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Figure 1: FeltingReel is a soft fabrication system that utilizes coiling and felting techniques to produce 3D non-woven textiles.
(a) FeltingReel uses the Stewart platform to position the thread feeder for coiling the textile onto the motorized reel and the
felting machine for punching specific areas of the textile. (b) FeltingReel coordinates the coiling and felting processes on the
reel core to create 3D shapes and refine their surface details. Examples of objects created using this fabrication system include

(c) a Fish doll and (d) an earphone case cover.

ABSTRACT

FeltingReel is a soft fabrication system that allows users to create a
3D non-woven textile with various structural strengths. Our sys-
tem coils wool yarn onto a central reel to form a basic shape and
uses actuated barbed needles to refine it. By controlling the coiling
tension and the felting times, our system varies the density of the
workpiece in a target area to achieve various structural strengths.
Specifically, our system controls the tilt of coiling and felting using
a Stewart platform around a motorized rotating reel. Our system
also allows different basic shapes with hollow internal structures to
be formed by changing the detachable reel core. We investigate the
effects of different felting needles, frequencies, and coiling direc-
tions that influence the density, structural strength, and fabrication
time of a workpiece. We propose three methods to combine felting
and reeling. We evaluate their performances and final products by
producing two example workpieces using our system. We demon-
strate several objects made by our working system and discuss its
capabilities and limitations.

CCS CONCEPTS

+ Human-centered computing — Human computer interac-
tion (HCI).
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1 INTRODUCTION

Textiles play an integral role in our daily lives. They are used to
create pants, clothes, masks, bags, shoes, and even the stuffed ani-
mals we hug. Textiles can be broadly classified into three categories
based on their manufacturing process: woven, knit, and non-woven.
Woven fabrics are created by interlacing yarns at right angles to
each other to form a structured and organized fabric (warp and
weft). Knit fabrics are produced by interloping one or more sets of
yarns, giving them stretch and flexibility. Non-woven fabrics are
made by tangling fibers together in a disorganized manner.
Woven and knit fabrics are widely used for creating clothing
and household items due to their structured and organized nature.
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Many researchers focus on improving the manufacturing processes
of woven and knit fabrics or combining them with other techniques
such as circuits to provide additional functionalitie$,[2, 10, 12 17,

20. However, these fabrics are often limited to 2D patterns and lack
3D volumetric shapes. Industrial sewing and embroidery machines
can create 2D fabrics with some textural protrusions but cannot
produce complex 3D shapes [11].

In contrast to woven and knit fabrics, non-woven fabric lacks or-
ganization but o ers greater freedom for reforming into various 3D
volumetric shapes. This property aligns well with recent research
in computational fabrication, such as 3D printing and metamateri-
als. However, only a few researchers have explored how to form
3D shape materials or use non-woven fabric for fabricating their
work [19, 28, 33].

Figure 2: The fabrication steps of making a sh doll: (a) in-

stall the detachable reel core to the three-jaw chucks; (b) tie
the wool yarn onto the core; (c) start the system to coil and
felt; (d) coil to form the basic shape; (e) felt to re ne the

shape. (f) The nal product.

Inspired by a lathe, we look into using felting and coiling to fab-
ricate 3D non-woven fabric objects. With the non-woven property,
we are able to vary the structural strength by controlling the textile
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body and the at belly on the other (Figure 2e). Finally, we shear
the wool yarn and remove the result from the reel core (Figure 2f).
Optionally, we can close both ends of the sh by additional manual
felting.

Our main contribution is the soft fabrication system that cre-
ates a non-woven fabric. The key idea is to combine coiling and
felting and use the volumetric property of non-woven fabrics to
vary the density and structural strength. Our system provides soft
fabrication more freedom to form in 3D and is able to vary the
structural strength during the fabrication process with the change
in coiling tension, coiling pattern, and the use of felting needles.
We demonstrate several objects made by our working system and
discuss its capability and limitation.

