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Figure 1: Example applications of machine-knitted pneumatic actuators: from left to right, assistive glove, soft hand, interac-

tive robot, and pneumatic quadrupedal robot.

ABSTRACT

Soft actuators with integrated sensing have shown utility in a vari-
ety of applications such as assistive wearables, robotics, and inter-
active input devices. Despite their promise, these actuators can be
difficult to both design and fabricate. As a solution, we present a
workflow for computationally designing and digitally fabricating
soft pneumatic actuators via a machine knitting process. Machine
knitting is attractive as a fabrication process because it is fast,
digital (programmable), and provides access to a rich material li-
brary of functional yarns for specified mechanical behavior and
integrated sensing. Our method uses elastic stitches to construct
non-homogeneous knitting structures, which program the bending
of actuators when inflated. Our method also integrates pressure and
swept frequency capacitive sensing structures using conductive
yarns. The entire knitted structure is fabricated automatically in
a single machine run. We further provide a computational design
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interface for the user to interactively preview actuators’ quasi-static
shape when authoring elastic stitches. Our sensing-integrated ac-
tuators are cost-effective, easy to design, robust to large actuation,
and require minimal manual post-processing. We demonstrate five
use-cases of our actuators in relevant application settings.
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1 INTRODUCTION

Over the last decade, soft actuators have shown enormous promise
in applications such as assistive wearables, soft robotics, and inter-
active devices. In particular, pneumatic actuation is attractive due to
its low response time and relatively large output power density. De-
spite its potential, design and fabrication remains challenging: most
common established methods for fabricating soft pneumatic actua-
tors remain slow and manual. Further, incorporating sensorization
into such workflows is rarely considered, and simple, established
recipes for doing so are lacking.

To overcome the shortcomings of current workflows, we pro-
pose a novel method for fabricating pneumatic actuators with inte-
grated sensing via machine knitting. Specifically, our method relies
on knitting a textile sheath and placing it around an inexpensive,
commercial-off-the-shelf elastomeric silicone tube. By program-
ming the extensibility and stiffness of the machine-knitted sheath
at stitch level, we can control the actuation response and force the
tube to bend, transforming an isotropic and symmetric behavior
into one that is directed and can perform useful work. We control
the directionality and strength of the tube’s bend by strategically
placing elastic stitches between normal stitches throughout the
knit procedure, thereby controlling the extensibility and stiffness.
We also integrate pressure sensing and swept frequency capacitive
sensing capability with the actuators via a carefully constructed
secondary conductive layer.

The choice of knitted actuators affords numerous advantages
over traditional workflows: they are machine programmable, al-
lowing for spatially varying materials at the stitch level, which
can help to program functionality; they are inexpensive; they are
fast to fabricate via knitting machines and can be fully knitted and
assembled within 5 minutes; and the ability to integrate functional
materials allows for a wide array of programmable functionality,
such as elastic yarns for elastic mechanical performance and con-
ductive yarns for sensing. Further, knitting, as a long-established,
ubiquitous, textile fabrication process, enables the easy incorpora-
tion of structures that have been fabricated by other textile-based
processes, such as sewing or weaving. Lastly, the textile-based ac-
tuator is lightweight and breathable, potentially being useful for a
large variety of assistive wearables.

Previous research has demonstrated various attempts for build-
ing textile-based pneumatic actuators, such as composing fabrics
with different stiffnesses [12, 43], programming textile stiffness
with yarn properties and knitting shaping techniques [1, 7], and
casting extrinsic reinforcement on textiles [42, 61]. However, most
of such constructions still require labor-intensive fabrication cycles,
and none of them presents an easy solution for sensing integration.
Also, the design process typically requires many iterations without
an efficient modeling and simulation tool, which can be tedious and
time-consuming. By contrast, our machine knitting process offers
programmable and rapid fabrication. Leveraging physically-based
simulation techniques, we offer an interactive user interface, allow-
ing users to design and preview actuators’ shapes under pressure
quickly. After users have finalized their design, the whole knit-
ted structure, including elastic and sensing stitches, is fabricated
automatically in one machine run, thus resulting in a complete
CAD-CAM pipeline. Our proposed rapid design and fabrication
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process boasts a computational yet accessible workflow. Different
from previous work, our pipeline boasts a design tool with sim-
ulation preview, quick fabrication times, and a digital fabrication
process that requires minimal human intervention. We conduct an
user-study to evaluate the usability and effectiveness of our com-
putational design interface. We finally demonstrate our system’s
utility by using it to build assistive wearables, interactive devices,
robotic grippers, and locomoting soft robots.

