parameters that directly control
stiffness, strength, and energy dissipation. Custom
machines have been developed to create volumetric knits
— notably the solid knitting system of Hirose et al. (38),
which achieved interlooping across three axes using a
purpose-built apparatus. However, each such machine
is tailored to a specific topology, motivating a more
flexible fabrication approach for systematic exploration of
entangled architectures. These printed knits faithfully
reproduce the nonlinear, anisotropic, and hysteretic
behavior of conventional fabrics. We uncover a universal
scaling law that collapses the stress-strain responses of
both traditional and printed knits onto a single master
curve, revealing an entanglement-governed relationship
independent of material. Extending knitting into three
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orthogonal directions, we realize volumetric knits with
programmable coupling between orthogonal strains and
demonstrate that this framework holds across scales
by microfabricating knits with loop dimensions on the
order of microns. Together, these results establish 3D-
printing knits as a new paradigm in architected materials,
where programmable mechanical behavior emerges from
controlled filament entanglement.

Results

Traditional vs. 3D-printed knits. First, we demonstrate that
3D-printed knits, that is fabrics created with additive
manufacturing methods, can faithfully reproduce the
mechanical signatures of their conventional counterparts.
We therefore examine the construction of planar knitted
fabrics — both traditional and 3D-printed — to establish
quantitative correspondence and to isolate the role of
geometry in governing their response.

We begin by replicating the hierarchical structure of
traditional knits from the loop topology to yarn arrange-
ment and fiber count. In the most basic Stockinette (also
known as jersey) knit with industrial knitting machines,
a homogeneous knit fabric is constructed using a single
contiguous yarn (25, 39, 40). Topologically, in basic knits,
this yarn is arranged into multiple loops (or stitches) in
series to form a row. At the end of a row, the yarn loops to
begin the next row in reverse. In this next row, the loops
are pulled through the loops in the previous row to create
the knit fabric (Fig. 1a). The row and column directions
are termed course (C) and wale (W) respectively (Fig. 1a).

To 3D-print knits, we begin by mathematically defining
the geometry of each loop. This enables implicit control
of the topology of the knit, i.e., the manner in which
the yarn loops itself. With such a description, we can
directly generate and 3D-print a volumetric representation
of a knit using commercial technologies, such as Inkjet
3D-printing (41). The resulting prints replicate the
topology, geometry as well as unraveling characteristics
of a traditional knit (Fig. 1b). While industrial knitting
machines provide a wide range of design space, 3D printing
offers a complementary approach: rather than defining
geometry through needle operations, we construct the
knit voxel by voxel, enabling independent control over
loop geometry and constituent material to introduce
new architectures. By introducing interlooping in the
7Z direction, we demonstrate volumetric knit architectures
in which a single continuous yarn forms entangled contacts
across all three principal axes (Fig. 1c). The unit cell
of which features a complex microstructure with multiple
seemingly disjointed filaments.

3D-printing knit architecture. In industrial knitting, program-
ming involves specifying low-level operations such as
needle movements, yarn carrier motions, and yarn tension,
where the final geometry naturally emerges from the
physical interactions of interconnected yarn loops and
the needles (42-45). In contrast, 3D printing requires the
user to explicitly construct a physically feasible mesh prior
to fabrication (37). This explicit geometric control enables
the systematic parametric sweeps across loop geometry,
yarn architecture, and material that underpin the analysis
in this work. We begin by defining the centerline of the
knit. We then spiral the fiber of the yarn around this
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Fig. 1. 3D-printed knit material architectures. a

, A traditional Stockinette knit with a 2-ply cotton yarn. Unraveling of the knit shows the 2-ply yarn and its constituent singles.

The scale bars are 1 mm . b, A knit with the same Stockinette topology and 2-ply yarn architecture is 3D-printed using the Polyjet technology. Manual unraveling of the top row

shows an individual yarn and its constituent bers. c, A6 6
disjointed yarn segments. The scale bar is 10mm .

centerline (46) (Fig. 2a). As a canonical example, the
centerline of a Stockinette stitch (t) is geometrically
described using an arc-length formulation as

(t) = 2If(t+ asin2t) ;hcost;dcos2 ; [1]

wheret 2 [0;2 ] is the arc-length, h;l;a;d are the
height, length, curvature and depth of individual loops
respectively (46) (See Fig. 2b, and Sl for detailed deriva-
tions).

We then calculate the Frenet frames around this
centerline to de ne the ber bundles that spirals around
(Fig. 2a). The ber bundles are parametrized by the
distance of separation of the bersR, tilt angle ! , ber
radius r and count n (Fig. 2b). Curved segments are
added between adjacent rows in the Wale direction to

Fig. 2. Design and fabrication of 3D-printed knits. a , A centerline is de ned,
and a yarn- ber spirals around the centerline based on its Frenet frames. A circular
cross-section is assigned to each ber to create a solid geometry. The yarn- ber is
parameterized by the separation distance and tilt angle. b, Parametric design space
of the knit fabrics, featuring hierarchical architecture of bers, yarns, and loop. c,
Schematic of layer slicing and layer-by-layer 3D-printing using the Polyjet. d, In uence
of different geometric variables on the shape of the fabric, including loop height, length,
depth and curvature, and yarn ber number and radius.
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6 volumetric knit showing an additional looping per stitch in the Z direction. A periodic unit consists of many

maintain contiguity. The same knit and yarn geometry
can be seen in a cotton knit of the same topology (Fig. 1a).

Using an Inkjet 3D-printing (Stratasys J35), a method
where droplets of photopolymer are jetted onto the
build platform and then cured with UV lamps to bond
layers, we fabricated printed knits from the computational
parametrization described above. When the knit is
printed in the as-knit con guration, the topological state
of entanglement is inherently achieved so long as the
triangulated surface mesh contains su cient clearance
such that the yarn does not fuse to itself during printing
at crossing points (between loops and between rows).
The layer-by-layer deposition along with a water-soluble
sacri cial material ensures the ber bundles remain
distinct (Fig. 1c).

To examine the mechanical behavior of such structures,
we systematically vary the geometric and material param-
eters. Speci cally, we vary h;l;a;d;n and r which results
in di erent loop geometries (Fig. 2d). Note that when
increasingn, the radius r is decreased to maintain total
yarn cross sectional area, and to isolate the e ect oh.
Leveraging multi-material printing, we experiment with
two di erent materials, namely RGD8530-DM (shortened
as RGD, E = 0:82GPa) and VeroUltraWhite (shortened
as VUW, E = 2:0GPa (47)) (see Sl for material behavior).

Mechanics of planar knits.  Having shown that 3D-printed
knits are geometrically similar to traditional knits, we
begin to explore their mechanical behavior. We subject the
3D-printed knits (dimensions L; H ) to cyclic equibiaxial
strains up to 40% in tension, and measure the reaction
force in both the Course and Wale directions,F¢c and
Fw. Using the overall sample dimensions, we calculate
the e ective strains and stresses". and . in both
directions. Considering that knits are intended to be used
as membranes, unit thickness is assumed.

The stress and strain plot of an arbitrarily chosen
benchmark specimen exhibits an anisotropic, hystereic,
exponential stress-strain behavior (Fig. 3a). Character-
istic of knit fabrics, the initial loading exhibits a sti er
response as compared to subsequent loadin@%). The
unloading curves of each experiment are identical. Similar
to \real" fabrics, the Wale direction is sti er than the
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