2 RELATED WORK

Our project delves into fabricating soft materials in 3D using coil-
ing and felting techniques. The soft fabrication eld encompasses
various aspects such as fabrication metho#sl5 2g, adding new
functionalities [20, 28, materials P, 36, user interaction [/, 13,
digital fabrication [1, 10, etc. Our work draws inspiration from
other fabrication processes and materials and speci cally focuses
on exploring 3D fabrication using soft materials. In particular, our
work is primarily related to (1) soft fabrication in 3D, (2) 3D manu-
facturing, (3) felting, and (4) coiling.

2.1 Soft fabrication in 3D

While there has been signi cant research on soft fabrication, the
majority of it focuses on manufacturing woven or knit fabricg,[
17], which have a more regular structure. Alternatively, some re-
searchers have combined other techniques, such as sensors, to add
functionality to the woven fabric [L, 12 20, 2. There has been less
discussion on the use of non-woven fabric, with most of the existing
research focusing on the material properties [16, 34, 38, 39, 44].
While machines that can fabricate soft materials in 3D existin the
aerospace and military industries, they are typically complex and
not widely available for other applicationsl]. As a result, 3D soft
fabrication remains primarily a research topic. Some researchers,
such as Wu et al., have explored weaving 3D objects using speci ¢

density. We present FeltingReel, a lathe-like system that uses a reel patterns for each layer41]. Others, such as Harvey et al., have

and a felt to fabricate 3D textiles.

We use the fabrication process of a sh doll as an example to
explain how FeltingReel works. In the beginning, we install a de-
tachable reel core, which is made of a cushion and a stick, at the
central axle(Figure 2a). We put the yarn onto the thread spool (Fig-
ure 1 bottom left), wire it through the thread feeder (Figure 4), and
tie a knot on the reel (Figure 2b). The system then starts coiling
the yarn onto the reel by rotating the central axle to form a base
layer(Figure 2c). The system brie y felts the workpiece to achieve
xation during the coiling process. The system also allows users
to increase the felting frequency to strengthen the structure. To
further increase the whole object's structural strength, the system
coils horizontally and tilts the platform to coil obliquely on the reel.
After making the base layer, the system starts coiling more yarn at
the bottom to form the cylindrical tail part and at the top to form
the ellipsoid body part (Figure 2d). The system then felts more num-
bers of punching to re ne the curved part on one side of the sh's

used existing machines to add functional knitting4]. However,

as seen in previous works3[ 20, 2§, most current research on 3D
soft fabrication relies on large machines designed for weaving or
knitting fabrics.

Various methods to fabricate non-woven fabrics include chemi-
cal, hot, and pressure techniques. However, only a few works have
utilized non-woven fabrics for 3D fabrication. For instance, the
Printing Teddy Bear project utilizes needle felting to x yarn onto
the base and stack out object shapé§][ while Peng et al. stack
non-woven fabric slices to form objects [33].

The advantage of soft fabrication is that it can give the results
more freedom to bend or provide haptic feedback. The woven fabric
and knit fabric machines have high complexity and space require-
ments. Besides, the results' structural strength is determined at the
beginning of the manufacturing process due to the xed fabricate
method and the xed material. In contrast, commercial 3D printers
can change the internal structure, reduce fabrication times, and
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enable special functions such as rotation torque and exibility. One
advantage of non-woven fabric is the ability to incrementally adjust
the structural strength during fabrication by varying the density.
We believe non-woven fabric can be a viable solution for building
a simple 3D fabrication prototype system.

2.2 3D Manufacturing

Most printing techniques utilize the additive manufacturing process,
which involves building the structure layer by layer on a platform,
much like building blocks 8, 29. However, these techniques are
typically limited to growing structures from a at plane and may
require additional e ort to handle overhanging structure{l.
Additionally, the results cannot be re ned after printing, as the
modeling process determines the nal outcome. This means that if
a mistake is made during modeling, the user must revise the entire
model and reprint it. Thus, it can be challenging to make revisions
to the nal product once it has been printed.

Few works have explored non-layer printing technique&j 31,
3540 47. These approaches require signi cant e ort to calibrate
the printing process and to develop algorithms that reduce fabri-
cation time. However, they o er users greater freedom in creating
their work. Additive manufacturing techniques can utilize a range
of materials, including plastic, paper, ceramics, concrete, chocolate,
and others B, 9, 27, 29. Di erent materials result in di erent struc-
tural strengths, which are only changeable before the fabrication
begins.