In this paper, we contribute the following:

e A method for rapidly fabricating digitally machine-knitted,
customizable pneumatic actuators with integrated pressure
and swept frequency capacitive sensing;

e An interactive graphical user interface for design, which
allows users to specify and preview actuator behavior easily;

o Characterization of our actuation scheme and evaluation of
our actuator’s integrated sensing capabilities;

e Demonstrations of our actuator in assistive wearables, inter-
active input devices, and soft robotics.

2 RELATED WORK

In some cases, the work presented in this paper builds upon, and
in other cases, stands in sharp contrast to previous efforts. This
section describes the landscape of related research in fabricating
soft actuators and machine knitting, especially as it relates to smart
and functional textiles.

2.1 Soft Actuators

Here, we describe previous efforts to fabricate, model, and perform
sensing with non-textile-based soft actuators.

Fabrication. Several different strategies exist for fabricating soft
actuators. Perhaps the most common technique for soft actuation
is fluidically-based actuators. Marchese et al. [36] provided several
recipes for manufacturing soft, elastomeric, silicone-based actua-
tors, including pneumatic and fluidics. Singh and Krishnan [49]
presented a method for further geometrically constraining fluidic
actuators to achieve uniaxial behavior. While effective and now
in widespread use, these strategies are both manual and require
long material casting times. More relevant to our work is the space
of machine-fabricated actuators. MacCurdy et al. [35] and Wehner
et al. [55] presented methods for 3D printing hydraulic actuators
that work directly out of the printer; the line of work in Bartlett
et al. [8], Drotman et al. [15], Yirmibesoglu et al. [63] presented
fabrication methods for 3D printing pneumatic actuators through
both inkjet and fused deposition modeling methods. The work in
Ma et al. [34] took this one step further and presented methods for
computationally designing 3D printed pneumatic actuators with
desired deformations. More exotically, actuators based off phase-
changes of fluidic material have recently been proposed as a simple,
machine-printable actuation scheme [40]. Unlike all of the methods
presented above, our actuators are faster to fabricate and easier to
integrate with sensing capabilities.

Less widespread strategies for fabricating soft actuators also ex-
ist. Dielectric Elastomer Actuators (DEAs) allow for fast response,
and it has recently been demonstrated that such actuators can be 3D
printed [13, 39]; however, such actuators have low output power-
density. The practical inverse of such actuators are liquid crystal
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actuators; also 3D printable3fl], these actuators have slow re- Textile-based actuatiofibers in knitted and woven structures
sponse times but high output-power densities. Finally, both bundled have the ability to double as tendon actuators. Textile-based actu-
nylon-based $9 62 and shape memory alloysAg and polymers ation has been especially popular in the space of assistive wear-

[18 have recently been demonstrated as actuators for a variety ables, where tendon-driven structures have been widely studied
of applications; all such actuation methods can require signi cant, [5]. For example, Bern et a]9] demonstrated a method for tendon-
sometimes impractical bulk to achieve useful response-times and actuating plushies, while Albaugh et di3] demonstrated a method
power densities for the applications examined here. to actuate the tendon through knitted structures. Active bers, such
as shape memory alloy bersZ(, strain-programmable bers27,
and programmable uidic bers B{, have also been considered for

SensingAs silicone and printed rubber are perhaps the most =~ " > )
simplifying actuation.