Instead of using additive manufacturing, some researchers have
explored other techniques for creating 3D shapes. One common
method is traditional CNC milling. Other techniques, such as Robo-
Cut, utilize a exible hot wire to carve foam and similar materi-
als [8], while FreeD empowers creators to use a drill for sculpting
and milling materials to produce objectgd4]. These methods en-
able the swift formation of fundamental shapes and allow users
to modify their work, but they are unable to restore the removed
material after it has been subtracted.

A few works have explored combining two di erent manufac-
turing processes to fabricate 3D objects, such as the LOM tech-
nique [34. This approach involves using laser cutting to cut the
contour of paper or other at materials in each layer and then
bonding the layers together with an adhesive. Peng et al. also use
laser cutting to cut the 2D contour on a fabric sheet, which is then
stacked onto the previous layer using a heat-sensitive adhesive to
form the 3D shape material in each laye3d. In both cases, the
material is subtracted rst and then added layer by layer. While
there are many ways to print 3D objects, re ning the shape or
structural strength after printing can be challenging. As a potential
solution, we are exploring the felting technique.

2.3 Felting

Felting is a traditional fabrication technique for creating non-woven
fabrics that have been used for centuries in both industry and hand-
icrafts [4, 11]. Using just needles, users can punch in and out the
bers to xate them by entanglement and re ne the 3D shape by
compressing them. In the textile industry, a similar process called
needle punching uses a plate with needles to compress the ber
together to form non-woven textiles4, 19. McGee et al. show the
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needle punching examples of the soft robotic eld i@4]. In handi-
crafts, the process is called needle felting or wool felting, where the
barbed needle is used to tangle the bers together to shape the craft
by passing it through wool roving. Through repeated stabbings
of the yarn, the bers become more tightly intertwined, xated,
and compressed, allowing for precise shaping and deformation of
speci c parts of the nal product. These two properties inspire us to
design our system. While some works, such as Printing Teddy Bear,
use needle felting to xate the yarn]§, our approach is di erent

in that felting is not only used to bond the bers together but is
also used to re ne the shape of the 3D object.

2.4 Coiling

The research about coiling discusses the mechanism for winding the
motor's coil [37] or relevant physical propertiesd5. Most shape

is simple and just coil the thread togetheBf. Besides forming

the particular shape for the motor's coil or collecting thread on a
spool, researchers seldom discuss whether to fabricate 3D by coiling.
However, the manufacturing process of coiling is rapid. In our work,
we give coiling as another fabrication method for forming the soft
material to nd its capability and limitation.

2.5 Summary

Currently, few soft fabrication works can change the structural
strength during or after the fabrication process. We see the pos-
sibility of using the needle felting technique and varying density
coiling of soft fabrication to vary the structural strength during
the fabrication. Furthermore, few soft fabrication works have the
ability to form 3D models. The coiling method will allow us to form
the base of a 3D workpiece rapidly, and the felting will enable us to
nely shape the object. With these two methods, we can provide
soft fabrication with more freedom. We look into how the system
can fabricate soft material by coiling and felting.

3 DESIGN RATIONALES

Our primary goal is to build a device to fabricate 3D soft objects by
coiling and felting non-woven fabrics. Coiling is used to form the
basic shape of the soft material with a controllable source. Felting
is used to xate and reform the basic shape from its surface. We
describe our design rationales in detail as follows.

We use a Stewart platform to control the coiling and the felting
direction. Unlike traditional 3D printers that use an x-y table to
form the 2.5D object3 29 43, a Steward platform has more
degrees of freedom in moving and orienting. We need at least 5 DoF
to position the felting needles at an angle away from perpendicular
to the workpiece surface at arbitrary points.

We discard using the robotic arm due to the high controlling
e ort and the platform's stability. Robotic arms tend to have very
long torque arms. When applying force at the end e ector, here,
the felting machine, the felting position would not be stable unless
using the powerful robotic arm that tends to raise their cost and
size. The felting machine requires stable support on all freedoms
except the freedom of moving needles. The slight movement of the
needle moving direction is tolerable in our design.