popular medium for housing soft actuators, directly embedding
strain sensors as part of a casting process has been a popular way
to instrument soft actuators with sensing; see Bacher et[], Knitted pneumaticsPneumatics have also been integrated into
Homberg et al[21], Thuruthel et al [53]for examples. Liquid-metal textile-based systems as an actuation mechanism. Practically,
microchannels can be embedded directly into printing or casting such bespoke mechanisms have been demonstrated for assistive
frameworks as well and can provide precise and responsive strain wearables 12 17, 43. McKibben muscles, a speci ¢ subclass of
sensing 15 54, but can require working with toxic materials. Other ~ pneumatic-driven textiles that rely on a specialized ber structure
popular methods for fabricating sensing soft structures include to e ect muscle-like actuation, have long been analyzed and de-
sensorizing foams [51, 52]. ployed in robotics [L4, 26. More related to our work, research in
the architectural domain has explored knit-constrained pneumatic
tubes for actuation 1, 7, 17], which can be deployed more rapidly
2.2 Machine-knitted Smart Textiles than the other pneumatic actuators. However, Baranovskaya et al.
Machine-knitted textiles demonstrate attractive features, including [7] use a single bed knitting machine, which can only knit planar
softness, exibility, and conformability. Recent advances in materi- Structures; therefore, the tubular knits covering the pneumatics
als development and computational design tools open up the vast rely on manual sewing and the stitch transferrings require man-
potential of digital machine knitting in the eld of smart textiles ~ ual intervention. Even though Ahlquist et a[1] and Elmoughni
for sensing and actuation applications, especially in the space of et al [17] use a dual bed industrial knitting machine so that the
assistive technology. We summarize related progress here. knitting procedure can be automatic, they still need to manually
program the knitting patterns without immediate simulation feed-
back; as a result, multiple design cycles might be required to create
desired actuators. More importantly, none of those works provides
an automatic way to integrate sensing capabilities. By contrast,
our work provides an interactive user design tool which provides
users immediate feedback on the actuator shape during editing
and converts the design into industrial knitting machine code after
users nish the design editing process. Our method also introduces
a new knit architecture that features integrated sensing, unlocking
applications in assistive and robotic devices.

Machine knitting and desigrn this work, we use an industrial V-
bed weft knitting machine consisting of two beds of needles (front
and back). Each of the needles can be programmed to perform dif-
ferent needle operations.g, knit, tuck, split, and transferFull
gaugeindicates knitting every needle, whilbalf gaugeand quarter
gaugemean knitting every other needle and every other three nee-
dles, respectively. The stitch is the basic element that represents
an interlocked yarn loop structure. There are several advantages
to using knitting techniques, such as their ability to shape and
pattern,e.g, short-rows, increase, and decrease, and for colorwork,
e.g, plating and Jacquard knitting. In particulashort-rowsindi- Textile-based sensing and human-computer interadtiamks to
cate only knitting partial rows instead of full rows to create local ~ recent innovations in advanced materials, design, and fabrication
surface extension along the course direction. We refer readers to techniques, diverse sensing capabilities such as inductig fa-

[39 for more detailed information about machine knitting. Recent  pacitive [47, 60, and resistive sensing 46, have been integrated
developments in computational design tools further facilitate the  into textiles, leading to applications such as interactive input de-
accessible, interactive, and rapid design processes for digital ma-vices P4, 33 44 and sensing wearable®§ 37. Similar to some
chine knitting. McCann et al.3§ introduced a compiler that can previous work, our sensing architectures integrate conductive yarn
translate high-level shape primitives into low-level knitting ma-  through machine knitting. Contrasted with that line of work, the
chine instructions in the format ofKnitout[37). Based on a similar new sensing structure we propose is capable of robust sensing even
idea, Kaspar et al2g introduced an interactive web-based design  in the presence of large actuation-based deformation.

interface based on high-level primitives. In order to provide an edit-

ing tool at the stitch level, Yuksel et al6§ introduced the stitch

meshes as an e cient 3D design and modeling interface. The stitch 3 METHOD

meshes framework was later extended for arbitrary shape conver- Our sensing-integrated pneumatic actuators are computationally
sion [5€, hand knitting [57], machine-knitting design 41], and designed and digitally fabricated using a V-bed knitting machine
wearable machine-knitting desigrbf. Recently, Kaspar et al2f (SWG091N2, Shima Seiki). By using both the front and back needle
introduced a work ow to design and program knitted garments  beds, we are able to generate tubular knits. In this section, we
from the traditional cut-and-sew patterns. describe our actuation and sensing principles in detail.
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Start with middle layer Knit front layer Knit middle layer Transfer middle layer Knit back layer Transfer middle layer
on front bed on back bed to front bed to back bed
Front bed Back bed Front layer Middle layer Back layer New stitch

Figure 2: lllustration of three-layered structure knitting: our three-layered knitting structure is enabled by the recurrent
transferring of the middle layer between the front and back bed.

3.1 Actuation Principle constructed with a mixture of normal stitches and elastic stitches.
Our actuator is composed of two parts: an o -the-shelf thin-wall ~ More speci cally, the elastic stitches are composed of knits with
silicone tube, which serves as the base pneumatic channel, and Normal acrylic yarn and short-rows with elastic yarn. We then
the knitted sheath with programmed stitches, which wraps over Wrap the knitted sheath over the silicone tube and anchor both
the silicone tube and con nes the shape of the in ated actuator. €nds of the wrapped tube with clamps. When the silicone tube is
The deformation of the actuators is mainly de ned by the knitted in ated, the elastic stitches at the backside tend to extend more
sheath with locally variable extensibility. We manipulate the exten-  than the non-elastic stitches, forcing the tube to bend to another
sibility of the knits with two parameters: stitch densities and stitch ~ Side. Itis noted that the knitted sheath maintains a straight tubular
types. Using only one of every two or four needles on the knitting shape before the actuator is in ated, as shown in Fig. 3 left. This
machines, we can generate half gauge or quarter gauge knits with is a consequence of the design: the short-rows of elastic yarn tend
higher exibility and extensibility. Moreover, varying stitch types 0 shrink once released from the machine, and both the front and
o ers distinction in mechanical performance. In particular, we use ~ Pack sides obtain the same number of knitting courses by acrylic
an elastic yarn (Lycra, Uppingham Yarns), which is about 100 times Yarn- By placing the normal stitches and elastic stitches at designed
more extensible than acrylic yarn. An elastic feed device enables locations, we can program the shape of the in ated actuators.
the knitting of elastic yarn, which pre-stretches the elastic yarn and In this paper, we demonstrate our actuation principle on assis-
controls its advancement using a stepping motor. To stabilize the tive wearables and grippers, which may have multiple actuators
knitting process and maintain the straight tubular con gurations ~ €ach requiring a single degree of freedom; but, further, we also
of the knitted sheath, we integrate the elastic yarns in the form of ~demonstrate a soft locomoting robot whose motion requires actua-
short-rows, which are only knitted locally at selective locations. tors with multiple degrees of freedom. To this end, we design and
Some examples of our support stitch patterns can be seen in Fig. 7 fabricate a three-layered knitted structure, which can hold a pair
(top). The scale of actuators presented in this paper is dictated by of actuators to enable the structure to bend along both forward
the size and wall-thicknesses of presently-available commercial @nd backward directions. In particular, the front and back layers
silicone tubes; however, the principle beyond our actuator's design are composed of elastic stitches. The middle layer is composed of
is scale-agnostic. normal stitches and shared by both silicone tubes. Since we use
As an example, an actuator design is demonstrated in Fig. 3. & v-bed knitting machine with two needle-beds, front and back,
The front of the tubular knits is constructed with normal acrylic =~ @ special treatment is needed to knit the three-layered structure.

knitting yarn (normal stitches), and the back of the tubular knitsis ~ T0 P& more speci c, the stitches in the middle layer are recurrent
transferred between the front and back beds. For example, in each

knitting cycle, we rst knit the back layer on the back bed while
temporally holding both the front and middle layers on di erent
sets of needles (half gauge) in the front bed. Then, we knit the
middle layer on the front bed and transfer it to the back bed (Fig. 2).
Lastly, we knit the front layer, transfer the middle layer back to the
front bed, and start a new cycle. We repeat this knitting cycle until
we have the full sheath.

3.2 Sensor Designs

We integrate two di erent sensing capabilities to our machine-
knitted pneumatic actuators: resistive pressure sensing and swept
frequency capacitive sensing. Both sensing capabilities are en-
abled by the usage of standard o -the-shelf conductive yarns (80%
polyester and 20% stainless steel). We optimize the design so that
our resistive and capacitive sensors are not a ected by the in ation
and bending of the actuators.