A lathe is a machine that contains a rotating central axle to place
the object and a chisel cut around the axle. This structure inspires
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the design of our device. We place a coiling axle in the center of
the platform to fabricate our workpiece on it. The coiling platform
controls the rotation and provides enough torque to coil the fabric
thread. When coiling, the platform requires a mechanism to feed the
fabric thread at the right pitch. The mechanism provides a suitable
guantity of fabric thread and maintains the tension of the line at
the same time. Suitable fabric thread that can be felt together also
has to be considered.

Besides, the working space (reel core) on the rotating central
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axle must be detachable so we can remove the workpiece from the Figure 3: (a) The blue cylinder area represents the working

system. The additional bene t of this design is the capability to

area (radius: 25 mm, height: 75 mm) in our system. (b) The

change the core's shape. This design can expand the shape that the blue hemisphere represents the operating range of the felt-

system can achieve. For example, we can form a shoe by changing ing machine. (radius:
the core shape to a shoe support. To provide a detachable working

space, we also need the structure to xate it when working and
open the tool to remove the work.

To facilitate the repetitive felting process, we need a mechanism
to control the needle punching where (1) we can stably install the

40 mm)

The platform forms a speci ¢ position and rotation according
to kinematics when we set each servo with a certain angle. We
use inverse kinematics to calculate the linkage's tilt to map the

needles on it and replace them from the device because those barbedPosition and the orientation to the servo motor ang|€]{ Because
needles are consumables, (2) it is small and light enough to place each structure's dimension is constant, we simplify the operations

on the motion platform, (3) it can let the needles move back and
forth repeatably and rapidly and (4) it provides enough force to
stab through the thread.

Finally, we aim for a working prototype without optimizing its
e ciency and accuracy, so we choose a standard microcontroller
to connect our software and hardware components.

To sum up, we choose (1) a motion platform that can give enough
freedom to control the system, (2) a motorized rotating axle with a
replaceable core and motorized reels that can adjust coiling tension
for stable material supply, (3) a felting machine that can automat-
ically and rapidly felt material, and (4) a basic control system to
connect our software and hardware.

4 SYSTEM IMPLEMENTATION
We build the hardware system using the aluminum extrusion as

the supporting frame to assemble each component (Figure 1a and

Figure 4). It consists of (1) a motion platform, (2) a felting machine,
(3) amotorized reel axle, (4) motorized reels for tension control, and
(5) a control board. All components are mounted onto the aluminum
frame to strengthen the stability. The maximum working range is a
cylinder with a diameter of 6 cm and a height of 10 cm (Figure 3a).
Currently, the shape made by our system is limited by the size of the
working space. All the shapes start as a convex hull winding around
a core with the limited size shown in Figure 3a. After winding, the
shape is modi ed by compressing the particular areas. The re ned
shape is limited by the direction and position where the felting
needles can achieveFigure 3b.

4.1 Motion Platform

According to our design rationales, we implement a Stewart plat-
form using the ball joint linkage designg]. It consists of 6 servo

to a transform matrix. The Stewart platform's moving range and
the felting machine's working range in Figure 3b also in uence the
max work size (Figure 3a).

Figure 4: The Stewart platform gives our device more free-
dom to move our felting machine and thread feeder. We uti-
lize three-jaw chucks to secure the object rmly onto the
rotating axle.

4.2 Reel Core and Feeding Mechanism

We use the stepper motors (Nema 11) to control the reel core ro-
tation and the thread tension control. They provide stable turns
at a speci ¢ clockwise or counterclockwise angle and control the
tension of the thread by maintaining the two motors rotating speed

motors (MG996R) and 6 ball joint linkages (22 cm) to achieve 6DoF ratio. It also provides enough torque (0.2 N-cm) and is small enough

control of a hollow acrylic platform (8 mm). The hollow acrylic plat-
form allows tools to be mounted on the platform's rim while giving
rotating space for the central axle. All servo motors are connected
to our microcontroller.

to be placed on aluminum extrusion. We control the rotation at
a certain angle by counting the steps (200 steps for a cycle). For
motor drivers, we use L298N. We use the same motors and drivers
to reduce the controlling complexity. To x the vertical rotation
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axle, we use four bearings at the central axle, four at the rotating
axle next to the stepper motor, and two at the thread spool.