Figure 3: Overview of a machine-knitted sensing-integrated
actuator: three spaced pressure sensors and three spaced
electrodes for swept frequency capacitive sensing are lo-
cated at the front of the knitted sheath; the elastic stitches at

selective locations in the back of the knitted sheath enable 3.2.1 Resistive pressure sendivgleverage the plating technique
the bending of the actuator. to insert conductive yarns at speci ¢ locations. Speci cally, the
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Figure 4: Our interactive design interface: left, the user starts with a sketch tube, which is a simple tubular knit structure
with all normal stitches; middle, the user paints the tube with di erent stitch types highlighted in red; right, the predicted

(actuated) actuator shape based on user's design. , , ,and

sensing stitches, respectively.

conductive yarns are blended with normal acrylic knitting yarn

via a pressure sensing stitch. The knitted conductive yarn loops
interlock loosely when there is no external pressure. The conductive
loops collapse when applying a load, resulting in more electrical

indicate normal, elastic, pressure sensing, and capacitive

instead of plating normal and conductive yarns. We separate ca-
pacitive sensing stitches and pressure sensing stitches with at least
two courses of normal stitches to prevent shorting among the inte-

grated conductive yarns and reduce interference. To aid readers in

paths; thus, the resistance drops. The sensor measurements arebetter understanding our knitted structure, we also include a sam-

ampli ed and converted to a digital signal by a read-out circuit.

One of the biggest challenges is to make the pressure sensor in-
sensitive to actuator-driven expansion. Since the resistive pressure
sensors share the same base knitted substrate with the pneumatic
actuators, previous knitted sensor designs, lil&J cannot provide
reliable pressure sensing when the actuator is in ated, stretching
the pressure sensor and collapsing the conductive loops. To this
end, we propose a new pressure sensor design with a few special
treatments. First, by splitting and transferring the existing yarn
loops, we construct the pressure sensing stitches on a separate layer
on the sti er side of the actuator. Moreover, as shown in Fig. 3, we
design the pressure sensor with lower stitch density and larger local
curvatures by using quarter gauge and short-rows. Therefore, our
pressure sensor obtains minimal connections with the base knitting
substrate and additional exibility and surface area compared with
the base knitting structure. As a result, our design prevents the
pressure sensors from being stretched when the actuators activate
and ensures the reliability of pressure sensor performance.

3.2.2 Swept frequency capacitive senSingpt frequency capaci-
tive sensing leverages the fact that alternating current (AC) signals
of di erent frequencies ow through di erent paths at the capac-
itive interface between the electrode and body-contacted objects
[22 47. By collecting amplitude responses over a range of fre-
qguencies, we retrieve information on the existence of human touch

ple .knitout code in the supplemental material. This code enables
knitting of the actuator (Fig. 3) with pressure and capacitive sensors
using the V-bed knitting machine (SWG091N2, Shima Seiki) as well
as visualization through an online knitout visualization todl.

4 INTERACTIVE DESIGN PIPELINE

To allow users to design and preview in ated actuators quickly,
we provide an interactive design system by which users are free
to specify the locations of elastic stitches, pressure sensors, and
captive sensors. Our system can then convert the user's design into
low-level machine instructions for immediate digital fabrication.

4.1 Design Interface

Our design interface is built on quad Stitch Mesh&§]} where each
stitch structure is abstracted as a quad mesh face. Users mark each
face with one of four stitch types. Theormal stitch s knitted
with standard acrylic yarn as the base structure. Our actuation
programming principle is based on inserting short-rows (additional
partial rows in the middle of other full rows) that are fully knitted
using elastic yarns. However, inserting a short-row would require
modifying the mesh topology. To preserve the same mesh topology
during stitch type authoring, we use thelastic stitch  to represent
one normal stitch and two elastic stitches next to each other along
the elongated direction. Both thpressure sensing stitch and

the capacitive sensing stitch represent double-layered structures

or human-contacted objects. We generate square wave sweepSyyhere the front layer is knitted with conductive yarn. As shown

from 100 kHz to 1.6 MHz in 5 kHz steps (300 steps in each sweep)
and transform them to sinusoidal waves using an LC (inductor-
capacitor) oscillator. We measure the return voltage signal over a 1
M resistor. We use an Adafruit Metro M4 (ATSAMD51) for signal
processing.

Like the integrated pressure sensor, we use a separated layer
to construct the electrode for swept frequency capacitive sensing,
but we knit the capacitive sensing stitch with conductive yarn only

in Fig. 4 (left), the user starts by generating a tube by inputting a

speci ¢ number of rows and columns. Each quad represents one
stitch and is marked as a normal stitch by default. Then, the user
can design the actuator by labeling individual faces or sets of faces
with the desired stitches (Fig. 4 middle).

Lhttps://textiles-lab.github.io/knitout-live-visualizer/
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§ Figure 6: Qualitative design results: S and J shapes de-
5 signed using our tool.
&
for each quad. To verify our result, we fabricated four actuators
Figure 5: Comparison between simulated and fabricated ac- with 120 rows and 28 stitches per row as shown in Fig. 5. Under 500
tuator shapes with di erent number of elastic rows at same mbar, our predicted results are qualitatively similar to the physical
air pressure: top, predicted results from our simulator; bot- experimental results for the actuators with 10, 20, 30, and 40 elastic
tom, fabricated results. From left to right, 10, 20, 30, and 40 short-rows.
rows of elastic stitches. Yellow faces are normal stitches o . .
and Wh|te faces are e|astic stitchesl 43 Knlttlng |I’]StrUCt|0nS Generatlon

Since we insert a silicone tube with a uniform radius inside the
4.2 Predictive Simulation knitted sheath, we only_consider tubular knitted s_tructures \_Nith_
the same number of stitches every row. From this constraint, it
Our system also provides an interactive preview of the actuator's s straightforward to trace the knitting patch from the bottom to
shape when the user adds or removes elastic stitches (Fig. 4 right). To the top and schedule the needle location for each face. To generate
achieve this, we deploy a physically-based simulation to minimize  the machine instructions, we rst pre-trace the current row to
the potential energyE'x°when the physical systemis atequilibrium  check if senor stitches exist. If so, we split the stitches at sensor
under pressurization, meaning sum of the internal forfgg and the stitch locations and merge them back after knitting the sensors.
pressure forcépressureshould be zero at any pointon the actuator's  The elastic stitches can be added easily by knitting additional short-
surface. We can formulate the equilibrium problem as solvingXor  rows at elastic stitch locations after nishing the current row. Fig. 6
such that 0 shows two examples of actuators designed using our system. More
foressurdX® wir §x°=0 1) details can be found in the supplemental video.
|
wherex is a vector corresponding to the vertex positionsinthe 5§ CHARACTERIZATION
guad mesh state, ang is de ned as three di erent types of con-
straints based on our observation of knit behaviors.

First, we use a rectangle constraint to enforce each face to be
rectangular since the course edges and wales edges are typically
perpendicular to each other for &nit stitch. To solve this, we
rst project the corners of the quad face onto their least-squares
plane and then t the rectangle in 2D as mentioned id{j. The
anisotropic deforming behavior for each knit face is modeled as
distance constraints with di erent sti nesses for wales edges and
course edges, respectively. Thirdly, bending constraints are added to
the adjacent quads to minimize the di erence between the mean cur-
vature of the deformed and undeformed quad surfat# [Like [50,

The pressure force on each quad is de ned as

fpressurdx® = Ax°Pn; 3 5.1 Actuator

wherePis the pressure value is the outward face normal, andtx° The ability of our actuator to reach desired deformations relies on
is the quad area that depends on node positiarTo solve Eq. 1, we  the extensibility variation enabled by knit structures and stitch
use Projective Dynamicslfl], which uses a pre-factorized system  types. Therefore, we rst perform tensile testings (Shimadzu AGS-
matrix to achieve the interactive frame rate for the simulation. X) on knitted fabrics (3 cm 6 cm) with di erent normal stitch