The stepper motor is set on the sides using the belt gear driving
the reel core to avoid hindering the working space. The feeding
mechanism is placed on the side of the structure to replace the
spool easier.

Yarn made from wool is the most suitable material due to the
micro-structure of its ber surfaces. Our system uses it as our
primary material, and we also test other common thread materials
such as cotton, hemp rope, or acrylic (discussed in the Evaluation
section).

The workpiece must be able to remove from the device, so the
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and coiling layers crossly. Felting a whole circle around the central
axle controls the central axle to rotate and the felting machine
with a given felting time and position; felting vertically controls
the motion of the Stewart Platform and the operating time of the
felting machine; and coiling layers horizontally or crossly lets the
user input parameter of coiling density, layer number, and felting
frequency. The function controls the execution together with all
the components. Our system also includes functions that support
the 3D shapes we have made, such as balls, cylinders, phones, and
sh in a certain size. In each function, our system sends accurate
pulses to the controllers to control the angle of servo motors from
the Stewart platform, the steps of stepper motors from the rotating

reel core is designed to be detachable. We use the three-jaw chuck platform, and the time of the DC motor from the felting machine.

to x the reel core. Upon completing the workpiece, users have
the option to remove the reel core, resulting in a hollow object, or
to leave the core intact to form a solid object, depending on their
desired outcome.

There are requirements for the material property of the reel
core used in the system. When felting, the machine needs a soft
material (a polyurethane foam cushion in our project) to let the
barb of the needle stab in the inner ber to form rm entanglement.
In addition, the needles will break if they keep punching the solid
object. However, if the reel core is too soft to resist the punching
force, it will bend when the needle punches it. The material of the
reel can not be too hard or too soft, so we combine a hard stick in
the center of a soft cushion. With the support of the stick, the core
will not be deformed when felting; with the surrounding cushion,
the needles can stab into it to let the barb hook the ber.

4.3 Felting Machine

We modify the o -the-shelf felting machine to meet our design
requirements. The felting machine pushes needles back and forth
using a motorized crank. We replace its motor and tested it with
the stepper, servo, and DC motor to control the felting machine.
While the servo and stepper motor we nd can do more precise
extrusion at the right time, we choose to use a DC motor to meet
our torque requirement 16 and tin the space on the platform.
More powerful and smaller steppers or servo motors can be better
alternatives. We set the felting machine on the Stewart platform
and place the rotating reel core in its hollowed center.

4.4 Controlling System

We provide basic functions and advanced functions that include
more technical details for users to use in our system. The basic
functions include controlling the position of the Stewart platform,
the rotation cycle and speed of the stepper motors for the central
axle and the thread spool, the frequency and execution time of
the auto-felting machine, and the operating test of each device.
It also includes functions about the setting of the system like (1)
the line width, which in uences the coiling cycles and the spacing
between each cycle, and (2) the coiling tension, which is adjusted
by calculating the wheel ratio with the walking steps of two stepper
motors and controlling the motors moving synchronously with the
corresponding speed.

The advanced functions are felting around the object, felting
vertically of a certain side of the object, coiling layers horizontally,

5 FROM 3D MODEL TO FELTINGREEL

We provide three methods to transform a user-designed model into
3D non-woven textile by di erent portions of coiling and felting.
While the goal is the same to shape those wool yarns to t the
target model, three methods take di erent fabrication times and
result in di erent densities.

Figure 5: The schematic of fabricating phones by the three
di erent transform methods: (a)regular coiling, (b) t coil-
ing, and (c)embroidery. We use these three methods to show
how we do the transformation from the model to the sys-
tem. The transparent area represents the original area with
coiling. The solid part shows the nal result after felting.
The system coils a base with a cylinder shape in the (a) reg-
ular coiling method and a dumbbell shape in the (b) t coil-
ing method. In (c) embroidery, the protruded part (especially
highlighted in orange) represents the line winding and xed
on a certain side rather than coiling around.