To obtain a realistic simulation result, we use a data-driven strat- densities and elastic short-row density. Generally, compared with
egy to capture the shape of individual normal and elastic stitch faces knits with low stitch density (quarter gauge, Young's modulus
under pressure. In particular, we rstin ated two actuators: one  of 0.18 GPa and tensile strength of 0.24 GPa), knits with higher
with all normal stitches and one with all elastic stitches. Then, we stitch density (half gauge or full gauge) demonstrate higher Young's
measured the length and radius of those two actuators, respectively, modulus (0.22 GPa for half gauge 0.54 GPa for full gauge) and tensile
and converted them to the widtkv and heighth of the individual strength (0.44 GPa for half gauge 1.29 GPa for full gauge). Moreover,
face. During simulation, we us& andh as the rest width and height since the elastic yarn is more extensible than the acrylic knitting

In this section, we perform diverse characterization experiments
to quantitatively evaluate the performance of our actuators, inte-
grated resistive sensors, and capacitive sensors. We control the
activation of our actuators by a pneumatic control system (Festo),
which is consisted of 16 individual valves for independent control
of 16 actuators. Actuators are controlled by commanding manually-
speci ed target pressure sequences; these pressures are achieved
and maintained by PID controllers embedded on valve hardware.
This control scheme is used for all examples in this paper, except for
pressures commanded in response to sensed stimuli (responses
are still pre-programmed, but they are not commanded as xed
open-loop sequences).
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Figure 7: Actuator characterization: top, illustrations of di erent knitting structures (normal yarn in yellow, elastic yarn in
blue) (visualizing in the web-based Ul [64]); left, stress-strain characteristics of knits with di erent structures; middle, cur-
vature of pressurized actuators with di erent knitting structures; right, exerted force of pressurized actuators with di erent
knitting structures (measurement set-up illustrated in the sub-plot). Characterization is done on three di erent samples.

No washing After washing

Figure 8: Sensor characterization: left, resistance pro le of the integrated pressure sensor under load and representative ampli-
tude responses from swept frequency capacitive sensing; right, our pressure and capacitive sensors obtain similar performance
after a regular washing and drying cycle. All characterizations are performed on three samples.

yarn, given the same stitch density (half gauge), knits with the of extension, which is much higher than the experienced stretch
higher compositions of elastic yarn demonstrate lower Young's of our actuators at this stage. We also performed 100 cycles of an
modulus (as low as 0.18 GPa) and higher elongation (up to 230 %),in ate/de ate test with air pressure at 700 mbar, the maximum
as shown in Fig. 7. pressure we used for our applications. We observe the actuator
We fabricate multiple knitted sheaths to characterize the bending obtains stable performance without any breakage of yarn.
performance of actuators that are composed of di erent sets of
knitting structures. In particular, the front is always composed of
half gauge normal stitches, and the back is composed of either .
quarter gauge normal stitches or half gauge elastic stitches with 2-2 Sensing
di erent densities (one or two elastic short-rows). We then wrap  Our typical pressure sensor is about 2 cimil cm, realized as 5 12
them around silicone tubes (1.5 mm in thickness) and assemble stitches in quarter gauge. We characterize the performance of our
them into actuators (2 cm in diameter and 16 cm in length). We pressure sensors by measuring resistance (DMM 4050, Tektronix)
measure the bending radius (curvature) when the actuators are while applying loads up to 5.5 N at various actuator pressurization.
activated up to 800 mbar (Fig. 7). We further measure the forces A typical sensor’s resistance drops when the applied load increases
exerted by the actuator at the tip. We measure the response from from 1.5 N to 5 N. As shown in Fig. 8 left, the resistance pro le
the xed load cell when the actuators are activated. The testing of our pressure sensor is barely a ected by the activated pressure,
setup is shown in the inset gure. Our actuators can bend with  which demonstrates the ability of our knitted structure design to
curvatures up to 0.2 mt and exert forces up to 9 N at the tip, which  operate accurately under a wide range of actuation.
is comparable to previous work in fabric-based pneumatic actuators Fig. 8 left shows the characteristic amplitude responses from
[12]. the swept frequency capacitive sensing. The black and red curves
To prevent breakage, we need to keep the extension of the knitted almost coincide, indicating that the actuating pressure similarly
fabric below its yield strain. Both normal knits and elastic knits are  does not a ect the swept frequency capacitive sensing performance.
strong enough to endure the expansion even with more than 100% On the other hand, the amplitude responses, in terms of the peak
position and magnitude, vary signi cantly when the electrode is in
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