5.1 Regular Coiling Method

The rst method is calledregular coiling methgdvhose schematic

is shown as Figure 5a. This method forms a regular cylinder (the
transparent part in Figure 5a) whose size bounds the target model
as the base shape and then uses felting to compress the rest part to
tthe model. This is the easiest conversion as there is no additional
process to generate code for making the bounding cylinder. How-
ever, the felting time is long if the model has lots of parts that need
to be compressed, especially containing a deep concave shape.
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5.2 Fit Coiling Method

The second method is calleticoiling method shown in Figure 5b.
The inspiration is from the normal coiling (one-direction coiling),
which forms the symmetric rotation work. The one-direction coil-
ing way is like a spinning machine. In this method, we form the
symmetric rotation model (the transparent dumbbell-shape part in
Figure 5b) of the target model by coiling rst, then using the felting
to compress the part that we do not need to t the target model.
The system varies the number of coiling cycle layers to form the
di erent thicknesses corresponding to the central axle. The coiling
mixes the crossed and horizontal coiling methods to strengthen the
structure.

5.3 Embroidered Method

The last method is like adding the extruded part to the base called
embroidered methpshown in Figure 5c. This method forms a base
cylinder rst, while the di erence to the regular coiling method is
that its size is smaller than the target model. The reason to use the
cylinder as the base shape is that it is the simplest model that can
be rapidly formed by our system. Also, the density of the cylinder
can be adjusted by controlling the coiling way and coiling strength.
By continuously changing the rotation direction and using needles
to x the yarn on the base, the system embroiders the yarn onto
the base. Felting xates the yarn, and the yarn quickly stacks back
and forth in a focus region. This method can use a stack to form
the protruding part.

5.4 Examples

Figure 6 and Figure 7 show the phone and sh shape examples'
fabrication times and results using three methods. Regular coiling
is the basic method to form the workpiece, but it takes more felting
time. While the regular cylinder formation is faster than the t
coiling method, the system may require more time to compress
the model if it contains deep concave shapes. The regular coiling
method takes more time to fabricate the whole workpiece in these
two examples. In general, the regular coiling method is suitable for
models having gentle curves.

Fit Coiling reduces the fabrication time, especially in the felting
time in these two cases. The coiling base shape before felting in u-
ences the felting time a lot. The system can shorten the felting time
more if the target model's shape is nearly the rotational symmetric
model.

The embroidered method is suitable for models with protruding
parts, especially those parts that are not rotationally symmetric.
This method spends less time coiling, while the result is much
rougher than the other two methods. Using felting as a re ned
method requires a considerable amount of time. Additionally, to
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Figure 6: We compared the fabrication times of phone dolls
made using three di erent methods: t coiling, regular coil-
ing, and embroidered. The regular coiling method requires
more time for felting, while the t coiling method takes less
time for total fabrication.

Figure 7: We compared the fabrication times of sh dolls
made using three di erent methods. The coiling time for all
three cases is similar, while the t coiling method takes less
time for felting.

6.1 Material Selection

Before fabricating the soft material, we search for a suitable material,
which is easier to compress and can be tangled together to use
in our system, so we conduct a material test. The thread can be
generally categorized into three by material source: animal, plant,
and arti cial (chemical) ber. In this test, we use four kinds of
thread to represent the di erent sources: Wool Yarn (animal fur),
Hemp Rope (plant bers), Acrylic Line (arti cial bers), and Ribbon
(arti cial woven bers). In the test, we coil a similar quantity of the

di erent bers to a ball and manually felt each of them 200 times

achieve the same level of smoothness as other methods, a signif-i5 ghserve the volume variation of the thread.

icantly longer felting time is necessary. It is suitable for rapidly
forming the prototype of the workpiece.

6 EVALUATION

This section primarily focuses on the factors that impact the density
of the soft material, speci cally the in uence of coiling tension,
coiling techniques, felting times and needle tips. Additionally, we
present our soft material selection process.

The results in Figure 8 show the corresponding entanglement
and compressive levels. Due to tiny splits on the surface of the
yarn, these micro-structures allow for easier entanglement of bers
compared to other materials tested. Hemp rope and acrylic can
also be tangled together, but the connection between the bers
is weaker than wool yarn, it needs more stabbing times to xate
the ber. The acrylic line can also be compressed after felting but
can not compress as well as the wool yarn. Hemp rope, which
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